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Abstract 

Muscle wasting is a serious complication in heart failure patients. Oxidative stress and inflammation are implicated 
in the pathogenesis of muscle wasting. Oxidative stress leads to the formation of toxic lipid peroxidation products, 
such as 4-hydroxy-2-nonenal (HNE), which covalently bind with proteins and DNA and activate atrophic pathways. 
Whether the formation of lipid peroxidation products and metabolic pathways that remove these toxic products are 
affected during heart failure-associated skeletal muscle wasting has never been studied. Male C57BL/6J mice were 
subjected to sham and transverse aortic constriction (TAC) surgeries for 4, 8 or 14 weeks. Different skeletal muscle 
beds were weighed, and the total cross-sectional area of the gastrocnemius muscle was measured via immuno-
histochemistry. Muscle function and muscle stiffness were measured by a grip strength meter and atomic force 
microscope, respectively. Atrophic and inflammatory marker levels were measured via qRT‒PCR. The levels of acr-
olein and HNE-protein adducts, aldehyde-removing enzymes, the histidyl dipeptide-synthesizing enzyme carnosine 
synthase (CARNS), and amino acid transporters in the gastrocnemius muscle were measured via Western blotting 
and qRT‒PCR. Histidyl dipeptides and histidyl dipeptide aldehyde conjugates in the Gastrocnemius and soleus mus-
cles were analyzed by LC/MS–MS. Body weight, gastrocnemius muscle and soleus muscle weights and the total cross-
sectional area of the gastrocnemius muscle were decreased after 14 weeks of TAC. Heart weight, cardiac function, grip 
strength and muscle stiffness were decreased in the TAC-operated mice. Expression of the atrophic and inflammatory 
markers Atrogin1 and TNF-α, respectively, was increased ~ 1.5–2fold in the gastrocnemius muscle after 14 weeks of TAC 
(p < 0.05 and p = 0.004 vs sham). The formation of HNE and acrolein protein adducts was increased, and the expres-
sion of the aldehyde-removing enzyme aldehyde dehydrogenase (ALDH2) was decreased in the gastrocnemius 
muscle of TAC mice. Carnosine (sham: 5.76 ± 1.3 vs TAC: 4.72 ± 0.7 nmol/mg tissue, p = 0.04) and total histidyl dipep-
tide levels (carnosine and anserine; sham: 11.97 ± 1.5 vs TAC: 10.13 ± 1.4 nmol/mg tissue, p < 0.05) were decreased 
in the gastrocnemius muscle of TAC mice. Depletion of histidyl dipeptides diminished the aldehyde removal 
capacity of the atrophic gastrocnemius muscle. Furthermore, CARNS and TAUT protein expression were decreased 
in the atrophic gastrocnemius muscle. Our data reveals that reduced expression of ALDH2 and depletion of histidyl 
dipeptides in the gastrocnemius muscle during heart failure leads to the accumulation of toxic aldehydes and might 
contribute to muscle wasting.
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Introduction
Heart failure is a multifaceted and life-threatening syn-
drome that affects up to 1–2% of the global population. 
Comorbidities such as skeletal muscle wasting, anemia, 
chronic kidney disease and chronic obstructive pulmo-
nary disease are extremely common in this patient pop-
ulation [1, 2]. Among these comorbidities, skeletal 
muscle wasting has emerged as a serious complication 
for patients, with both reduced and preserved ejection 
fractions [2]. The prevalence of muscle wasting in heart 
failure patients is approximately 20–50%, which leads to 
reduced functional capacity, frequent hospital visits, and 
increased mortality [1, 3, 4]. Despite the armamentarium 
of drugs available for the treatment of heart failure, such 
as angiotensin convertase inhibitors and beta-blockers, 
they provide only minor benefits in reversing muscle 
wasting [5, 6]. Although testosterone therapy improves 
exercise capacity in heart failure patients, [7–9] how-
ever it has not been tested in patients with muscle wast-
ing. Nonetheless, given the impact of muscle wasting on 
increasing mortality and reducing quality of life, effec-
tive interventions to reverse this debilitating condition 
in heart failure patients are urgently needed. Therefore, a 
deeper understanding of the mechanisms contributing to 
heart failure-induced muscle wasting is essential.

The causes of muscle wasting in heart failure patients 
are multifactorial and include immune activation, neuro-
hormonal derangements, reduced blood flow, oxidative 
stress, reduced anabolism, and increased catabolism [1, 
10–13]. Oxidative stress within the muscle is one of the 
most common and principal factors involved in muscle 
wasting [13]. In atrophic muscle, oxidative stress acti-
vates the ubiquitin‒proteasome system (UPS) proteo-
lytic pathway, the main mechanism involved in protein 
degradation [14, 15]. Oxidative stress induces autophagy, 
a lysosomal pathway that maintains cell homeostasis 
by removing damaged cellular components. However, 
under  pathological conditions such as fasting, hypoxia, 
and exercise, autophagy is increased in association with 
muscle wasting [16–18]. In addition to influencing cata-
bolic pathways, oxidative stress also reduces anabolic 
pathways by oxidizing the specific cysteine residues of 
phosphorylases, such as protein kinase A, which acti-
vates AKT [19]. While oxidative stress is closely associ-
ated with muscle wasting, antioxidant interventions in 
heart failure patients are unable to improve cardiac func-
tion [20, 21]; consequently, no attempts have been made 
to examine their effects on muscle wasting.

In biological tissues, excessive generation of reactive 
oxygen species (ROS) oxidizes membrane lipids, form-
ing several toxic lipid peroxidation products, such as acr-
olein and 4-hydroxy-2-nonenal (4HNE) [22–24]. These 
toxic aldehydes contain reactive carbonyl groups that 

react with amino acid residues, such as lysine in proteins 
and nucleophilic sites of DNA, thus giving rise to a mul-
titude of aldehyde-modified proteins and DNA adducts 
[25–27]. The formation of lipid peroxidation products 
has been widely reported in numerous oxidative stress-
associated pathologies, such as atherosclerosis and 
ischemia‒reperfusion [28–30]. Both lipid peroxidation 
products and aldehyde-modified proteins trigger mus-
cle wasting pathways, such as inflammation, autophagy, 
and the UPS [25, 31]. In tissues, lipid peroxidation prod-
ucts are rapidly oxidized or reduced by enzymes such as 
aldehyde dehydrogenase (ALDH2) and aldose reductase 
(AKR1B1), respectively. Lipid peroxidation products are 
also removed by binding with the nucleophile glutathione 
and further reduced by the reductive transformation 
catalyzed by AKR1B1 [32, 33]. Additionally, these toxic 
products are removed by forming conjugates with endog-
enous histidyl dipeptides, such as carnosine (β-alanine-
histidine) [23, 34, 35].

Nonetheless, whether lipid peroxidation products are 
generated and the metabolic pathways that eliminate 
them in skeletal muscle during heart failure-induced 
muscle wasting have never been studied. Therefore, in 
this study, we subjected C57BL/6J mice to different dura-
tions of pressure overload model of heart failure and 
examined which muscle bed undergoes atrophy with 
the progression of heart failure. Furthermore, we meas-
ured,  whether the aldehyde-modified protein adducts 
and the aldehyde removal ability of the muscle, including 
the expression of aldehyde-removing enzymes and histi-
dyl dipeptide levels, is affected in atrophic muscle.

Methods
Animal housing and maintenance
C57BL/6J male mice were obtained from Jackson Labo-
ratory (Bar Harbor, Maine) and maintained on normal 
chow in a pathogen-free facility accredited by the Asso-
ciation for Assessment and Accreditation of Laboratory 
Animal Care. All procedures were approved by the Uni-
versity of Louisville Institutional Animal Care and Use 
Committee. Only C57BL/6J male mice at 12 weeks of age 
were used for all the experiments.

Animal surgeries
Male C57BL/6J mice were subjected to sham and trans-
verse  aortic constriction (TAC) surgeries as described 
previously [25, 36]. Briefly, following anesthesia (i.p. 
50 mg/kg sodium pentobarbital and 50 mg/kg ketamine 
hydrochloride), the mice were orally intubated and ven-
tilated (oxygen supplement to the room-air inlet) with 
a mouse ventilator (Hugo Sachs). The aorta was visu-
alized following an intercostal incision. A 7–0 nylon 
suture was used to loop around the aorta between the 
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brachiocephalic and left common carotid arteries. The 
suture was tied around a 27-gauge needle placed adjacent 
to the aorta to constrict the aorta to a reproducible diam-
eter. The needle was removed, and the chest was closed 
in layers. The mice were extubated upon recovery from 
spontaneous breathing. Analgesia (ketoprofen, 5 mg/kg) 
was provided prior to recovery and at 24 and 48 h post-
surgery. Sham mice were subjected to the same proce-
dure as the TAC cohort, except that the suture was not 
tied. The mice in this study were exposed to HEPA- and 
charcoal-filtered room air (6 h/day, 5 days/week) as pre-
viously described [37].

Echocardiography
Cardiac function was measured via echocardiography 
via a VisualSonics Vevo 3100 as described previously [25, 
36]. Briefly, the mice were anesthetized with 2% isoflu-
rane, and the LV end-diastolic area, end-diastolic average 
wall thickness and end-diastolic volume (EDV), end-sys-
tolic area (LVESA), end-systolic volume (ESV), and ejec-
tion fraction (EF) were recorded and calculated [25, 36].

Muscle strength measurement
Grip strength measurements were performed as 
described previously [38, 39]. Before grip strength was 
assessed, the mice were weighed and allowed to acclima-
tize for 5 min. Each mouse was allowed to grasp the total 
paw bull-bar assembly, and in a separate experiment, 
the forepaw pull bar assembly was performed. Each 
mouse was gently pulled back by its tail until it could 
no longer grasp the bar. The force at the time of release 
was recorded as the peak tension, and each mouse was 
tested 5 times with a delay of 2–40 s to obtain forelimb–
hindlimb grip strength measurements. The mean peak 
tension was calculated from the recordings and normal-
ized to the body weight.

Histidyl dipeptide and histidyl dipeptide aldehyde 
conjugate measurements
Following 14 weeks of sham or TAC surgery, all the mus-
cle beds, including the gastrocnemius, soleus, tibialis 
anterior, and extensor digitorum longus, were isolated 
from the sham- and TAC-operated mice. Soleus and gas-
trocnemius muscles were analyzed for the presence of 
histidyl dipeptides and histidyl dipeptide aldehyde con-
jugates via UPLC‒ESI‒MS/MS as described previously 
[35, 40].

Protein extraction and immunoblotting
Gastrocnemius muscle from the sham and TAC mice 
was homogenized in lysis buffer and centrifuged, and 
the supernatants were analyzed via Western blotting as 
described previously [25]. Immunoblots were developed 

using anti-acrolein (1:1000, LSBio), anti-HNE (1:1000; 
Abcam), anti-AKR1B1 (1:1000, ABclonal), anti-ALDH2 
(1:1000; NOVUSBIO), anti-CARNS1 (1:1000; COSMO-
BIO), anti-TAUT (1:1000; ABclonal), and anti-PEPT2 
(1:1000; NOVUSBIO) antibodies. The immunoblot 
images were captured with the Bio-Rad ChemiDoc Imag-
ing system. Band intensity was quantified by using Image 
Quant TL software and normalized to Amido-black 
staining.

RNA isolation and quantitative real‑time PCR
Total RNA from the gastrocnemius and soleus muscles 
was isolated via a Qiagen Fibrous Tissue RNA Mini Kit, 
and the purity of the RNA was analyzed via Nanodrop 
One (Thermo Fisher Scientific) as described previously 
[25]. Briefly, cDNA was generated from 2  µg of RNA 
via Syber green SuperScript™ IV VILO™ Master Mix 
(Thermo Fisher), and PCR was performed via a standard 
procedure with QuantStudio5 from Applied Biosystems. 
The expression of the genes encoding Atrogin1, Murf1, 
TNF-α, IL-6, CARNS, TAUT , and PEPT2 was determined 
via quantitative RT‒PCR. The results were normalized to 
those of the 18S ribosome and expressed according to the 
comparative Ct method, where the Ct values of the genes 
of interest were compared to those of the controls.

Atomic force microscopy (AFM) measurements
To generate elasticity maps of the isolated skeletal mus-
cle independent of any neurohormonal activation, AFM 
measurements were performed as described previously 
[41]. Briefly, the experiments were performed via AFM 
(Nanowizard 4, JPK Instruments, Berlin, Germany) 
combined with an inverted optical microscope (AxioO-
bserver ZI, Zeiss), driven by JPK Nanowizard software 
6.0. Data were acquired in peak force spectrometry mode 
via MLCT-Bio cantilevers with a spring constant of 0.8 
N/m (Bruker, Santa Barbara, CA, USA). The cantilever 
spring constant and sensitivity were calibrated before 
each experiment via the thermal fluctuation method of 
the JPK software, yielding spring constant values ranging 
from 0.018 to 0.025 N/m. Cryosections of the gastroc-
nemius muscle from C57BL/6J mice subjected to sham 
(n = 5) or TAC (n = 5) for 14  weeks were used for the 
experiment. Frozen tissue slides were fixed on the AFM 
sample stage. Bright-field imaging was used to identify 
the area of interest in the frozen tissue sample. Visual 
control of the immobility of a slide was performed via 
an optical microscope coupled with an AFM instrument. 
This ensured that only peak force spectrometry files were 
recorded under static conditions. The cantilever tip was 
subsequently engaged in an area of interest to scan an 
area of 16 × 16 µm. The AFM tip was scanned on the area 
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of interest of the frozen section by applying a force trig-
ger of 2nN with a 3 µm Z ramp at 80 µm/s.

Cross‑sectional area of muscle fibers
The gastrocnemius muscle tissue from C57BL/6J sham 
and TAC mice (n = 5) was isolated, flash frozen in liquid 
nitrogen, mounted in embedding medium and sectioned 
with a microtome cryostat. To assess tissue morphol-
ogy, 10  µm thick transverse sections were stained with 
anti(α)-Laminin antibody (1:250, Sigma, L9393) in block-
ing buffer and incubated overnight at 4 °C. The next day, 
the sections were washed with freshly prepared goat anti-
rabbit IgG (H + L) Alexa Flour™ 488 (1:1000, Invitrogen, 
A-11034) in blocking buffer at room temperature for 
1  h. Finally, the sections were counterstained with Pro-
Long™ Gold Antifade mountant with DAPI. Images were 
captured with a Keyence BZ-X800 microscope, and the 
total cross-sectional area was measured via the Keyence 
Hybrid and Macro Cell Count application.

Statistical analysis
The data are presented as the means ± SEMs. The data 
from the sham and TAC groups were analyzed via one-
way analysis of variance followed by Bonferroni cor-
rection or Student’s t test. Statistical significance was 
accepted at p < 0.05.

Results
Chronic heart failure induces muscle wasting
To determine the time for the onset of muscle wasting 
during the progression of heart failure, we performed 
sham and transverse  aortic constriction (TAC) sur-
geries for durations of 4, 8 and 14  weeks. No change 
in body weight was observed after 4 and 8  weeks of 
TAC (Fig.  1), whereas after 14  weeks of TAC, body 

weight was significantly lower than that of the sham 
mice (Fig. 1). Heart weights at 4, 8 and 14 weeks were 
significantly greater in TAC- than in sham- oper-
ated  mice (Fig.  1). Echocardiographic analysis at 
14  weeks revealed that, compared with sham, TAC 
mice developed significant left ventricular dilation 
(end-diastolic volume, EDV; sham: 50 ± 13.0 vs. TAC: 
99 ± 43, p = 0.001; and end-systolic volume, ESV; sham: 
16 ± 7.6 vs. TAC: 75 ± 43 µL, p = 0.0002), a decrease 
in the ejection fraction (% EF; sham: 68 ± 5.7 vs. TAC: 
28 ± 13.0, p = 0.00001), and fractional shortening (FS; 
sham: 42 ± 6.3 vs. TAC: 13 ± 8.5%, p = 0.0001) (Table 1). 
Furthermore, the left ventricular internal diameter in 
diastole (LVIDd; sham: 3.5 ± 0.3 vs. TAC: 4.8 ± 0.8 mm, 

Fig. 1 Transverse aortic constriction (TAC)-induced heart failure decreases body weight and increases heart weight. C57BL/6J mice were 
subjected to sham or TAC surgeries for 4, 8 or 14 weeks. (A) Body weight and (B) heart weight were normalized to tibia length. Data are presented 
as mean ± SEM; n = 6–10 mice in each group; *p < 0.05 vs sham

Table 1 Echocardiographic parameters of mice subjected to 
sham or transverse aortic constriction surgeries for 14 weeks

Data are presented as the mean ± SEM, n = 10 samples in each group

Parameters Sham TAC p value

Body Mass (g) 32.7 ± 1.62 30.9 ± 1.64 0.0198

IVRT (ms) 11.6 ± 1.5 16.1 ± 1.7 2E-06

Heart Rate (BPM) 544.2 ± 25 565 ± 53

LVESV (uL) 16.6 ± 7.6 75.8 ± 43.6 0.0002

LVEDV (uL) 50.2 ± 13.7 99.8 ± 43.9 0.001

SV (uL) 33.6 ± 6.5 23.9 ± 13.0 0.0005

Ejection Fraction (%) 68.0 ± 5.7 28 ± 13.0 0.0001

Cardiac Output (mL/min) 18.3 ± 3.7 13.4 ± 2.1 0.0013

LVAW;d (mm) 1.1 ± 0.1 1.2 ± 0.1 0.5151

LVAW;s (mm) 1.7 ± 0.1 1.5 ± 0.1 0.0023

LVID;d (mm) 3.5 ± 0.3 4.8 ± 0.8 0.0001

LVID;s (mm) 2.0 ± 0.4 4.3 ± 1.0 0.0003

FS (%) 42.0 ± 6.3 13.0 ± 8.5 0.0001
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p = 0.0001), left ventricular internal diameter in sys-
tole (LVIDs; sham: 2.0 ± 0.4 vs. TAC: 4.3 ± 1.0  mm, 
p = 0.0003), were greater, stroke volume (SV; sham: 
33.6 ± 6.5 vs. TAC: 23.9 ± 4.2 µL, p = 0.0005) and cardiac 
output (CO; sham: 18.3 ± 3.7 vs. TAC: 13.4 ± 2.1  mL/
min, p = 0.001; Table  1) were decreased, in the TAC 
than in the sham mice.

Four weeks after TAC, the weights of different muscle 
beds, including the gastrocnemius (sham: 17.05 ± 2.25 
vs TAC: 17.63 ± 5.93 mg/mm), soleus (sham: 4.65 ± 0.63 
vs TAC: 5.68 ± 1.76  mg/mm), tibialis anterior (sham: 
9.37 ± 1.82 vs TAC: 11.22 ± 2.25  mg/mm), and exten-
sor digitorum longus (EDL; sham: 1.30 ± 0.18 vs TAC: 
1.36 ± 0.27  mg/mm) muscles, remained unchanged 
compared with sham mice (Suppl. Figure 1 A‒D). Simi-
larly, after 8  weeks of TAC, the gastrocnemius (sham: 
17.46 ± 2.44 vs TAC: 16.90 ± 1.99  mg/mm), soleus 
(sham: 5.03 ± 0.51 vs TAC: 4.56 ± 0.57  mg/mm), tibi-
alis anterior (sham: 9.83 ± 1.16 vs TAC: 9.30 ± 1.10 mg/
mm), and EDL muscle weights (sham: 1.23 ± 0.20 vs 
TAC: 1.27 ± 0.17  mg/mm, Suppl. Figure  1 E–H) were 
unchanged compared with sham mice. However, after 
14  weeks of TAC, the weights of the gastrocnemius 
muscle (sham: 15.34 ± 2.0 vs TAC: 12.79 ± 2.0  mg/
mm, p = 0.02) and soleus muscle (sham: 4.24 ± 0.80 
vs TAC 3.50 ± 0.62  mg/mm, p = 0.04) were lower than 
sham mice (Fig.  2A and B), whereas the tibialis ante-
rior (sham: 5.75 ± 1.04 vs TAC: 5.82 ± 1.20  mg/mm) 
and EDL muscle weights (sham: 1.39 ± 0.22 vs TAC: 
1.25 ± 0.15  mg/mm) remained unchanged between the 
sham and TAC mice (Fig.  2C and D). Taken together, 
these findings suggest that advanced heart failure leads 
to muscle wasting by targeting the gastrocnemius and 
soleus muscles.

Progression of atrophy‑related genes in skeletal muscle 
during heart failure
Given that gastrocnemius and soleus muscle weights are 
affected primarily in heart failure model mice, we next 
examined the progression of atrophy-related genes over 
time. Consistent with the observations that gastrocne-
mius muscle weight was unchanged after 4 and 8 weeks 
of TAC, expression of the Atrogin1 and Trim63/MURF1 
genes remained unchanged at these time points (Suppl. 
Figure 2 A-B), whereas after 14 weeks of TAC, Atrogin1 
expression was increased ~ 1.5-fold (Fig. 3, p < 0.05) com-
pared with sham mice. The expression of Trim63/MURF1 
tended to increase in the atrophic gastrocnemius mus-
cle but was not statistically significant (Fig.  3, p = 0.08). 
Although soleus muscle weight was decreased after 
14 weeks of TAC, atrophic markers remained unchanged 
between the sham and TAC mice (Suppl. Figure 2C).

The cross‑sectional area is decreased in atrophic 
gastrocnemius muscle
Muscle wasting during heart failure is associated with 
a decrease in the cross-sectional area [42, 43]. Given 
that the gastrocnemius muscle was affected primarily 
after 14 weeks of TAC (Fig. 2A), we next compared the 
total cross-sectional area of the gastrocnemius muscle 
between the sham and TAC mice. Our results revealed 
that the average cross-sectional area of the gastrocne-
mius muscle was significantly smaller in the TAC than in 
the sham mice (sham: 24.3 ± 7.7 vs TAC: 13.1 ± 7.2 µm2, 
p = 0.04; Fig. 4).

Grip strength is decreased in heart failure mice
In heart failure patients, muscle strength is decreased 
[44], and these patients exhibit lower handgrip and 
quadricep strengths [4, 45]. To examine whether muscle 

Fig. 2 Transverse aortic constriction (TAC)-induced heart failure decreases muscle weight. C57BL/6J mice were subjected to sham and TAC 
surgeries for 14 weeks. (A) Weights of the gastrocnemius (gastroc) muscle, (B) soleus muscle, (C) tibialis anterior muscle, and (D) extensor digitorium 
longus (EDL) muscle were normalized to tibia length. Data are presented as the mean ± SEM, n = 10 samples in each group, *p < 0.05 vs sham
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strength is also affected  in mice during heart failure, 
we measured the muscle function of the forelimbs and 
total grip strength (forelimb and hindlimbs) with a grip 
strength meter. Compared with those of sham mice, 
forelimb strength (sham: 2.81 ± 0.36 vs TAC: 1.52 ± 0.27 

N, p = 0.0001; Fig.  5A) and total grip strength (sham: 
3.56 ± 0.29 vs TAC: 2.64 ± 0.32 N, p = 0.0001; Fig.  5B) 
were lower after 14 weeks of TAC, suggesting a decline 
in muscle function.

Fig. 3 Transverse aortic constriction (TAC)-induced heart failure increases atrophy-related gene expression in the gastrocnemius muscle. 
mRNA levels of the atrophic genes Atrogin1 and Murf1 in the gastrocnemius muscle after 14 weeks of sham or TAC surgeries. Data are presented 
as the mean ± SEM, n = 10 samples in each group. *p < 0.05 vs sham

Fig. 4  Fiber size of the gastrocnemius muscle is reduced during chronic heart failure. Total cross-sectional area of the gastrocnemius muscle was 
analyzed by immunohistochemistry in C57BL/6J mice subjected to sham or transverse aortic constriction surgeries for 14 weeks. (A) Representative 
photomicrographs of transverse gastrocnemius muscle sections after anti-laminin staining; scale bar, 50 µm. (B) Total cross-sectional area 
normalized to total cell counts. Data are presented as the mean ± SEM; n = 5 samples in each group; *p = 0.04 vs sham
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Atomic force microscopy (AFM) analysis of the atrophic 
gastrocnemius muscle
To examine whether heart failure could affect the elastic 
properties of muscle, we measured muscle stiffness and 
force production with AFM in tissue sections,  which is 
closer  to natural tissue environment, and  independent 
of any neurohormonal interactions. Slices of the gas-
trocnemius muscles were cut longitudinally into 10  µm 
thick sections, immobilized on microscope glass slides 
and incubated in PBS. Approximately 200–300 individ-
ual measurements were performed on these muscle sec-
tions to determine the elasticity changes on the basis of 
force versus displacement measurements via AFM. Plot-
ting the Young’s modulus, a measure of muscle stiffness 
in response to the applied load, revealed that the gas-
trocnemius muscle from the sham mice yielded Young’s 
modulus values of 15.19 ± 6.31 kPa, whereas those of the 
TAC mice were ~ 2–3fold lower (6.17 ± 3.32 kPa, p = 0.03; 
Fig. 6), indicating lower resistance to deformation in the 
atrophic muscle of the heart failure mice.

Heart failure increases tumor necrosis factor‑alpha (TNF‑α) 
expression in the gastrocnemius muscle
The levels of inflammatory cytokines, such as TNFα 
and interleukin-6 (IL-6), are increased in the skeletal 
muscle of heart failure patients [46]. Next, to examine 
the progression of heart failure-related inflammatory 

cytokines, we measured the gene expression of TNF-
α, interleukin-6 (IL-6) and interleukin-1β (IL-1β) in the 
gastrocnemius muscle at 4, 8 and 14 weeks after sham 
or TAC surgeries. The expression of these inflamma-
tory cytokines was unchanged after 4 and 8  weeks of 
TAC (Suppl. Figure  3 A-B). Consistent with the onset 
of atrophy in the gastrocnemius muscle at 14  weeks 
after TAC, TNF-α expression was increased ~ 1–2fold 
(p = 0.004), whereas the levels of IL-6 and IL-1β 
remained unchanged compared with those in sham 
mice (Fig. 7).

Heart failure causes carbonyl stress in the gastrocnemius 
muscle
To examine whether lipid peroxidation products, 
the downstream effectors of reactive oxygen species 
(ROS), are  accumulate in muscle during heart fail-
ure, gastrocnemius muscle collected after 14  weeks 
of sham and TAC was immunoblotted with anti-HNE 
and anti-acrolein antibodies. The formation of acr-
olein (Fig. 8A) and HNE (Fig. 8B) protein adducts was 
increased ~ 2–3fold in the gastrocnemius muscle of 
TAC compared with sham mice (p < 0.05; Fig.  8C). In 
conclusion, these results suggest that uncontrolled gen-
eration of ROS in skeletal muscle during heart failure 
increases the formation of aldehyde protein adducts in 
the atrophic gastrocnemius muscle.

Fig. 5 Heart failure reduces muscle function. Muscle function was measured with a grip strength meter for the forelimbs and four limbs (forelimb 
and hindlimbs) of mice subjected to sham and transverse aortic constriction surgeries for 14 weeks. (A) Forelimb muscle strength and (B) total 
muscle strength (forelimb and hind limb) muscle strength. Data are presented as the mean ± SEM; n = 9–10 samples in each group; *p = 0.0001 vs 
sham
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Aldehyde removal pathways are diminished in the atrophic 
gastrocnemius muscle
To investigate whether the metabolic processes that 
eliminate lipid peroxidation products are affected during 

heart failure, we compared the expression of the enzymes 
aldose reductase (AKR1B1) and aldehyde dehydroge-
nase (ALDH2) in the gastrocnemius muscle following 
14 weeks of sham and TAC. The expression of AKR1B1 

Fig. 6 Heart failure reduces the elasticity of the gastrocnemius muscle. Muscle elasticity in the gastrocnemius muscle of mice subjected to sham 
or transverse aortic constriction surgeries for 14 weeks was measured via atomic force microscopy (AFM). Representative images of gastrocnemius 
muscle sections from (A) sham and (B) TAC mice were used for calculating force maps via Young’s modulus. (C) Data are presented 
as the mean ± SEM, n = 5 samples in each group, *p = 0.03 vs sham.

Fig. 7 Heart failure increases tumor necrosis factor-α (TNF-α) expression in the gastrocnemius muscle. mRNA levels of the inflammatory-related 
genes TNF-α, IL-6, and IL-1β in the gastrocnemius muscle of C57BL/6J mice that were subjected to sham or transverse aortic constriction (TAC) 
surgeries for 14 weeks. Data are presented as the mean ± SEM; n = 10 samples in each group; *p = 0.04 vs sham
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remained unchanged (Fig. 9A), whereas ALDH2 expres-
sion was decreased (~ 1.5-fold, p = 0.02; Fig. B) in the 
TAC compared with the sham mice (Fig. 9C).

Skeletal muscle is a reservoir for histidyl dipeptides, 
which bind with different reactive aldehydes [40]. Using 
LC‒MS/MS, we measured the levels of carnosine and 

anserine in the gastrocnemius muscle. Compared with 
those in sham mice, carnosine levels in the gastrocne-
mius muscle were significantly lower after 14  weeks 
of TAC (sham: 5.76 ± 1.3 vs TAC: 4.72 ± 0.75  nmol/
mg tissue, p = 0.04; Fig.  10A). Although anserine levels 
also decreased, the difference did not reach statistical 

Fig. 8 Heart failure increases the accumulation of aldehyde protein adducts in the gastrocnemius muscle. Representative Western blots 
of (A) acrolein and (B) HNE protein adducts are accumulated in the gastrocnemius muscle of C57BL/6J mice subjected to sham or transverse 
aortic constriction (TAC) surgeries for 14 weeks. (C) Bar graph showing the intensity of the bands normalized to amido-black (AB). Data are shown 
as the mean ± SEM; n = 5 samples in each group; *p < 0.05 vs sham

Fig. 9 Heart failure decreases the expression of aldehyde dehydrogenase (ALDH2) in the gastrocnemius muscle. Gastrocnemius muscles 
from C57BL/6J mice subjected to sham or transverse aortic constriction surgeries for 14 weeks were analyzed by Western blotting. Representative 
blots for (A) aldose reductase (AKR1B1) and (B) aldehyde dehydrogenase (ALDH2) are shown. (C) Bar graph shows the intensity of bands normalized 
to amido black (AB). Data are presented as the mean ± SEM; n = 5 samples in each group; *p = 0.04 vs sham
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significance (sham: 6.20 ± 1.08 vs TAC: 5.42 ± 0.82 nmol/
mg tissue, p = 0.07; Fig. 10B). Total histidyl dipeptide lev-
els (carnosine and anserine) were significantly lower in 
the gastrocnemius muscle of TAC compared with sham 
mice (sham: 11.97 ± 1.5 vs TAC: 10.13 ± 1.4  nmol/mg 
tissue, p < 0.05; Fig.  10C). In the soleus muscle, car-
nosine, anserine and total histidyl dipeptide levels 
remained unchanged  between the sham and TAC mice 
(Fig. 10D-F).

Next, to determine whether the depletion of histidyl 
dipeptides in skeletal muscle affects the removal of lipid 
peroxidation products, we measured carnosine aldehyde 
conjugates; carnosine-propanal, carnosine-propanol, car-
nosine-HNE and carnosine-DHN, via LC‒MS/MS. The 
levels of carnosine-propanal in the gastrocnemius mus-
cle of TAC mice tended to decrease but were unable to 
reach statistical significance (carnosine propanal: sham: 
24.12 ± 2.3 vs TAC: 21.30 ± 3.0  pmol/mg tissue, p = 0.07; 

Suppl. Figure 4 A and B). Carnosine-propanol, carnosine-
HNE, and carnosine-DHN remained unchanged between 
the sham and TAC (Suppl. Figure  4 C and D). Taken 
together, these results show that both the enzymatic and 
nonenzymatic pathways that remove reactive aldehydes 
are diminished in the atrophic gastrocnemius muscle.

Histidyl dipeptide synthesis and transport are decreased 
in the gastrocnemius muscle during heart failure
Finally, to determine how histidyl dipeptide synthesis in 
the gastrocnemius muscle decreases during heart fail-
ure, we compared the expression of carnosine synthase 
(CARNS) and amino acid transporters (TAUT and 
PEPT2) between sham and TAC mice. The expression 
of CARNS and TAUT was decreased ~ 1.5-fold (p = 0.02, 
Fig.  11A) and ~ 2.0-fold (p < 0.01, Fig.  11B), respectively, 
whereas PEPT2 remained unchanged in the gastroc-
nemius muscle of TAC  compared with the sham mice 

Fig. 10 Histidyl dipeptide levels are depleted in the atrophic gastrocnemius muscle. Levels of different histidyl dipeptides in the gastrocnemius 
and soleus muscles after 14 weeks of sham and transverse aortic constriction surgeries. Levels of (A) carnosine, (B) anserine, and (C) total histidyl 
dipeptides in the gastrocnemius muscle measured by LC–MS/MS. Levels of (D) carnosine, (E) anserine, and (F) total histidyl dipeptides in the soleus 
muscle. Data are presented as the mean ± SEM; n = 9–10 samples in each group; *p < 0.05 vs sham
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(Fig.  11C and D). To determine whether the decrease 
in CARNS and TAUT occurred at the mRNA level, we 
performed RT‒PCR and found that CARNS, PEPT2, and 
TAUT  expression was unchanged between the sham and 
TAC mice (Suppl. Figure 5). Taken together, these results 
suggest that a decrease in histidyl dipeptide synthesis and 
the transport of amino acids could contribute to dimin-
ishing histidyl dipeptide levels in the atrophic gastrocne-
mius muscle during heart failure.

Discussion
Muscle wasting is a frequent comorbidity in patients with 
heart failure that negatively affects their prognosis [47]. 
The predominant feature of muscle wasting is an imbal-
ance between catabolic and anabolic processes, with 
catabolism outpacing the latter. Within the skeletal mus-
cle of heart failure patients, the activity of antioxidative 
enzymes is decreased, and inflammatory cytokines  are 
accumulated [46, 48]. A key consequence of oxidative 
stress and inflammation in muscle is the onset of mus-
cle wasting. Several studies in heart failure patients have 
targeted oxidative stress and inflammatory cytokines to 
improve functional outcomes, resulting in very limited 
success [20, 21, 49]. Prolonged oxidative stress inflicts 
direct damage to lipids, especially polyunsaturated fatty 
acids, forming highly toxic lipid peroxidation products, 

such as acrolein and 4-hydroxynonenal (4HNE) [22–24]. 
These toxic reactive aldehydes react with cellular or tis-
sue proteins forming aldehyde adducts [25–27]. Previous 
work has shown that deficiency of aldehyde dehydroge-
nase (ALDH2), the enzyme that detoxifies lipid peroxi-
dation products, promotes age-related muscle atrophy, 
suggesting that downstream effectors of oxidative stress 
could trigger muscle wasting [50]. However, whether 
lipid peroxidation products are generated during heart 
failure and pathways that metabolize these toxic products 
are affected in muscle have not been studied. An in-depth 
examination of these metabolic pathways in skeletal mus-
cle under heart failure conditions could pave the way for 
development of novel therapeutics to address muscle 
wasting in heart failure patients. In the present study, we 
determined the timeline for the onset of muscle wasting 
in mice  subjected to pressure overload model of heart 
failure and reported that chronic heart failure leads to 
gastrocnemius muscle atrophy. Muscle wasting  in these 
mice was associated with a decrease in muscle strength 
and stiffness, indicating both quantitative and qualitative 
abnormalities in skeletal muscle during heart failure. The 
formation of aldehyde protein adducts increased, and 
the expression of aldehyde-removing enzyme ALDH2 
was  decreased in the atrophic gastrocnemius muscle. 
The levels of endogenous histidyl dipeptides, especially 

Fig. 11 The expression of carnosine synthase (CARNS) and TAUT is decreased in the gastrocnemius muscle of heart failure model mice. 
Gastrocnemius muscle collected after 14 weeks of sham and transverse aortic constriction surgeries was analyzed by Western blotting for (A) 
CARNS, (B) taurine transporter (TAUT) and (C) peptide transporter (PEPT2). (D) Bar graph shows the band intensity normalized to amido-black. Data 
are presented as mean ± SEM; n = 5 samples in each group; *p < 0.05 vs sham
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carnosine, which binds with different reactive aldehydes, 
were decreased in the gastrocnemius muscle of heart 
failure model mice. The protein expression of enzyme 
CARNS, which synthesizes carnosine, and the amino 
acid transporter TAUT was decreased in the gastrocne-
mius muscle of these mice, suggesting that both the syn-
thesis and transport of essential amino acids for histidyl 
dipeptide synthesis could contribute to histidyl dipeptide 
depletion in atrophic muscle. The distinct decrease in 
histidyl dipeptide synthesis and ALDH2 in the gastroc-
nemius muscle suggests that derangements in these alde-
hyde removal pathways might be specifically involved in 
the increased formation of aldehyde protein adducts and 
thus trigger muscle wasting during heart failure.

Muscle wasting is a serious complication that affects 
a large proportion of heart failure patients. In this 
patient  population, the prevalence of muscle wasting 
is ~ 20% greater than that in age-matched normal indi-
viduals [4]. Recent report has shown that the prevalence 
of muscle wasting is also greater in younger heart fail-
ure patients [51]. Muscle wasting and impaired skeletal 
muscle function following heart failure play key roles 
in the development of exercise intolerance, fatigue and 
poor quality of life [3, 4, 52, 53]. In this study, long-term 
TAC-induced heart failure decreased body weight, gas-
trocnemius and soleus muscle weights, suggesting the 
impact of heart failure progression on muscle  wasting. 
Although we did not weigh the adipose tissue, a previ-
ous report showed that after 12  weeks of TAC-induced 
heart failure, the inguinal and abdominal fat contents are 
reduced [54]. Therefore, the decreases in both adipose 
and muscle weights may have contributed to the decrease 
in body weight observed in the TAC-treated mice. Our 
results contrast with those of previous work by Szaroszyk 
et al. [54], who reported that TAC-induced heart failure 
for 12 weeks reduced the weights of all muscles, includ-
ing the quadriceps, gastrocnemius, triceps, and soleus. 
This discrepancy could be due to the handling of the 
mice. In our study, both the sham- and TAC-operated 
mice were exposed to HEPA- and charcoal-filtered room 
air [37]. In addition to the decrease in muscle weight, 
additional signs of muscle atrophy in heart failure model 
mice showed that after 14 weeks of TAC, skeletal muscle 
strength was reduced. AFM measurements, which pro-
vide sensitive detection of the elasticity and properties of 
individual fibers, revealed that muscle elasticity in heart 
failure mice was decreased. Similarly, Gene expression of 
the muscle-specific ubiquitin ligase Atrogin1, a marker 
of atrophy, was increased, and the total cross-sectional 
area of the gastrocnemius muscle was decreased. A pre-
vious report in chronic heart failure patients revealed 
that TNF-α expression in muscle is elevated compared 
with that in healthy controls [46]. In the present study, 

TNF-α expression in the muscle coincided with the 
onset of atrophy. This obvious link between dimin-
ished muscle function, increased expression of TNF-α 
and muscle wasting supports a role of local inflamma-
tion in heart failure-induced muscle atrophy. Nonethe-
less, TAC-induced heart failure decreased body weight, 
induced muscle wasting, diminished muscle strength and 
elasticity, and increased the expression of atrophy- and 
inflammatory-related genes, suggesting that the progres-
sive heart failure model of TAC in mice replicates muscle 
wasting syndrome in heart failure patients.

The mechanisms by which heart failure induces mus-
cle wasting are not clear, and currently, no therapies are 
available that can stop this condition in heart failure 
patients. One of the common features associated with 
muscle wasting is the release of atrophic factors, such as 
angiotensin II, from diseased tissue. Patients with heart 
failure have increased levels of circulating angiotensin, 
which induces oxidative stress by binding through its 
AT1 receptor [55–57]. Increased levels of oxidative stress 
markers have been documented in the skeletal mus-
cle of chronic heart failure patients, which is correlated 
with reduced exercise capacity and lower antioxidant 
levels [48]. While the formation of reactive oxygen spe-
cies (ROS) is tightly controlled in biological systems, the 
deregulation of redox homeostasis is a common patho-
genic mechanism associated with age, heart failure and 
cancer-related muscle loss [58]. When ROS formation 
increases, antioxidant defenses become overwhelmed, 
resulting in the production of a wide variety of lipid 
peroxidation products, such as acrolein and 4-hydroxy-
2-nonenal (4-HNE), which can covalently bind with pro-
teins and DNA [25]. In this study, we found that the levels 
of acrolein and HNE-protein adducts were increased in 
the gastrocnemius muscle of TAC-operated mice, indi-
cating that heart failure overwhelms both redox and 
aldehyde removal homeostasis in skeletal muscle, thus 
resulting in the accumulation of 4HNE- and acrolein-
modified proteins. Previous work has shown that acr-
olein induces myotube atrophy and inhibits myogenic 
differentiation in myoblasts [59]. Acrolein exposure also 
decreases muscle weight and retards muscle regenera-
tion in mice [60]. Similarly, increased formation of HNE 
protein adducts was reported in the gastrocnemius 
muscle of mice with increasing age [61], and preventing 
the accumulation of HNE in the gastrocnemius mus-
cle alleviated muscle atrophy [62]. In this context, the 
accumulation of acrolein and HNE protein adducts in 
skeletal muscle could aggravate muscle wasting during 
heart failure. Previous reports have shown that aldehyde-
modified proteins behave as damage-associated molecu-
lar patterns (DAMPs) that alarm the immune system by 
inducing adaptive immune responses [63]. In particular, 
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different human pathologies associated with oxidative 
stress, such as atherosclerosis, involving increased for-
mation of aldehyde-modified proteins, activates adap-
tive immune responses [64–66]. Our results showing 
that TNF-α expression was increased in atrophic skeletal 
muscle suggest that the formation of aldehyde-modified 
DAMPs might activate inflammation in atrophic skeletal 
muscle under heart failure conditions. Therefore, future 
studies are warranted to determine the contribution of 
these aldehyde-modified DAMPs to immune-modu-
lating activities and muscle atrophy under heart failure 
conditions.

Recent reports have shown that a missense single 
nucleotide polymorphism in the aldehyde dehydrogenase 
2 (ALDH2) gene, rs671 (ALDH2*2), increases 4-HNE 
formation in skeletal muscle and promotes muscle atro-
phy [67]. ALDH2 deficiency also promotes age-related 
muscle atrophy, increases the formation of HNE adducts 
[50], and treatment with antioxidants such as Vit. E and 
Chlorella ameliorate the genetic and age-induced risk of 
atrophy [62, 67]. On the other hand, overexpression of 
ALDH2 in skeletal muscle reverses oxidative stress and 
muscle atrophy caused by exhaustive exercise [68]. We 
investigated whether the accumulation of aldehyde-mod-
ified proteins in the gastrocnemius during heart failure 
is also associated with the derangement of mechanisms 
that remove reactive aldehydes. Our results showing that 
ALDH2 expression was decreased and that the formation 
of aldehyde protein adducts was increased in the gastroc-
nemius muscle of heart failure model mice support the 
view that the decrease in the  ALDH2 expression could 
contribute to the accumulation of aldehyde-modified 
proteins and consequently lead to muscle wasting. Exten-
sive evidence shows that the activation of ALDH2 by a 
small-molecular-weight activator of ALDH2 prevents 
the accumulation of aldehydes in ischemic tissues and 
protects against acute ischemic injury in the heart and 
brain [69–71]. Therefore, activation of ALDH2 by a selec-
tive ALDH2 activator may remove toxic aldehydes from 
skeletal muscle and protect against heart failure-induced 
muscle wasting.

In skeletal muscle, especially the gastrocnemius 
muscle, high levels of histidyl dipeptides, such as car-
nosine and anserine, are present [40]. Among these his-
tidyl dipeptides, carnosine is present in humans, whereas 
anserine is found in rodents [35, 40]. These dipeptides 
are synthesized by the enzymes CARNS and carnos-
ine methyltransferase [35, 72–74]. Histidyl dipeptides 
exhibit unique chemistry, where the amino group of the 
β-alanine can bind with reactive aldehydes via Michael 
adducts or Schiff’s base. They also exhibit the ability to 
quench reactive oxygen species, buffer the intracellular 

pH and chelate first transition metals [75, 76]. Among 
all the nucleophiles present in skeletal muscle, only his-
tidyl dipeptide levels can be increased either by exercise 
or by supplementation with the precursor amino acid 
β-alanine [40]. Because of their multifunctionality and 
the ease with which these dipeptides can be increased 
in different tissues, β-alanine supplementation is widely 
used to improve exercise capacity [40, 77]. Previously, 
we showed that increasing carnosine levels in the skel-
etal muscle of humans via β-alanine supplementation 
enhances the removal of reactive aldehydes from skeletal 
muscle [40]. Furthermore, carnosine levels are decreased 
in the skeletal muscle of cancer cachexia patients [78]. 
Recent reports have shown that carnosine supplemen-
tation improves the exercise capacity of heart failure 
patients and glucose homeostasis in type 2 diabetics [79, 
80]. Therefore, given the multitude of benefits of carno-
sine associated with maintaining skeletal muscle func-
tion, our observations revealed that carnosine and total 
histidyl dipeptides were depleted in the gastrocnemius 
muscle of chronic heart failure mice, suggests these 
dipeptides are essential for skeletal muscle health during 
heart failure. Interestingly, our results revealed that the 
weight of soleus muscle was decreased in heart failure 
model mice; however, no changes in histidyl dipeptides 
or atrophic markers were observed, suggesting that spe-
cific depletion of carnosine in the gastrocnemius muscle 
could be the underlying cause of muscle atrophy induced 
by heart failure.

Histidyl dipeptide homeostasis within skeletal muscle 
is maintained by a complex array of transporters, such 
as TAUT and PEPT, synthesis  by CARNS and binding 
with lipid peroxidation products [78, 81]. We found 
that the expression of the enzyme CARNS and trans-
porter TAUT was decreased in the gastrocnemius mus-
cle of heart failure model mice, suggesting that both 
the synthesis of carnosine and the transport of amino 
acids needed for carnosine synthesis could contrib-
ute to histidyl dipeptide depletion during heart failure. 
Interestingly, decreases in CARNS and TAUT protein 
expression were not mimicked at the mRNA level, sug-
gesting that CARNS and TAUT might be targets of pro-
tein degradation machinery activated during muscle 
wasting. Nonetheless, how CARNS and TAUT protein 
expression are decreased needs to be studied. Parallel-
ing the decrease in carnosine synthesis was the decrease 
in the  removal of reactive aldehydes in the gastrocne-
mius muscle of heart failure model mice. Overall, both 
the enzymatic and nonenzymatic aldehyde removal 
pathways become defective in skeletal muscle during 
heart failure and thus could contribute to triggering 
muscle wasting.
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Conclusion
In conclusion, our results suggest that, TAC-induced 
chronic heart failure in mice causes muscle wasting. Lipid 
peroxidation products, the downstream toxic products of 
oxidative stress, are accumulated and result in the forma-
tion of acrolein and HNE-modified protein adducts in the 
gastrocnemius muscle of TAC mice. In addition, processes 
of aldehyde removal  become defective and  endogenous 
histidyl dipeptides are depleted in the atrophic gastrocne-
mius muscle. Since dipeptides form conjugates with reac-
tive aldehydes, and these dipeptides can be replenished in 
the muscle by supplementation [40, 82, 83], therefore our 
findings opens an opportunity to test how these dipeptides 
contribute to muscle wasting and whether maintaining or 
increasing their synthesis in the skeletal muscle could pre-
vent or reverse muscle wasting during heart failure.
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lected after 14 weeks of sham or TAC surgeries was analyzed by LC‒MS/
MS for different carnosine aldehyde conjugates. Levels of (A) carnosine 
propanal, (B) carnosine HNE, (C) carnosine propanol and (D) carnosine 
DHN. Data are presented as the mean ± SEM, n = 9–10 samples in each 
group. Fig. 5. Gene expression of carnosine synthase (CARNS), human tau-
rine transporter (TAUT) and human peptide (PEPT2) in the gastrocnemius 
muscle after sham and transverse aortic constriction surgeries. Relative 
mRNA levels of CARNS, TAUT  and PEPT2 in the gastrocnemius muscle after 
14 weeks of sham or TAC surgeries. Data are presented as the mean ± SEM, 
n = 9–10 samples in each group.
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