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Abstract

Background: Fat-enriched diets produce metabolic changes in skeletal muscle, which in turn can mediate changes in

gene regulation.

Objective: We examined the high-fat-diet–induced changes in skeletal muscle gene expression by characterizing

variations in pre-mRNA alternative splicing.

Methods: Affymetrix Exon Array analysis was performed on the transcriptome of the gastrocnemius/plantaris complex of

male obesity-prone Sprague-Dawley rats fed a 10% or 60% fat (lard) diet for 2 or 8 wk. The validation of exon array results

was focused on troponin T (Tnnt3). Tnnt3 splice form analyses were extended in studies of rats fed 10% or 30% fat diets

across 1- to 8-wk treatment periods and rats fed 10% or 45% fat diets with fat sources from lard or mono- or

polyunsaturated fats for 2 wk. Nuclear magnetic resonance (NMR) was used to measure body composition.

Results: Consumption of a 60% fat diet for 2 or 8 wk resulted in alternative splicing of 668 and 726 pre-mRNAs,

respectively, compared with rats fed a 10% fat diet. Tnnt3 transcripts were alternatively spliced in rats fed a 60% fat diet

for either 2 or 8 wk. The high-fat-diet–induced changes in Tnnt3 alternative splicing were observed in rats fed a 30% fat

diet across 1- to 8-wk treatment periods. Moreover, this effect depended on fat type, because Tnnt3 alternative splicing

occurred in response to 45% fat diets enriched with lard but not in response to diets enriched with mono- or

polyunsaturated fatty acids. Fat mass (a proxy for obesity as measured by NMR) did not differ between groups in any

study.

Conclusions: Rat skeletal muscle responds to overconsumption of dietary fat by modifying gene expression through pre-

mRNA alternative splicing. Variations in Tnnt3 alternative splicing occur independently of obesity and are dependent on

dietary fat quantity and suggest a role for saturated fatty acids in the high-fat-diet–induced modifications in Tnnt3 alternative

splicing. J Nutr 2017;147:1648–57.
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Introduction

Skeletal muscle comprises ~40% of body weight in nonobese
people and accounts for almost 80% of glucose disposal
under euglycemic and hyperinsulinemic conditions (1). However,

in individuals with type 2 diabetes, the sensitivity of muscle to
insulin-stimulated glucose uptake is dramatically impaired. Con-

sequently, insulin-stimulated glucose disposal by muscle is sig-

nificantly reduced compared with that of nondiabetic subjects

(2). The development of insulin resistance in skeletal muscle is

associated with lipid accumulation and dysfunctional mitochon-

dria (2–4), and a recent study shows that such changes are in

part due to an altered pattern of skeletal muscle gene expres-

sion (5). Similarly, in rodent models of type 2 diabetes induced

by feeding a high-fat diet, development of insulin resistance is

associated with a large number of changes in skeletal muscle

gene expression (6). Although many of the alterations in gene

expression involve proteins that function in carbohydrate and

lipid metabolism, expression of a number of genes that have

structural roles or are involved in muscle contraction are also
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altered, and this is observed in both humans and rodents (7–9).
For example, soleus muscle fast skeletal muscle troponin T
(Tnnt3) gene expression is significantly lower in the muscle of
high-fat-diet–fed female mice compared with those fed a control
diet (6). Moreover, our group previously showed that the
alternative splicing of the Tnnt3 pre-mRNA responds to both
naturally and experimentally induced changes in body mass and
that this process is impaired in Zucker rats, a genetic model of
obesity (10), suggesting that excessive calorie consumption may
impair normal regulation of alternative splicing. Indeed, dietary
intake affects Tnnt3 alternative splicing in insect flight muscle
(11), but this has yet to be demonstrated in mammals.

Alternative splicing of pre-mRNA is a critically important
process for increasing protein functional diversity by generat-
ing multiple mature mRNAs from a single gene. Indeed, 90–
95% of all human protein coding genes undergo alternative
splicing (12, 13). Of the tissues examined, skeletal muscle has
one of the highest tissue-specific proportions of alternative
splicing (13), and alternative splicing of pre-mRNA is critical in
regulating physiological processes in skeletal muscle. For
example, a recent study demonstrated that alternatively spliced
forms of genes involved in cellular trafficking are necessary for
proper functioning of adult skeletal muscle (14). Also, disrup-
tion of the alternative splicing of skeletal muscle genes control-
ling myofibril structure and calcium handling impairs muscle
function (15). These findings highlight the importance of un-
derstanding factors that affect alternative splicing in skeletal
muscle. Unfortunately, although alterations in skeletal muscle
gene expression in response to nutrient overconsumption have
been studied extensively (16–20), few studies to our knowledge
have investigated variations in alternative splicing of pre-
mRNA under such conditions. In the present study we used
Affymetrix Rat Exon 1.0 ST Arrays to survey transcriptome-
wide changes in the pattern of pre-mRNA alternative splicing
in the skeletal muscle of rats fed a 10% fat or a 60% fat diet for
2 or 8 wk. Tnnt3 was among the top 10 alternatively spliced
genes affected by the high-fat diet. We confirmed the Tnnt3
alternative splicing data from the exon array by PCR and
extended them by performing a time course study using a 30%
fat diet. In addition, because previous studies have shown
differential effects of SFAs compared with unsaturated FAs on
alternative splicing of pre-mRNAs in C2C12 myotubes (21),
we also compared the effect of feeding diets enriched with
MUFAs and PUFAs with one enriched with lard.

Methods

Animal protocol. The animal protocols for the studies described

herein were reviewed and approved by the Penn State College of

Medicine Institutional Animal Care and Use Committee. Male obesity-
prone Sprague-Dawley rats (OP-CD/463) were obtained from Charles

River Laboratories, housed under a reverse 12-h light/12-h dark cycle,

and given ad libitum access to water throughout the course of the
studies. Diets containing 10% fat (D12450J or D12450H), 30% fat

(D08091811), 45% fat (D12451), and 60% fat from lard (D12492)

were purchased from Research Diets. For diets with varying FA quantity

and type, the lard present in D12450H and D12451 was replaced with
MUFAs from high-oleic sunflower oil (D16010601 and D07062503,

respectively), or PUFAs from safflower oil (D16010602 andD02062102,

respectively). The exact nutrient composition and FA profiles for each of

the diets used are provided in Supplemental Tables 1–3. The diets were
designed to have the same nutrient content per calorie. No statistically

significant differences were observed for daily food intake (grams per

day) between groups (data not shown). On the day of harvesting muscle,

rats were placed under isoflurane anesthesia (EZ Anesthesia), and the

gastrocnemius and plantaris complex (hereafter referred to as muscle) was

removed from anesthetized rats, frozen between aluminum blocks

precooled in liquid nitrogen, and stored at 280�C until further analysis.

Rats were killed after the removal of muscle and while under anesthesia.

Rats were placed into a Bruker MiniSpec whole-body composition

analyzer to measure lean and fat tissue by NMR the day of or 2 d before

tissue harvest.

Affymetrix rat exon 1.0 ST array. Total RNA (2 mg; n = 4/diet group
from individual rats) was treated with DNase I per the manufacturer�s
protocol (Invitrogen). RNA quality was assessed by using the Agilent

2100 Bioanalyzer and RNA Nano 6000 Chip (Agilent Technologies),

ensuring that all samples had RNA integrity number values >8. Sense-

stranded cDNAwas prepared from 100 ng total RNA by using a Whole

Transcript Expression Kit (Life Technologies, Thermo Fisher). The sense-

stranded cDNA was fragmented and labeled according to the manu-

facturer�s protocol by using a GeneChip Whole Transcript Terminal

Expression Kit (Affymetrix) at the Penn State Genomics Core Facility,

University Park, Pennsylvania. Fragmentation and labeling was con-

firmed by using an RNA Nano Chip on the Agilent Bioanalyzer. The

GeneChip Hybridization Wash and Stain Kit (Affymetrix) was used to

complete subsequent hybridization, washing, and staining of the arrays.

Samples were hybridized to the GeneChip Rat Exon 1.0 ST Array

(Affymetrix) in the GeneChip Hybridization Oven 640 (Affymetrix)

according to the manufacturer�s protocol. After hybridization, the arrays
were washed and stained on the Affymetrix GeneChip Fluidics Station

450. Stained arrays were scanned by using the GeneChip Scanner 3000

7G (Affymetrix).

Quantification of Tnnt3 pre-mRNA splice form abundance. Total

RNA was extracted from frozen, powdered muscle by using TRIzol

Reagent (Invitrogen, Thermo Fisher) according to the manufacturer�s
protocol. Total RNA (1 mg) was reverse transcribed to cDNA by using

the High Capacity cDNA Reverse Transcription Kit (Applied Biosys-

tems, Thermo Fisher). The Tnnt3 splice form characterization and

quantification were performed as described previously (10).

Data analysis and statistics. RawAffymetrix .CEL files were uploaded

to AltAnalyze v2.1.0 containing probeset annotations for Rattus
norvegicus from EnsMart65. Affymetrix Power Tools with the use of

the robust multi-array average as implemented by AltAnalyze (22–24)

was used to perform data normalization. Gene-level expression was

determined by using the core meta-probeset annotation list (known

reference sequence (RefSeq) and full-length mRNA transcripts) (25).

Probesets were filtered to include those that had a detection above a

background P value of <0.05, a nonlog expression value >70, and were

present in each experimental condition. Differentially expressed

probeset (i.e., alternatively spliced pre-mRNA) statistics were deter-

mined by using the finding isoforms by using the robust multichip

analysis (FIRMA) method within AltAnalyze. Briefly, the FIRMA

model calculates a score based on how much a probeset�s expression

value deviates from the expected gene expression value (i.e., residuals)

(26). A probeset�s FIRMA score is used to calculate the fold change

and summary statistics between the control and experimental groups.

In addition, AltAnalyze uses Affymetrix Power Tools to calculate a

microarray detection of alternative splicing (MiDAS) P value for each

probeset. Briefly, each probeset expression value within a gene is

normalized to the gene-level expression value. The MiDAS method is

based on the ratio of gene-level corrected probeset expression values

between experimental groups (27). Both the FIRMA and MiDAS

methods used the extended meta-probeset annotation list (core meta-

probeset and cDNA based annotations) (25) for alternative splicing

analysis. Probesets were considered differentially expressed if they had

FIRMA fold changes of >j1.5j, a FIRMA P value <0.05, and a MiDAS

P value <0.05. An exon array workflow diagram is shown in Supple-

mental Figure 1. Gene ontology (GO) Elite and Kyoto Encyclopedia of

Genes and Genomes (KEGG) Pathway Mapping analyses were

performed on the genes containing differentially expressed probesets.

Fisher�s exact P values for GO and KEGG analyses were calculated by

using AltAnalyze.
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The log2 signal intensities from differentially expressed probesets at

2 and 8 wk were subjected to a 3-way principal component (PC) analysis

by using the singular-value decomposition algorithm (28). Heatmaps
were generated with the log2 signal intensities from differentially expressed

probesets at 2 or 8 wk by using the hierarchical ordered partitioning

and collapsing hybrid (HOPACH) clustering algorithm (29). Briefly,

samples and probesets are grouped into columns and rows, respectively.
The HOPACH clustering algorithm builds a hierarchical tree of data

(i.e., clusters of probesets) by grouping them based on similarity of their

features.

Two-factor ANOVA was used to determine the effect of time, fat
quantity, or fat type on the Tnnt3 splice form expression. The Holm-Sidak

test was used post hoc to determine specific differences if main effects or

the interaction was significant. GraphPad Prism v7.0 was used to perform
ANOVA tests and to generate figures. The mean Tnnt3 relative abun-

dances are displayed in the figures. Statistical analysis was performed on

arcsine-transformed relative abundance to achieve normality.

Results

Visualization of high-fat-diet–induced changes in the

alternative splicing of pre-mRNA. After data normalization
and filtering, 106,620 and 108,064 of 366,685 probesets from
rats fed experimental diets for 2 or 8 wk, respectively, met the
criteria for subsequent alternative splicing analysis. Within this

probeset subset, 668 and 726 differentially expressed probesets
were detected in the muscle of rats fed a 60% fat diet for 2 or 8 wk,
respectively, compared with rats fed a 10% fat diet (Figure 1F).
Differentially expressed probesets are visualized in Figure 1A, B as
volcano plots (probeset�s FIRMA fold change value against the
2log10 of the MiDAS P values) comparing the muscle from rats
fed experimental diets for 2 or 8 wk. Consumption of a 60% fat
diet for 2 wk caused the differential inclusion or exclusion of 291
and 377 probesets, respectively, comparedwith rats fed the 10% fat
diet. Moreover, 351 and 375 probesets were differentially included
or excluded, respectively, from the muscle of rats fed the 60% fat
diet for 8 wk compared with the rats fed the 10% fat diet. The
differential expression of probesets affected 619 and 669 distinct
genes from rats fed a 60% fat diets for 2 or 8 wk, respectively.
(Figure 1F). HOPACH clustering heatmaps show an overall
uniform log2 probeset expression pattern from the muscle of rats
fed a 10% or 60% fat diet for 2 (Figure 1C) or 8 wk (Figure 1D).
PC analysis of the differentially expressed probesets indicated that
the first 3 PCs explain 66.9% of the variation in the data with PC1
responsible for 43.8% of the variation, whereas PC2 and PC3
account for 13.1% and 10.0% of the variation, respectively (Figure
1E). These data demonstrate that consumption of a high-fat diet
causes changes in the pattern of alternative splicing in skeletal
muscle.

FIGURE 1 Visualization of differen-

tially expressed probesets from the

Rat Exon 1.0 ST Array from rats fed a

10% or 60% fat diet for 2 or 8 wk.

FIRMA fold change values plotted

against the 2log10 of the MiDAS

P value from rats fed a 10% or 60%

fat diet for 2 (A) or 8 wk (B).

Probeset�s with a FIRMA fold change

of .j1.5j, a FIRMA fold change

P value ,0.05, and a MiDAS P value

,0.05 were deemed to be differen-

tially expressed compared with rats

fed a 10 kcal% fat diet. Positive and

negative FIRMA fold change values

are reflective of excluded (blue) or

included (red) probesets compared

with control-fed conditions, respec-

tively. Hierarchical ordered partitioning

and collapsing hybrid clustering analy-

sis of the log2 probeset expression

values from the differentially ex-

pressed probesets from animals fed

for 2 (C) or 8 wk (D). Red and blue

colors in the heatmaps indicate more

highly included or excluded probesets,

respectively. (E) Three-dimensional

scatter-plot of the first 3 PCs of the

log2 expression values of differentially

expressed probesets. (F) Differentially

expressed probeset summary statis-

tics. n = 4/group. FIRMA, finding iso-

forms by using the robust multichip

analysis; MiDAS, microarray detection

of alternative splicing; PC, principal

component.
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GO and KEGG pathway mapping of genes containing

differentially expressed probesets. The top 10 most signif-
icant GO-Elite terms from rats fed a 10% or 60% fat diet for 2

or 8 wk are shown in Figure 2A, B, respectively. Four of the top
10 GO categories (protein binding, cytoplasm, organelle part,
and intracellular membrane–bounded organelle) are common

TABLE 1 Top 10 up- and downregulated probesets of characterized genes from rats fed a 10% or 60%
fat diet for 2 wk based on FIRMA fold changes

Symbol Description Probeset
FIRMA

fold change Regulation MiDAS P

Scd1 Stearoyl-CoA desaturase 1 6548887 2.94 Downregulated 0.0421

Spag7 Sperm associated antigen 7 5639798 2.78 Downregulated 0.0288

Postn Periostin 6468013 2.68 Downregulated 0.0396

Psd3 Pleckstrin and Sec7 domain containing 3 5780988 2.54 Downregulated 0.0454

Crbn Protein cereblon 6241641 2.38 Downregulated 0.0445

Aifm1 Apoptosis-inducing factor 1, mitochondrial 6502947 2.31 Downregulated 0.0404

Ubr4 E3 ubiquitin-protein ligase UBR4 5965788 2.29 Downregulated 0.0254

Rasa1 Ras GTPase-activating protein 1 5930788 2.28 Downregulated 0.0425

Sdhc Succinate dehydrogenase complex, subunit C 6712937 2.27 Downregulated 0.0479

Zcchc2 Zinc finger CCHC domain-containing protein 2 6194754 2.27 Downregulated 0.0123

Col27a1 Collagen a-1(XXVII) chain 6520506 3.02 Upregulated 0.0409

Hbb Hemoglobin subunit b-1 6509338 2.54 Upregulated 0.0345

Mrpl50 39S ribosomal protein L50, mitochondrial 6316017 2.40 Upregulated 0.0447

Wtap Wilms� tumor 1-associating protein isoform a 6681494 2.32 Upregulated 0.0379

Scd1 Stearoyl-CoA desaturase 1 5932570 2.27 Upregulated 0.0357

Chodl Chondrolectin 5622067 2.25 Upregulated 0.0156

Srpk1 Serine/threonine-protein kinase 5789741 2.24 Upregulated 0.0468

Map4 Microtubule-associated protein 4 6665260 2.23 Upregulated 0.0336

Adamts9 A disintegrin and metalloproteinase

with thrombospondin motifs 9

6498275 2.18 Upregulated 0.0428

Scd1 Stearoyl-CoA desaturase 1 5991178 22.17 Upregulated 0.0462

FIRMA, finding isoforms by using the robust multichip analysis; MiDAS, microarray detection of alternative splicing; UBR4, ubiquitin Protein

Ligase E3 Component N-Recognin 4.

FIGURE 2 Top 10 most significant GO-Elite and KEGG terms from rats fed a 10% or 60% fat diet for 2 or 8 wk. GO-Elite (A and B) or KEGG

Pathway (C and D) analysis of genes containing differentially expressed probesets from rats fed experimental diets for 2 (A and C) or 8 wk (B and

D). The vertical line within each panel indicates P = 0.05. ECM, extracellular matrix; GnRH, gonadotropin-releasing hormone; GO, gene ontology;

KEGG, Kyoto Encyclopedia of Genes and Genomes;
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to both time points and had highly significant Fisher�s exact
P values. KEGG pathway analysis of genes containing differen-
tially expressed probesets revealed enrichment of several lipid
metabolism pathways at 2 and 8 wk (Figure 2C, D, respectively).

Up- and downregulated probesets. The top 10 up- and
downregulated probesets from rats fed 60% fat diets for 2 wk
are listed in Table 1. Probeset 6548887 within exon 2 of the
stearoyl-CoA desaturase 1 gene (Scd1) was the most highly

downregulated from rats fed a 60% fat diet for 2 wk. Inter-
estingly, probeset 5932570 within exon 6 of Scd1 was among
the top 10 upregulated probesets, suggesting that the Scd1 pre-
mRNA is subject to multiple alternative splicing events in
response to consumption of a high-fat diet. The top 10 up- and
downregulated probesets from rats fed 60% fat diets for 8 wk
are listed in Table 2. Probeset 5667005 in exon 2 of the netrin
4 gene contained the most highly downregulated probeset
from these rats. The top upregulated probeset from these rats

TABLE 2 Top 10 up- and down-regulated probesets of characterized genes from rats fed a 10% or 60%
fat diet for 8 wk based on FIRMA fold changes

Symbol Description Probeset
FIRMA fold
change Regulation MiDAS P

Ddx18 ATP-dependent RNA helicase DDX18 6097108 2.40 Downregulated 0.0264

Csf2rb Cytokine receptor common subunit b 5802847 2.35 Downregulated 0.0410

Mme Neprilysin 6701046 2.32 Downregulated 0.0419

Pqlc3 PQ-loop repeat-containing protein 3 6101856 2.29 Downregulated 0.0384

Tnnt3 Troponin T, fast skeletal muscle 6500616 2.28 Downregulated 0.0468

Stac3 SH3 and cysteine-rich domain containing protein 3 6203961 2.25 Downregulated 0.0457

Thumpd2 THUMP domain containing 2 isoform 1 5653530 2.22 Downregulated 0.0354

Slc6a8 Sodium- and chloride-dependent transporter 1 6358207 2.22 Downregulated 0.0235

Kdm2b Lysine-specific demethylase 2B 6588441 2.20 Downregulated 0.0483

Slc9a2 Sodium/hydrogen exchanger 2 5796646 2.15 Downregulated 0.0227

Rbm18 Probable RNA-binding protein 18 6023981 3.16 Upregulated 0.0456

Col9a2 Collagen a-2(IX) chain 6435486 3.09 Upregulated 0.0352

Rab36 ras-Related protein Rab-36 6172077 2.92 Upregulated 0.0379

Dpf1 Zinc finger protein nero-d4 5926640 2.66 Upregulated 0.3154

Psme3 Glucose-6-phosphatase 6000094 2.63 Upregulated 0.0342

Elmo3 Engulfment and cell motility protein 3 6733359 2.45 Upregulated 0.0245

Phf15 Protein Jade-2 6376305 2.41 Upregulated 0.0154

Sema4d Sema domain, Ig domain transmembrane domain and

short cytoplasmic domain, (semaphorin) 4D

5780532 2.38 Upregulated 0.0469

Clcn1 Chloride channel protein 1 5768692 2.37 Upregulated 0.0436

Inppl1 Phosphatidylinositol-3,4,5-triphosphate 5-phosphate 2 5814771 2.37 Upregulated 0.0357

FIRMA, finding isoforms by using the robust multichip analysis; MiDAS, microarray detection of alternative splicing; SH3, Src homology 3;

THUMP, thiouridine synthase, RNA methylase and pseudouridine synthase.

FIGURE 3 RefSeq transcript variants of Tnnt3 highlighting exons 16 and 17. Thirteen known full-length Tnnt3 RefSeq transcripts from the rat

genome assembly on University of California Santa Cruz Genome Browser [July 2014 (RGSC 6.0/rn6)]. The lower portion shows the expanded

section of Tnnt3 displaying exons 13–18. *Location of probeset 6500616. RefSeq, reference sequence; Tnnt3, troponin T3.
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was listed as being from an uncharacterized gene. Probeset
6023981 in exon 2 of the RNA binding protein 18 gene was
the second most highly upregulated in rats fed 60% fat diets
for 8 wk.

High-fat-diet–induced changes in Tnnt3 alternative splic-

ing. Probeset 6500616 within Tnnt3 was among the most highly
downregulated from rats fed a 60% fat diet for 8 wk (Table 2).
Known RefSeq Tnnt3 splice forms are shown in Figure 3 and
illustrate that probeset 6500616 falls within exon 16 of Tnnt3.
Exons 16 and 17 of Tnnt3 are mutually exclusive (30), and splice
forms containing these exons are referred to as Tnnt3a and
Tnnt3b splice forms, respectively. The FIRMA fold score for
probeset 6500616 was similar at 2 and 8 wk (2.23 and 2.28,
respectively), indicating that the high-fat diet induced rapid and
sustained changes in Tnnt3 alternative splicing of exon 16.

To confirm results from the exon array, we quantified Tnnt3
alternative splicing using fluorescence-based PCR as described
in Methods (10). Consumption of a 60% fat diet caused a
significant change in 9 of the 12 Tnnt3 splice forms (Table 3 and
Supplemental Table 4). Indeed, rats that consumed a 60% fat
diet for 2 wk expressed significantly fewer total Tnnt3a splice
forms and more total Tnnt3b splice forms than did rats fed the
10% fat diet (Figure 4A, B, respectively). A similar effect was
observed after 8 wk of consuming a 60% fat diet (Figure 4A, B).
Diet treatments did not affect body mass (Figure 4C), but rats
consuming a 60% fat diet had significantly heavier epididymal
fat pads at both 2 and 8 wk of treatment (Figure 4D), indicating
that these rats were developing obesity relative to the 10% fat
control rats. Together, these data support the exon array data
and demonstrate that consumption of a 60% fat diet reduced the
expression of Tnnt3 exon 16–containing transcripts (Tnnt3a
splice forms).

Feeding a moderate-fat diet delays diet-induced increases in
body mass (31). Thus, to minimize differential body fat accumu-
lation in high-fat-fed rats, we instead fed rats a 30% fat diet for 1,
4, or 8 wk and examined the pattern ofTnnt3 alternative splicing.
A whole-body NMR-based body composition analyzer was used
to obtain a more accurate measure of body composition. The

body morphology of rats fed a 10% or 30% fat diet for 1, 4, or
8 wk indicated that body mass increased with time, but there was
no statistically significant difference in body mass between dietary
treatments (Figure 5A). In addition, no statistically significant
differences were observed for either fat or lean mass (Figure 5B,
C). Analogous to the Tnnt3 alternative splicing changes
observed in rats fed a 10% compared with a 60% fat diet,
consumption of a 30% fat diet caused a significant change in
10 of the 12 Tnnt3 splice forms (Table 4 and Supplemental
Table 5). Rats that consumed a 30% fat diet for 1, 4, or 8 wk
exhibited a significant decrease in the relative abundance of the
Tnnt3a splice forms with a concomitant increase in the Tnnt3b
splice forms (Figure 5D, E). Interestingly, at the 8-wk time
point the proportion of the Tnnt3a and Tnnt3b splice forms
from the 30% fat–fed rats resembled the much lighter 10% fat–
fed rats at 1 wk (Figure 5D, E). The observation that consumption
of a high-fat diet alters the pattern of Tnnt3 alternative splicing
independent of differences in bodymass and composition strongly
suggests that the effect may be due to excessive consumption
of FAs.

Fat type–induced changes in Tnnt3 alternative splicing.

Lard was used as the primary fat source in the diet in the
aforementioned experiments. The high-fat diets enriched with
lard contain similar proportions of SFAs, MUFAs, and PUFAs
(Supplemental Table 3). Therefore, to determine the contri-
bution of unsaturated FAs to the high-fat-diet–induced changes in
Tnnt3 alternative splicing, we compared the effects of purified
versions of a high-fat diet containing fat sources primarily
from MUFAs or PUFAs with those enriched with lard. After 2
wk of consuming diets enriched with varying fat quantity and
type, rats fed the 45% fat diets weighed significantly more
than their respective controls (Figure 6A). There were no
statistically significant differences in fat mass between groups
(Figure 6B), but rats fed 45% fat diets had significantly more
lean mass compared with their respective control fat–fed rats
(Figure 6C). There were no statistically significant differences
in fasting blood glucose between groups (Figure 6D).

TABLE 3 Effects of consumption of a 60% fat diet and time on
Tnnt3 splice forms in the muscle of rats fed for 2 or 8 wk1

Tnnt3
splice form

Effect of diet Effect of time Diet 3 time

F P F P F P

a1 12.63 0.0014 84.48 ,0.0001 0.04363 0.8361

a2 6.345 0.0178 60.49 ,0.0001 0.01778 0.8949

a3 8.596 0.0066 6.678 0.0153 1.156 0.2916

b1 26.96 ,0.0001 33.19 ,0.0001 6.853 0.0141

b2 3.266 0.0815 0.002181 0.9631 0.03275 0.8577

b3 0.2153 0.6462 3.912 0.0579 0.9482 0.3385

b4 7.186 0.0122 2.394 0.1331 1.541 0.2247

b5 6.078 0.0201 9.637 0.0043 1.848 0.1849

b6 6.275 0.0183 20.25 0.0001 0.03208 0.8591

b7 6.892 0.0139 116.2 ,0.0001 3.112 0.0886

b8 1.693 0.2039 3.001 0.0942 0.2668 0.6096

b9 5.78 0.0231 36.32 ,0.0001 0.3347 0.5675

Total Tnnt3a 11.95 0.0018 76.79 ,0.0001 0.002029 0.9644

Total Tnnt3b 11.95 0.0018 76.79 ,0.0001 0.002029 0.9644

1 Results of a 2-factor ANOVA. n = 11/group at 2 wk and n = 5/group at 8 wk.

Statistics were performed on arcsine-transformed relative abundance values. Tnnt3,

troponin T3.

FIGURE 4 Tnnt3 splice forms and morphology of rats fed a 10% or

60% fat diet for 2 or 8 wk. The sum of Tnnt3a (A) and Tnnt3b (B)

splice forms, body mass (C), and epididymal fat mass (D). Values are

means6 SEMs. *Different means by 2-factor ANOVA with the use of

the Holm-Sidak correction for multiple comparisons, compared with

respective controls at the given time point, P , 0.05. n = 11/group at

2 wk and n = 5/group at 8 wk. Tnnt3, troponin T3.
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Consumption of a 45% fat diet led to significant changes in
6 of the 12 Tnnt3 splice forms, whereas the fat type signifi-
cantly affected 4 of the 12 Tnnt3 splice forms (Table 5 and
Supplemental Table 6). Consistent with the aforementioned
data, high-fat diets enriched with lard led to a significant reduc-
tion in the total relative abundance Tnnt3a splice forms and a
concomitant increase in Tnnt3b splice forms (Figure 6E, F).
Interestingly, no significant differences in the total relative abun-
dance of Tnnt3a or Tnnt3b splice forms were observed in rats
fed the 45% diets enriched with either MUFAs or PUFAs (Figure
6E, F). These data suggest that Tnnt3 alternative splicing is
sensitive to changes in dietary fat content and further that the
changes in alternative splicing may be driven by saturated fats in
the diet.

Discussion

Previous studies have shown that the expression of genes
involved in energy metabolism, lipid metabolism and signaling,
and b oxidation is altered in obese compared with lean animals
as well as in animals consuming a high-fat compared with a
control diet (6, 17, 18, 32). The results of the present study ex-
tend those observations to show that, compared with a 10% fat
diet, consumption of a 60% fat diet leads to rapid changes in
alternative splicing of pre-mRNAs, encoding proteins involved
in lipid metabolism. For example, differential expression of 3
different probesets within the Scd1 pre-mRNA occurred within
2 wk of feeding rats a 60% diet compared with one with a 10%
fat diet. Scd1 is a rate-limiting enzyme in lipid and energy
metabolism that catalyzes the desaturation of palmitic acid
and stearic acid to the corresponding MUFAs, palmitoleic acid,
and oleic acid, respectively (33). Transgenic mice that over-
express Scd1 in skeletal muscle exhibit increased TG PUFA
content, decreased fasting plasma glucose concentrations, and
increased FA oxidation (34). Moreover, Scd1 expression is ele-
vated in muscle after a single bout of aerobic exercise (35), and
its expression is higher in athletes compared with sedentary
individuals (36). Overall, these studies suggest a correlation be-
tween Scd1 expression and insulin sensitivity in skeletal muscle.
Probesets 6548887, 5991178, and 5932570 fall within exon 2,
4, and 6, respectively, of the Scd1 transcript. Exon 2 encodes the
N-terminal cytoplasmic domain, a full and partial section of 2
helical endoplasmic reticulum transmembrane domains, and an
endoplasmic reticulum luminal portion of the Scd1 protein.
Exons 4 and 6 encode cytoplasmic portions of the Scd1 protein,

and exon 6 contains several iron-binding sites. Interestingly,
mutation of the iron-binding amino acid sites within exon 6
abolished enzyme activity of the protein (37). Whether the
alternatively spliced forms of Scd1 detected in the exon array
analysis in the present study exhibit differential enzymatic ac-
tivity is currently unknown and is a topic for investigation in
future studies.

Another exon that was alternatively spliced in response to
feeding a high-fat diet is exon 16 of the Tnnt3 pre-mRNA.
Previous studies from our laboratory (10, 38) and others (11)
show that the abundance of this exon in Tnnt3 transcripts
increases in direct proportion to natural or experimentally
induced increases in body mass, and that the effect is conserved
across species. The results of the present study are in agreement
with the previous ones and show that the abundance of exon 16
in Tnnt3 transcripts is higher in heavier than in lighter animals,
independent of diet. However, Tnnt3 exon 16 abundance was
lower in the muscle of rats consuming a high-fat compared
with a low-fat diet, regardless of body weight or fasting blood
glucose concentrations. Indeed, although rats fed a 30% fat diet
for 8 wk had 2.5 times more body mass than rats fed a 10% fat

FIGURE 5 Morphology and Tnnt3

splice forms of rats fed a 10% or 30%

fat diet for 1, 4, or 8 wk. Body mass

(A), fat mass (B), lean mass (C), and

the sum of Tnnt3a (D) and Tnnt3b (E)

splice forms. Values are means 6
SEMs. *Different means by 2-factor

ANOVAwith the use of the Holm-Sidak

correction for multiple comparisons,

compared with respective controls

at the given time point, P , 0.05.

n = 4/group. Tnnt3, troponin T3.

TABLE 4 Effects of consumption of a 30% fat diet and time on
Tnnt3 splice forms in the muscle of rats fed for 1, 4, or 8 wk1

Tnnt3
splice form

Effect of diet Effect of time Diet 3 time

F P F P F P

a1 25.88 ,0.0001 10.97 0.0008 0.9652 0.3998

a2 19.11 0.0004 3.724 0.0443 0.3337 0.7206

a3 39.2 ,0.0001 1.2 0.3240 3.377 0.0568

b1 16.62 0.0007 2.671 0.0965 0.4266 0.6592

b2 16.83 0.0007 5.882 0.0108 2.266 0.1325

b3 6.224 0.0225 49.42 ,0.0001 2.712 0.0934

b4 2.42 0.1372 1.353 0.2834 0.5022 0.6134

b5 13.44 0.0018 10.21 0.0011 1.731 0.2053

b6 6.454 0.0205 6.929 0.0059 0.3195 0.7305

b7 6.309 0.0218 3.8 0.0420 1.928 0.1744

b8 0.4001 0.5350 3.939 0.0409 1.833 0.1885

b9 7.842 0.0118 27.91 ,0.0001 0.3434 0.7139

Total Tnnt3a 26.65 ,0.0001 6.533 0.0074 0.8865 0.4293

Total Tnnt3b 26.65 ,0.0001 6.533 0.0074 0.8865 0.4293

1 Results of a 2-factor ANOVA. n = 4/group. Statistics were performed on arcsine-

transformed relative abundance values. Tnnt3, troponin T3.
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diet for 1 wk, the proportion of Tnnt3 transcripts containing
exon 16 was similar. In a previous study, a similar impairment to
the normal response of Tnnt3 pre-mRNA alternative splicing to
increased body mass was observed in obese compared with lean
Zucker rats, i.e., the pattern of splicing in obese rats was similar
to that observed in much lighter animals (10). Although the
Zucker rats in that study were not fed a high-fat diet, the fat
composition of their diet was primarily lard. Thus, because
obese Zucker rats are hyperphagic and consume dramatically
more calories per day compared with lean littermates (39), the
amount of lard they consumed was correspondingly increased
compared with that of control animals. Combined, the results of
this study and our previous one (10) suggest that an increased
consumption of lard, rather than obesity or blood glucose
concentrations per se, leads to an impaired sensing of load by
skeletal muscle.

Lard is composed of a mixture of SFAs and unsaturated FAs,
with palmitate and oleate being the primary SFA and MUFA,
respectively (Supplemental Table 3). Notably, in previous
studies, palmitate and oleate were found to have differential
effects on the alternative splicing of the X-box binding pro-
tein 1 (XBP-1) mRNA (21, 40), suggesting that FA saturation
concentration differentially affects pre-mRNA alternative splic-
ing. The results of the present study provide additional support
for this conclusion because the diet containing lard, but not ones
enriched in either oleate or the PUFA linoleate, affected
alternative splicing of Tnnt3 exon 16. The mechanism through
which SFAs might act to modulate alternative splicing of pre-
mRNAs is unknown, but it is tempting to speculate that the
effect might be mediated by lipotoxic metabolites, such as
ceramides. Ceramides modulate alternative splicing in muscle
(41) and aberrantly accumulate in the skeletal muscle of obese
individuals and those with metabolic diseases (42, 43). An
alternative mechanism through which diets enriched in SFAs
compared with MUFAs or PUFAs might act to modulate
alternative splicing is through their differential effects on
inflammation (40). Indeed, genes involved in RNA processing
(e.g., splice factors) have altered expression in inflamed skeletal
muscle (44) and in the skeletal muscle of high-fat-fed mice and
obese humans (45). Additionally, dietary FAs alter DNA
methylation (46, 47) and remodel chromatin (48), which are
known to play a role in alternative splicing (49, 50). Assessment
of these and other possible mechanisms are a topic for future
investigations.

Overall, the results of the present study show that consump-
tion of a high-fat diet causes changes in alternative splicing of

pre-mRNAs that encode proteins involved in metabolism and
muscle function and contraction. A caveat of studying the
transcript diversity engendered by pre-mRNA alternative splic-
ing is that some transcripts may be expressed at such low
amounts as to be physiologically insignificant. Secondly, the
Affymetrix Rat Exon 1.0 ST array provides data only on
probeset expression and does not discern how exons in a tran-
script are spliced together. Therefore, this array does not give
any indication of the proportion of expressed transcripts that
were alternatively spliced or how many splice forms are present
for a given transcript. However, using the Tnnt3 as a marker
gene, we show that diet-induced changes in alternative splic-
ing can occur rapidly and manifest before the development of
obesity. We also show that high-fat-diet–induced changes in
Tnnt3 pre-mRNA alternative splicing are not observed when
rats are fed diets enriched inMUFAs or PUFAs but only when the
animals are fed a lard-based diet, suggesting that the effect is due
to the consumption of SFAs. Given the known relation between
Tnnt3a splice form expression and the sensitivity of muscle to
calcium-induced contraction (51–54), it is tempting to speculate
that one of the consequences of high-fat-diet–induced changes in
alternative splicing is the development of a divergence of body

FIGURE 6 Body composition, mor-

phology, and Tnnt3 splicing of rats fed

10% or 45% fat diets varying in FA

composition for 2 wk. Body mass (A),

fat mass (B), lean mass (C), fasting

blood glucose (D), and the sum of

Tnnt3a (E) and Tnnt3b (F) splice

forms. Values are means 6 SEMs.

*Different means by 2-factor ANOVA

with the use of the Holm-Sidak correc-

tion for multiple comparisons, com-

pared with respective controls for a

g i v en d i e t t y pe , P , 0 . 05 .

n = 6/group. Tnnt3, troponin T3.

TABLE 5 Effects of consumption of 45% fat diets varying in fat
type on Tnnt3 splice forms in the muscle of rats fed for 2 wk1

Tnnt3
splice form

Effect of fat quantity Effect of fat type Quantity 3 type

F P F P F P

a1 5.787 0.0225 1.817 0.1800 2.896 0.0708

a2 6.209 0.0185 1.66 0.2071 0.1297 0.8788

a3 22.63 ,0.0001 3.613 0.0393 1.506 0.2381

b1 0.1033 0.7501 0.1822 0.8343 3.942 0.0302

b2 7.874 0.0087 0.6268 0.5411 0.6557 0.5263

b3 0.8253 0.3709 0.7709 0.4715 6.35 0.0050

b4 21.57 ,0.0001 5.002 0.0133 1.68 0.2034

b5 0.001491 0.9694 5.159 0.0119 1.727 0.1950

b6 5.236 0.0293 2.222 0.1259 1.515 0.2362

b7 0.151 0.7003 0.6775 0.5155 3.589 0.0401

b8 2.076 0.1599 4.89 0.0145 1.443 0.2521

b9 2.677 0.1123 2.137 0.1356 3.24 0.0532

Total Tnnt3a 8.865 0.0057 2.273 0.1204 1.619 0.2149

Total Tnnt3b 8.865 0.0057 2.273 0.1204 1.619 0.2149

1 Results of a 2-factor ANOVA. n = 6/group. Statistics were performed on arcsine-

transformed relative abundance values. Tnnt3, troponin T3.
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weight and muscle performance, leading to impaired mobility
and functional disability in obese individuals.
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