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Slow skeletal muscle troponin T (TNNT1) pre-messenger RNA alternative splicing (AS) provides transcript diversity and 
increases the variety of proteins the gene encodes. Here, we identified three major TNNT1 splicing patterns (AS1–3), 
quantified their expression in the vastus lateralis muscle of older adults, and demonstrated that resistance training modi-
fies their relative abundance; specifically, upregulating AS1 and downregulating AS2 and AS3. In addition, abundance of 
TNNT1 AS2 correlated negatively with single muscle fiber–specific force after resistance training, while abundance of 
AS1 correlated negatively with V

max
. We propose that TNNT1 AS1, AS2 and the AS1/AS2 ratio are potential quantitative 

biomarkers of skeletal muscle adaptation to resistance training in older adults, and that their profile reflects enhanced 
single fiber muscle force in the absence of significant increases in fiber cross-sectional area.
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Skeletal muscle wasting, decreased strength, and 
increased frailty impair performance of daily living 

activities and lead to major medical and socioeconomic 
problems for the aging population. In rodents and humans, 
age-related decreases in muscle mass do not fully account for 
the decreases in strength as atrophy only partially explains 
muscular weakness (1–3). Resistance training (RT) may pre-
vent the loss of strength in older adults, and its benefits are 
only partially explained by the prevention of loss of mus-
cle mass (4–6). Publications from our laboratory and others 
support the concept that weakness in old age is the result of 
decreased muscle-specific force (force/cross-sectional area 
[CSA]) (2,7–11). Impairment of muscle’s intrinsic force-
generating capacity with age may be partially due to altera-
tions in excitation–contraction coupling (1,12) in which the 
troponin complex, consisting of the tropomyosin-binding 
(TnT), inhibitory, and Ca2+-binding  subunits, plays a major 
role in Ca2+-dependent regulation of muscle contraction (13).

The fast-twitch skeletal TnT gene (troponin T [TNNT3]) 
undergoes extensive pre-messenger RNA (mRNA) alterna-
tive splicing (AS) in systems ranging from flies to rodents 
(14). TNNT3 pre-mRNA is encoded by 18 exons, includ-
ing five AS exons near the 5′ end and a pair of mutually 

exclusive exons near the 3′ end, potentially generating 128 
distinct splice forms. Changes in the relative frequency of 
TNNT3 AS forms would affect muscle contractile ability 
by altering the Ca2+ sensitivity of myofilaments as shorter 
forms shift the pCa–force relationship toward lower cal-
cium concentrations (15–18). Recent evidence shows that 
normal body growth and experimentally increased body 
weight modify the relative frequency of TNNT3 AS forms. 
In addition to body weight, mechanical stretch stimulation 
on C2C12 skeletal muscle cells cultured in flexible-bot-
tomed plates modifies TNNT3 AS (19). Therefore, varia-
tions in TNNT3 AS provide a quantitative molecular marker 
to track how an animal perceives and responds to changes 
in mechanical body loading (14).

Despite the reported modifications in TNNT3 AS in 
response to mechanical loading changes in various animal 
species, the effects of RT on TNNT3 and TNNT1 (the gene 
that encodes slow-twitch skeletal muscle TnT) pre-mRNA 
AS in human muscle are unknown. We hypothesized that 
TNNT1 AS is modified in aging human muscle in response 
to chronic loading via 5 months of progressive RT. Because a 
transition from fast-twitch to slow-twitch fiber type has been 
reported in aging rodents and humans (20,21), and type-I 
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fibers largely outnumbered type-II fibers in our biopsies from 
the vastus lateralis of the quadriceps, we focused our research 
on the effects of RT on slow skeletal muscle TNNT1 AS.

Methods

Study Participants
Participants in this study included older men (n = 5) and 

women (n = 3) enrolled in the National Institutes of Health–
funded Improving Muscle for Functional Independence 
Trial. All subjects were recruited from the Piedmont Triad 
area of North Carolina according to the following inclusion/
exclusion criteria: (i) overweight/obese (body mass index 
[BMI] = 25–35 kg/m2), (ii) older (age = 65–80 years), (iii) 
nonsmoking, (iv) not on hormone replacement therapy, 
(v) sedentary (<15 minutes of exercise, 2 times/wk) in the 
past 6 months, and (vi) weight stable (<5% weight change) 
for at least 6 months prior to enrollment. All had normal 
liver, kidney, pulmonary, and thyroid function; no history 
of excessive alcohol intake; and no major chronic illness, 
anemia, or orthopedic impairment. The study was approved 
by the Wake Forest Institutional Review Board for Human 
Research and all participants signed informed consent to 
participate in the study.

Exercise Intervention
The exercise intervention consisted of 5 months of pro-

gressive RT designed to elicit adaptations in skeletal muscle 
and increase strength and power. To optimize the resistance 
stimulus for maximal functional gain, the exercise prescrip-
tion was based on a relative intensity level and progressed 
with each individual’s strength gain. Participants exercised 
3 d/wk under the supervision of two exercise physiologists. 
Participants walked or cycled slowly for 5–10 minutes to 
warm up prior to RT. The resistance exercises were per-
formed on eight Nautilus resistance machines (Nautilus, 
Vancouver, WA), on which the load could be adjusted in 
small increments. The program was based on American 
College of Sports Medicine guidelines for intensity, num-
ber of repetitions, number of sets, and number of days per 
week (ACSM position stand, 2009 (22)). The one repetition 
maximum, that is, the maximal weight that could be lifted 
with correct form in a single repetition was used to pre-
scribe intensity. Intensity was progressively increased dur-
ing the first month toward the training goal of three sets of 
10 repetitions at 70% repetition maximum for a given exer-
cise. The repetition maximum strength testing was repeated 
every 4 weeks, and the training loads adjusted to achieve 
the 70% repetition maximum goal.

Skeletal Muscle Biopsy
Needle biopsies of the vastus lateralis were collected 

under local anesthesia with 1% lidocaine for RNA and 

single muscle fiber contraction studies. All biopsies 
were performed in the early morning after an overnight 
fast. Subjects were asked to refrain from taking aspi-
rin, prescription and over-the-counter nonsteroidal anti-
inflammatory drugs, or other compounds that may affect 
bleeding, platelets, or bruising for the week prior to the 
biopsy, and to refrain from any strenuous activity (includ-
ing RT) for at least 36 hours prior to the biopsy. Visible 
blood and connective tissue were removed from the mus-
cle specimen before bundles of muscle fibers for contrac-
tion tests were carefully dissected and immediately placed 
in cold (4°C) 1× relaxing solution, where they were later 
divided into smaller bundles of approximately 30–50 fib-
ers and tied with 10-0 silk surgical suture to glass cap-
illary tubes at slightly stretched lengths. These bundles 
were chemically skinned for 24 hours in 50% 2× relaxing 
solution and 50% glycerol at 4°C, then stored at −20°C 
for up to 4 weeks as described (8). The muscle portion 
(10–20 mg) used for RNA extraction was snap frozen in 
liquid nitrogen under RNAse-free conditions, and stored 
at −80°C until analysis.

Clinical Assessments
Participant height was assessed using a stadiometer and 

body mass was measured on a calibrated electronic scale. 
BMI was calculated as body mass in kilograms divided by 
height in meters squared.

Solutions
The composition of the relaxing and activating solutions 

used for single muscle fiber experiments were described 
previously (8).

Experimental Setup
A single fiber segment about ~1.7 ± 0.03 mm long was 

carefully isolated from a muscle bundle using fine forceps. 
Both ends were securely tied with 10-0 sutures to titanium 
wires, one connected to an isometric force transducer 
(Model 403; Aurora Scientific, Aurora, Ontario, Canada) 
and the other to a high-speed servomotor (Model 315C; 
Aurora Scientific). The 3-mm wire connected to the motor 
was used to minimize the error in fiber length due to rota-
tion of the lever arm (23).

The mounted fiber segment was suspended in one of sev-
eral small glass-bottomed chambers in a stainless steel plate 
and activated by rapid motorized transfer from the chamber 
containing relaxing solution to the chamber containing acti-
vation solution. The experimental apparatus was mounted 
on the stage of an inverted microscope (Axiovert S100; Carl 
Zeiss, Inc., Oberkochen, Germany), enabling observation 
of the fiber at ×450 through the transparent bottom of each 
chamber. Images were obtained using a CCD camera and a 
scientific graphic acquisition board.
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Fiber length and sarcomere length were measured using 
a calibrated eyepiece micrometer. Sarcomere length was 
set to ~2.5 µm by adjusting the overall segment length, and 
final sarcomere length confirmed by measuring 10 consec-
utive sarcomeres at a minimum of three points along the 
fiber. Fiber CSA was modeled as an ellipse and calculated 
from measurements of fiber width and depth using a cali-
brated eyepiece micrometer. Fiber width was measured at 
three points. At every measurement point, fiber depth was 
measured by recording the vertical displacement of the 
microscope nosepiece while focusing on the top and bot-
tom surfaces of the fiber.

Single Muscle Fiber Physiology Tests and Experimental 
Protocols

All measurements were conducted at 15°C; temperature 
was continuously monitored by a thermocouple inserted into 
the experimental chamber (model 802B; Aurora Scientific). 
All functional data were collected and analyzed using a per-
sonal computer and a data acquisition board (Model 600A 
Digital controller; Aurora Scientific). A slack test was used 
to determine unloaded shortening velocity (V

o
) (8). In this 

procedure, fibers were transferred into activating solution 
(pCa 4.5), and once peak force was attained (monitored by 
real-time digital oscilloscope), subjected to a rapid slack 
step (≤20% of fiber length within 1 ms). The procedure was 
repeated at different slack lengths, and the time required 
to redevelop tension was plotted against the corresponding 
slack distances. A straight line was fit by least squares linear 
regression, and the slope of the regression line, normalized 
to fiber length, defined V

o
.

After the slack test, we performed a series of isotonic con-
tractions of the muscle fiber to determine the force/velocity 
relationship (8). Briefly, the fiber was placed in activating 
solution (pCa 4.5) and, after it reached peak force, subjected 
to three isotonic steps varying from 3% to 80% of P

o
. After 

the final step, the fiber was rapidly (<1 ms) slacked by 20% 
of its length. This zeroed the force transducer, providing a 
baseline for force measurement. Step duration was less than 
~100 ms. Velocity was calculated as the slope of the posi-
tion record over the same time period and, like force, aver-
aged over the final half of each step. A total of 5–6 separate 
fiber activations were applied to generate 15–18 pairs of 
velocity and relative force measurements.

The Hill equation (24) was fitted to the data using an 
iterative, nonlinear, curve-fitting procedure. The following 
parameters were used to describe the hyperbolic fit: V

max
 

(velocity extrapolated to a force of zero); P
o
 (average force 

during the trial); and a/P
o
 (the dimensionless curvature or 

shape of the force/velocity relationship) (25). We used five 
slack lengths normalized to fiber length to determine V

max
. 

Peak power was calculated from these three parameters and 
expressed as W/liter fiber (26). In all contractions, Ca2+-
activated force was measured using zero transducer signal 

as a baseline. Forces were normalized to the fiber’s CSA to 
obtain specific force.

For quality control and assessment of fiber myosin 
heavy chain isoform, see reference (8). Briefly, fibers were 
excluded from analysis if force declined more than 5% 
or if they broke or showed partial myofibrillar tearing at 
any observation timepoint in the experimental protocol. 
Experiments were excluded from analysis if compliance, 
defined as displaced axis intercept of the slack test plot, 
exceeded 5% of fiber length and if the r2 of the force–veloc-
ity regression was less than 0.98. Biopsies were performed 
on eight volunteers but two preparations failed quality con-
trol for specific force and three for power analysis.

Myosin Heavy Chain Isoforms Analysis in Single Muscle 
Fiber and Bundle of Fibers

For fiber typing, at the end of each recording, the single 
muscle fiber segment was saved in 20 µl of sodium dodecyl 
sulfate sample buffer (containing 62.5 mM Tris pH 6.8, 2% 
sodium dodecyl sulfate, 10% glycerol, 5% betamercaptoe-
thanol, and 0.001% bromophenol blue) for sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis to verify muscle 
fiber type by silver staining (8). In contrast to single fiber 
typing, bundles of fibers were sonicated with a F60 sonic 
dismembrator (Fisher, Waltham, MA) for 30 seconds.

RNA Isolation and Expression Analysis
Total RNA was extracted from human muscle tis-

sues using the Trizol reagent (Invitrogen, Carlsbad, CA) 
according to the manufacturer’s instructions. RNA sam-
ples and the same volume of H

2
O (negative control) 

were reverse transcribed using SuperScript III Reverse 
Transcriptase (Invitrogen). TNNT1 complementary DNA 
was amplified by nested PCR, first using forward primer F1 
(5′-AATATGAGGAGGAGCAGC-3′) and reverse primer 
R1 (5′-CCCTTACGGAACTTCTGG-3′); then using fluo-
rescein (FAM)-labeled forward primer FAM-F2 (5′-FAM-
GGAAGAGGAGGCTGCGGA-3′) and reverse primer R2 
(5′-TGATGCGGTTGTACAGCA-3′). PCR was performed 
using GoTaq Green Master Mix (Promega, Madison, WI) 
under the following cycling conditions: 2 minutes at 94°C; 
35 1-minute cycles at 94°C; 1 minute at 60°C; 1 minute at 
72°C; ending with 7 minutes at 72°C.

To quantify the splicing patterns and relative abundance 
of TNNT1, we used a protocol described recently (14,19). 
Briefly, we analyzed 1 μl of each FAM-labeled nested PCR 
product by capillary electrophoresis (ABI Hitachi 3730XL 
DNA Analyzer; Applied Biosystems, Carlsbad, CA), which 
allows precise determination of PCR fragment size and 
quantity in a PCR amplicon pool. The relative abundance of 
each TNNT1 amplicon in the PCR reaction was determined 
by dividing its peak height by the total of all TNNT1 ampli-
con peak heights (see also Figure 1). Amplicon fragment 
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size was determined using the GS1200 LIZ internal size 
standard and Genemapper (Applied Biosystems) frag-
ment analysis software. To examine the exon composition 
of the TNNT1 splicing patterns, amplicons were extracted 
from an agarose gel using a Gel and PCR Clean-up 
System (Promega), cloned using a TOPO-TA cloning kit 
(Invitrogen), and sequenced (Genscript, Piscataway, NJ). 
As the presence or absence of exon 5 together with the short 
or long exon 12 can generate four potential mRNAs, we 
prefer using pattern instead of the more classical denomina-
tion form, following previous publications (15,27,28) when 
we refer to our data.

Statistical Analysis
Data analysis was performed with SigmaPlot 11.0 (Systat 

Software, San José, CA) or Prism 5.0 (Graphpad, La Jolla, 
CA). All data are presented as means ± SEM. The alpha 
level was set at p = .05. Linear regression analysis was used 
to identify the relationship between TNNT1 AS and specific 
functional variables, and the Pearson product moment cor-
relation to measure the strength of the association between 
pairs of variables.

Results

RT Increases Abundance of TNNT1 AS1, But Decreases 
Abundance of AS2 and AS3, Splicing Patterns

We detected three major TNNT1 splicing patterns 
expressed in the human vastus lateralis muscle. Figure 1A 
shows the exon structure of each AS pattern amplified by 
reverse transcription–PCR and nested PCR screening of 
total RNA. Sequencing of complementary DNA clones 
confirmed that the shortest mRNA splice pattern (AS1) 
lacks exon 5, while AS2 has a short, and AS3, a long 
exon 12. Note that the 5-month RT intervention modi-
fied the relative abundance of all three TNNT1 splicing 
patterns; electropherograms show that the abundance 
of AS1 increases, while the abundance of AS2 and AS3 
decreases (Figures 1B and 2A). Lower abundance splic-
ing patterns were not analyzed further. The AS2 is the 
most abundant pattern in this sample of sedentary older 
adults.

Abundance levels of AS1 and AS2 were negatively cor-
related both before and after the RT intervention, with a 
higher correlation seen after RT (Figure  2B). We reana-
lyzed our data after excluding the point at 40% AS1 in 
Figure 2B which seems to strongly influence the associa-
tion before RT. With this data point removed, correlations 
between abundance of AS1 and AS2 before and after the 
RT intervention were r = −.217; r2 =  .047; p =  .639, and 

Figure 1.  Characterization and quantification of troponin T (TNNT1) alter-
native splicing (AS) in the vastus lateralis muscle before and after resistance 
training (RT). (A) Three major human TNNT1 pre-messenger RNAs (mRNAs) 
are comprised of 14 exons (boxes 1–14) with a translation–initiation codon 
localized in exon 2 (green boxes) and a stop codon in exon 14 (red boxes). Exon 
5 is excluded from the short TNNT1 AS1, and exon 12 is longer in TNNT1AS3 
than in the other two splice forms. All three were detected by reverse tran-
scription–PCR and complementary DNA sequencing. Two pairs of forward (F1 
and FAM-F2) and reverse (R1 and R2) PCR primers were designed to perform 
nested PCR with increased sensitivity and specificity. (B) Representative elec-
tropherogram. Fluorescently labeled DNA fragment peaks showing the diversity 
of TNNT1 splice forms, denoted by position in the horizontal axis (expressed in 
base pairs). Relative abundance is indicated by the peak height (blue) of each 
form in the vastus lateralis muscle of the same subject before (pre) and after 
(post) RT. Internal size standards are represented by orange traces.

Figure 2.  Effects of resistance training (RT) on troponin T (TNNT1) splice 
forms. (A) Relative abundance of TNNT1 splice forms before (pre) and after 
(post) RT. Significant changes were observed in all three: alternative splicing 
1(AS1) increased, and AS2 and AS3 decreased. (B) Correlation analysis indi-
cates a strong inverse correlation between AS1 and AS2 before and after RT 
(pre RT, r = −.774; post RT, r = −.935).
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r = −.993; r2 = .912; p = .0022, respectively. There was no 
relationship between abundance of AS1 and AS3 patterns 
(pre, r = −.696; r2 = .108, p = .082; post, r = −.092; r2 = .03, 
p = .845).

Relationships Between TNNT1 AS Patterns and 
Participants’ Age, Body Mass, and BMI

To examine the association between age and TNNT1 AS 
patterns, we plotted the relative abundance of each splice 
pattern against the participants’ age, which ranged from 66 
to 80 years. None of the three TNNT1 splice patterns showed 
any significant correlation with age at baseline (Figure 3A) 
or after RT (Figure 3B). Likewise, there was no relationship 
between abundance of any of the three TNNT1 AS patterns 
and body mass or BMI before RT (Figure 4C and E). After 

the 5-month RT intervention, body mass and BMI were not 
changed (Figure  4A and B); however, a positive correla-
tion was observed between TNNT1 AS1 and body mass, 
while a negative correlation was found between abundance 
of TNNT1 AS2 and body mass (Figure 4D). No correlation 
between TNNT1 AS1 or AS2 and BMI was observed before 
and after RT (Figure 4E and F).

Changes in Single Muscle Fiber Force, Power, and V
max

 
With RT and Relationship With TNNT1 AS Patterns

Single muscle fiber–specific force and power, recorded 
on a subset of six and five participants, respectively, 
improved significantly with RT (Figure  5A and B). We 
next tested the relationship between single muscle fiber–
specific force and power in slow fibers and abundance of 

Figure 3.  Troponin T (TNNT1) splice form profile and subjects’ age. No correlation between age and any of the three splice forms was observed pre-resistance 
training (RT; A) (r = −.360, .083, and .172 for AS1, AS2, and AS3, respectively) or post-RT (B; r = .016, .019, and −.094 for AS1, AS2, and AS3, respectively). AS1: 
red, AS2: green, AS3: black.

Figure 4.  Relationships of troponin T (TNNT1) splice forms with body mass measures. Body mass (A) and body mass index (BMI; B) did not change significantly 
with resistance training (RT). TNNT1 alternative splicing 1 (AS1) correlated positively, and TNNT1 AS2 correlated negatively, with body mass (pre-RT, r = .422, 
−.121, and −.167; post-RT, r = .916, −.870, and −.0175 for AS1, AS2, and AS3, respectively) (C and D), and BMI (pre-RT, r = −.146, .462, and −.568; post-RT, 
r = .651, −.587, and −.102 for AS1, AS2, and AS3, respectively) (E and F). AS1: red, AS2: green, AS3: black.
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TNNT1 AS patterns. Before RT, there were no relationships 
between TNNT1 AS patterns and single muscle fiber force 
or power (Figure 5D and F). On the other hand, single fiber 
force shows a negative correlation with abundance of AS2 
after RT (Figure 5E). The relationship between single fiber 
power and TNNT1 AS1 or AS2 did not reach our conven-
tional level of statistical significance after RT (Figure 5G). 
V

max
 (pre: 0.698 ± 0.017; post: 0.806 ± 0.092) and a/P

o
 (pre: 

0.037 ± 0.008; post: 0.032 ± 0.001) did not differ signifi-
cantly with RT. V

max
 negatively correlated with TNNT1 AS1 

while a trend to positively correlate with TNNT1 AS2 was 
apparent after RT (Figure 6). Additionally, negative corre-
lations between V

max
 and body mass, and power and BMI 

were observed after RT (Table 1). Interestingly, RT did not 
induce significant changes in fiber type composition in bun-
dles of fibers from the subjects in which we examined sin-
gle fiber contractile properties (pre-RT: type-1 = 44 ± 3.1, 
type-2 = 56 ± 3.1; post-RT: type-1 = 43 ± 4.7, type-2 = 57± 
4.6; p > .05).

Increased Force and Power Precede Any Detectable 
Increase in Single Muscle Fiber CSA In Vitro

As the gain in muscle force with RT is larger than gains 
in muscle mass in older adults (4–6), we examined whether 
improvements in single muscle fiber force and power are 
associated with increased CSA after RT. No significant 
mean changes in single muscle fiber CSA were detected 
with RT (Figure 5C). Also, no correlation between any of 
the three TNNT1 AS patterns and CSA was observed (data 
not shown).

TNNT1 AS1/AS2 Ratio Is a Sensitive Marker of Change 
in Single Muscle Fiber Force With RT

As the abundance of TNNT1 AS1 and AS2 patterns cor-
relate with muscle function, we also examined whether 
changes in single muscle fiber force and power with RT 
are related to the ratio of these AS patterns. A significant 
positive correlation between the percent change in single 
muscle fiber force (Figure  7A) and AS1/AS2 ratio was 

Figure 5.  Changes in type-I single muscle fiber–specific force, power, and cross-sectional area (CSA), with resistance training (RT), and relationships with 
troponin T (TNNT1) alternative splicing (AS) forms. Both single muscle fiber–specific force (n = 6) (A) and power (n = 5) (B), but not CSA (C), increased with RT. 
Single muscle slow fiber force (pre-RT, r = −.240, .0754, and .291; post-RT, r = .695, −.851, and −.172 for AS1, AS2, and AS3, respectively) (D and E) and power 
(pre-RT, r = −.819, .520, and −.107; post-RT, r = .481, −.556, and −.306 for AS1, AS2, and AS3, respectively) (F and G) correlation with abundance of TNNT1 AS1-2 
after RT (E and G). AS1: red, AS2: green, AS3: black.
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observed. The correlation between percent change in single 
muscle fiber power or V

max
 and AS1/AS2 ratio did not reach 

statistical significance (Figure 7B and C).

Discussion
This work demonstrates that three major TNNT1 splice 

patterns are expressed in skeletal muscle from older adults 
and that RT modifies their relative abundance, with TNNT1 
AS1 upregulated and TNNT1 AS2, AS3 downregulated. 
Strikingly, TNNT1 AS2 negatively correlates with single 
muscle fiber–specific force after RT. For the first time, we 
showed that the AS1/AS2 ratio positively correlates with the 
percent change in single muscle fiber force in response to 
RT. Our data suggest that TNNT1 AS2 relative abundance 
and the AS1/AS2 ratio can be promising biomarkers of skel-
etal muscle adaptation to overload (RT and/or body weight).

TNNT1 AS Patterns, a Quantitative Biomarker of Muscle 
Response to RT

Skeletal muscle undergoes dramatic changes in adapting 
to functional demands and stress (29). For instance, expres-
sion of slow-versus-fast TnT isoforms is highly sensitive to 

muscle unloading in simulated weightlessness (30). Nearly 
95% of human multi-exon genes involve AS, which is a cru-
cial mechanism of gene regulation and proteomic diversity 
(31,32). Altered relative abundance in mRNA isoforms in 
TNNT3 AS was reported in a rodent model of overweight 
and obesity, indicating that RNA AS is critical for muscle 
adaptation (14). Our current study further supports that RT 
alters the TNNT1 AS profile in older adults. It would be 
important to assess TNNT1 AS profile in young lean adults 
and determine whether age and/or body fat influences 
TNNT1 AS.

Aging is characterized by decreased lean muscle mass 
and increased body fat (33), both of which affect TNNT3 
AS in rodents (14). As a transition from fast to slow fiber 
type has been reported and confirmed in aging humans and 
rodents (21,34), we examined the relationship between 
TNNT1 AS and age, body mass, and BMI in study partici-
pants before they engaged in the RT regimen. We did not 
observe any significant relationship with these factors, but 
these initially sedentary adults had substantially modified 
TNNT1 AS patterns after 5 months of RT, suggesting that 
RT may affect TNNT1 AS. One potential mechanism for 
this response could be through muscle mechanical stretch, 

Figure 6.  Relationships between troponin T (TNNT1) alternative splicing (AS) and single muscle fiber V
max

. (A) Single muscle fiber V
max

 did not correlate with 
TNNT1 AS at baseline (r = −.0821, .0124, and .0804 for AS1, AS2, and AS3, respectively). (B) In contrast, single muscle slow fiber correlated negatively with TNNT1 
AS1 and a trend to positively correlate with TNNT1 AS2 was observed after RT (r = −.845, .765, and .683 for AS1, AS2, and AS3, respectively). AS1: red, AS2: 
green, AS3: black.

Table 1.  Correlation Between a/P
o
, and TNNT1 AS1–3, and Body Mass or BMI and Single Fiber Parameters 

Correlation

Pre-RT Post-RT

r r2 p r r2 p

a/P
o

TNNT1-AS1 −.543 .295 .265 .286 .082 .528
TNNT1-AS2 .520 .269 .291 −.119 .014 .823
TNNT1-AS3 −.330 .109 .523 −.478 .229 .337

Body mass Force .138 .019 .794 .508 .258 .304
Power .276 .076 .653 −.487 .237 .405
V

max
.785 .617 .064 −.827 .685 .042

a/P
o

−.315 .099 .543 −.132 .017 .804
BMI Force −.049 2.395e−3 .927 −.092 8.497e−3 .862

Power .635 .404 .175 −.844 .712 .035
V

max
.484 .234 .331 −.596 .355 .212

a/P
o

.319 .102 .538 −.392 .153 .442

Notes: AS = alternative splicing; BMI = body mass index; TNNT = troponin T.
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as reported for mouse muscle C2C12 cells (19). The cor-
relation between V

max
 and AS1 (negative) or AS2 (trend to 

positive) indicates a change in contractile kinetics, which 
may be as important as enhanced specific force in response 
to RT.

TnT1 pre-mRNA AS is strongly correlated with muscle 
fiber contractile properties (30,35). Alternative splicing of 
exon 5 generates low molecular weight and high molecular 
weight isoforms of human slow TnT, and the low molecular 
weight isoform generates more specific force than the high 
molecular weight isoform (36). This result consistently 
supports our finding that TNNT1 AS2 is negatively cor-
related with muscle force. Additionally, that RT increased 
the relative abundance of TNNT1 AS1 and decreased the 
abundance of TNNT1 AS2 strongly supports the notion that 
TNNT1 AS2 and AS1/AS2 ratio are related to the beneficial 
effects of RT on muscle function.

TNNT1 AS, Aging, and Obesity
Obesity exacerbates age-associated decline in skeletal 

muscle strength and power, leading to physical disabil-
ity and loss of independence (8,37,38). A  recent study in 
older men and women associated obesity with lower mus-
cle quality (39). However, decreased muscle mass in aging 
rodents and humans do not fully account for the diminished 
strength; atrophy only partially explains muscle weakness 
(1,2).

Decreased muscle force and power is determined, at least 
in part, by fast TNNT3 AS (14), a Ca2+-sensitive switch 
that turns muscle contraction on and off (15,17,18,40). 
TnT mediates the interaction between the troponin com-
plex and tropomyosin, which is essential for Ca2+-activated 
striated muscle contraction. The thin filament regula-
tory complex (troponin–tropomyosin) acts as a switch in 
response to changes in intracellular Ca2+ concentration (41). 
Manipulating TnT genes and/or TnT protein isoforms in 
rodents (16,18,42–45) and single amino acid replacement 
mutations in humans (46) affect muscle Ca2+ sensitivity and 
maximal force development. Further, fibers containing fast 

troponin show higher co-operativity of Ca2+ activation than 
slow troponin fibers, which have higher Ca2+ sensitivity 
(16). Since mechanical stretch regulates the abundance of 
fast skeletal muscle TNNT3 splice forms (14,19), we pro-
pose that the changes in TNNT1 AS reported above may 
adjust single muscle fiber–specific force in response to 
chronic RT, probably through activation of the PI3K/Akt 
signaling pathway (19).

Molecular-signaling pathways that mediate the effects 
of mechanical load on muscle TNNT AS are poorly under-
stood. When skeletal muscles are overloaded via RT, there 
is signaling through the Akt/mammalian target of rapamy-
cin pathway (47), which may lead to changes in TNNT AS. 
The fast skeletal muscle TNNT3 AS controls the amplitude 
of muscle force by controlling Ca2+ sensitivity (48). Also, 
Akt and mammalian target of rapamycin phosphorylation 
(47,49,50) and its splicing response (51) are impaired in 
obese rodents (52). The chronic inflammatory state associ-
ated with obesity is mediated by adipose tissue macrophage 
infiltration (53), which impairs splice factor expression 
(54) and attenuates Akt (55) and mammalian target of rapa-
mycin signaling (56). Although the sample examined was 
overweight or obese and their baseline TNNT1 AS poorly 
correlated with muscle function, this relationship signifi-
cantly improved after exercise, which indicates that most 
of older adults retain the capacity to respond to a 5-month 
RT intervention.

This article provides the first evidence associating TNNT1 
AS with muscle fiber force in older adults. Although sin-
gle muscle fiber power increased significantly with RT, it 
did not show significant correlation with TNNT1 AS1–3. 
Body weight and RT may also play key roles in regulating 
TNNT1 AS, probably by a pathway similar to that reported 
for TNNT3 AS (14,19). As obesity interferes with normal 
TNNT3 AS regulation in the rat (14) and inhibits expres-
sion of certain splicing factors in humans (57), whole body 
function (body mass and obesity) may regulate TNNT1 AS 
by altering splicing factor function.

We did not detect any significant relationship among 
age and TNNT1 AS, which may be explained by the small 

Figure 7.  Troponin T (TNNT1) alternative splicing 1 (AS1)/AS2 ratio correlation with fiber force and power. (A) Single muscle fiber–specific force (% [post − 
pre]/pre) positively correlates with AS1/AS2 ratio after RT (r = .801). (B) Single muscle fiber power shows a trend toward a positive correlation with AS1/AS2 ratio 
after RT (r = .510). (C) Single muscle fiber V

max
 shows a trend toward a negative correlation with AS1/AS2 ratio after RT (r = −.713).
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number of participants examined. In addition, while the 
effect of aging and development on TNNT AS has been 
examined by cross-sectional studies in young, middle-aged, 
and old rodents (18,48,58), we could only examine two 
timepoints, 5 months apart. To clarify the effects of aging 
and obesity on slow TNNT AS, younger and leaner subjects 
must be compared in future studies.

Limitations of This Study
Analyzing TNNT1 AS patterns but not their proteins is a 

limitation because encoding RNAs may not reflect the rela-
tive abundance of their corresponding proteins. Exploring 
the diversity of TnT1 proteins instead of TNNT1 pre-mRNA 
AS may provide a more direct link with muscle fiber physi-
ology; however, it should be noticed that as a first approach, 
human TNNT1 pre-mRNA AS must be characterized and 
the most abundant and reproducible splice variants deter-
mined. Our research also allowed us to accurately measure 
the size of the splice variants, which is possible but less 
reliable at the protein level by immunoblot. The small dif-
ferences in TnT1 variants molecular weight, the lack of 
reliable size markers to define them, the lack of specific anti-
bodies for each AS, and the possibility that a band includes 
more than one variant, with erroneous impact on its relative 
abundance, prevented us from performing this analysis at 
the protein level as our initial approach. The identification 
of TnT1 AS at the protein level is of our interest but will 
require technical developments. It is also worth noting that 
the three AS patterns studied involve two exons and could 
potentially have four different combinations in a given pro-
tein product, which may differ functionally. A  more pro-
longed longitudinal study on a larger cohort may provide 
the power to better understand physical function, body 
composition, and TNNT1AS profile. Alternatively, a cross-
sectional study of a broader age range might elucidate these 
variables. Analysis of TNNT3 and TNNT1 AS may clarify 
their relative contributions to RT-induced muscle fiber func-
tion improvement. We have not explored the mechanisms 
by which RT alters TNNT1 AS, which is required for target-
ing future interventions.

Clinical Implications and Future Directions
RT affects the TNNT1 splicing patterns associated with 

single muscle fiber force. TNNT3 shows an acidic-to-basic 
charge transition and sequence shortening with develop-
ment due to the exclusion of exon 4 (shortened N-terminus), 
which correlates with increased muscle fiber Ca2+ sensitiv-
ity (15,59). Similarly, shorter TNNT1 may increase Ca2+ 
sensitivity to the myofilaments in slow-twitch fibers, but 
this hypothesis requires confirmation. Furthermore, RT 
may modify TNNT1 AS splicing in a relatively shorter time 
than fiber CSA, which indicates that RT-evoked increased 
specific force does not primarily depend on accruing 
protein.

The diversity of mRNA transcripts creates new oppor-
tunities for pharmacological interventions. For example, 
splice site–directed oligonucleotides that correct aberrant 
splicing are already being used in a clinical trial of a ther-
apy for Duchenne muscular dystrophy (60). Future work 
should focus on identifying the splicing factors involved 
in RT-evoked TNNT AS modifications; muscleblind-like 
proteins or SFRS10, should be among the first examined 
(57,61). Future studies should also compare the effects of 
calorie restriction and regular diet on TNNT1 AS because 
the Akt/mammalian target of rapamycin pathway is also 
involved in a nutrient-sensing pathway (62).

Conclusions
We demonstrated that the TNNT1 AS2 pattern is nega-

tively while the AS1/AS2 ratio is positively correlated with 
single muscle fiber–specific force. This finding identifies 
TNNT1 AS patterns as quantitative biomarkers of human 
muscle function and suggests that RT can influence TNNT 
AS patterns that may improve muscle function.
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