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Abstract
Background: Muscle wasting is a serious complication in heart failure patients, and oxidative stress is
involved in the pathogenesis of muscle wasting. Oxidative stress leads to the formation of toxic lipid
peroxidation products, such as 4-hydroxy-2-nonenal (HNE) and acrolein, which causemuscle wasting. In
tissues, these toxic aldehydes are metabolically removed by enzymes such asaldo keto reductases and
endogenous nucleophiles, such as glutathione and carnosine. Whether these metabolic pathways could
be affected in skeletal muscle during heart failure has never been studied.

Methods: Male wild-type C57BL/6J mice were subjected to a pressure overload model of hypertrophy by
transaortic constriction (TAC) surgery, and echocardiography was performed after 14 weeks. Different
skeletal muscle beds were weighed and analyzed for atrophic and in�ammatory markers, Atrogin1 and
TRIM63, TNF-α and IL-6, respectively, by RT‒PCR. Levels of acrolein and HNE-protein adducts, aldehyde-
removing enzymes, aldose reductase (AKR1B1) and aldehyde dehydrogenase 2 (ALDH2) were measured
by Western blotting, and histidyl dipeptides and histidyl dipeptide aldehyde conjugates were analyzed by
LC/MS-MS in the gastrocnemius and soleus muscles of sham- and TAC-operated mice. Furthermore,
histidyl dipeptide synthesizing enzyme carnosine synthase (CARNS) and amino acid transporters (PEPT2
and TAUT)wasmeasured in the gastrocnemius muscles of the sham and TAC-operated mice.

Results: TAC-induced heart failure decreases body weight and gastrocnemius and soleus muscle weights.
The expression of the atrophic and in�ammatory markers Atrogin1 and TNF-α, respectively, wasincreased
(~1.5-2-fold), and the formation of HNE and acrolein-protein adducts was increased in the gastrocnemius
muscle of TAC-operated mice. The expression of AKR1B1 remained unchanged, whereas ALDH2 was
decreased, in the gastrocnemius muscle of TAC mice. Similarly, in the atrophic gastrocnemius muscle,
levels of total histidyl dipeptides (carnosine and anserine) and, in particular,carnosine were decreased.
Depletion of histidyl dipeptides diminished the aldehyde removal capacity of the atrophic gastrocnemius
muscle. Furthermore, the expression of CARNS and TAUT wasdecreased in the atrophic gastrocnemius
muscle.

Conclusions: Collectively, these results show that metabolic pathways involved in the removal of lipid
peroxidation products and synthesis of histidyl dipeptides are diminished in atrophic skeletal muscle
during heart failure, which could contribute to muscle atrophy.

Introduction
Heart failure affects up to 1–2% of the total population. Comorbidities such as anemia, chronic kidney
disease, chronic obstructive pulmonary disease and diabetes mellitus are extremely common in heart
failure patients.1,2 Recent evidence shows that skeletal muscle wasting is a serious comorbidity for heart
failure patients, both with reduced and preserved ejection fractions.2 The prevalence of heart failure-
associated muscle wasting is 19–52% among all heart failure patients, which further leads to reduced
functional capacity, frequent hospital visits and increased mortality.1,3,4 Despite an armamentarium of
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drugs, such as angiotensin convertase inhibitors or beta-blockers available for heart failure patients,
these drugs have a minor bene�t in reversing muscle wasting.5,6 Although the bene�ts of testosterone
have been documented in improving the exercise capacity of heart failure patients7–9, the therapy has not
been tested in heart failure patients with cachexia or muscle wasting. Nonetheless, given the strong
impact of muscle wasting on mortality in heart failure patients and the lack of effective interventions
available to reverse the course of this debilitating syndrome, there is a need for a deeper understanding of
the mechanisms that contribute to the pathogenesis of this debilitating syndrome.

The causes of muscle wasting in heart failure are multifactorial and include proin�ammatory and
immune activation, neurohormonal derangements, poor nutrition, reduced blood �ow, oxidative stress,
reduced anabolism and increased catabolism. 1,10–13 Among these factors, oxidative stress is one of the
most common and principal factors that also regulates other mechanisms.13 In atrophic muscle,
oxidative stress in skeletal muscle activates ubiquitin proteasome system (UPS) proteolytic pathways, the
main mechanism involved in protein degradation.14,15 Oxidative stress also reduces anabolism in skeletal
muscle by oxidizing speci�c cysteine residues of phosphorylases, such as protein kinase A, which
activates AKT and thus decreases protein anabolism.16 Oxidative stress induces autophagy, a lysosomal
pathway that maintains cell homeostasis by removing damaged cellular components. Under pathological
conditions such as fasting, hypoxia and exercise, autophagy increases in association with muscle
wasting.17–19 In biological tissues, excessive generation of reactive oxygen species leads to the oxidation
of membrane lipids, generating several toxic lipid peroxidation products, such as acrolein and 4-hydroxy-
2-nonenal (4HNE).20–22 These toxic aldehydic products comprise a reactive carbonyl group that reacts
with amino acid residues, such as lysine in proteins and nucleophilic sites of DNA, giving rise to a
multitude of aldehyde-modi�ed proteins and DNA adducts.23–25 The formation of lipid peroxidation
products has been widely reported in oxidative stress-associated pathologies, such as atherosclerosis
and ischemia‒reperfusion.26–28 Both lipid peroxidation products and aldehyde-modi�ed proteins trigger
pathways that cause muscle wasting, such as in�ammation, autophagy, and the UPS.23,29 In tissues, lipid
peroxidation products are metabolically removed by oxidation and reduction, catalyzed via the enzymes
aldehyde dehydrogenase (ALDH2) and aldose reductase (AKR1B1), respectively. In addition, reactive
aldehydes are also removed by the endogenous nucleophile tripeptide glutathione.30,31 and histidyl
dipeptides, such as carnosine (b-alanine-histidine).21,32,33 Excessive generation of ROS occurs in the
atrophic skeletal muscle of heart failure patients,34 and the downstream effectors of ROS, namely, lipid
peroxidation products, cause muscle wasting. 35,36 Therefore, in this study, we investigated whether these
toxic lipid peroxidation products are generated and whether their metabolic removal is affected in
atrophic skeletal muscle during heart failure. We identi�ed that aldehyde-modi�ed proteins accumulated
and that both the enzymatic and nonenzymatic removal of lipid peroxidation products were diminished in
atrophic skeletal muscle during heart failure.

Methods
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Animal housing and maintenance: Wild-type (WT) C57BL/6J male mice were obtained from
Jackson Laboratory (Bar Harbor, Maine) and maintained on normal chow in a pathogen-free facility
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. 

Animal surgeries: Male C57BL/6J mice were subjected to TAC as described previously.23 Brie�y, following
anesthesia (i.p. 50 mg/kg sodium pentobarbital and 50 mg/kg ketamine hydrochloride), mice were orally
intubated and ventilated (oxygen supplement to the room-air inlet) with a mouse ventilator (Hugo Sachs).
The aorta was visualized following an intercostal incision. A 7-0 nylon suture was looped
around the aorta between the 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 diameter.
The needle was removed, and the chest was closed in layers. Mice were extubated upon recovery of
spontaneous breathing. Analgesia (ketoprofen, 5 mg/kg) was provided prior to recovery and by 24 h and
48 h postsurgery. Sham mice were subjected to the same procedure as the TAC cohort except the suture
was not tied. Mice in this study were exposed to HEPA- and charcoal-�ltered room air (6 h/day, 5
days/week) as mentioned before.37

Echocardiography: Cardiac function was measured by echocardiography using VisualSonics Vevo 3100
as described previously.38 Brie�y, mice were anesthetized with 2% iso�urane. The LV end diastolic area,
end diastolic average wall thickness and end diastolic volume (EDV), end systolic area (LVESA), end
systolic volume (ESV), and ejection fraction (EF) were recorded and calculated.23

Histidyl dipeptides and histidyl dipeptide aldehyde conjugate measurements: Following 14 weeks of
sham and TAC surgeries, all muscle beds, including the gastrocnemius, soleus, tibialis anterior and
extensor digitorum longus, were isolated from the sham and TAC-operated mice, weighed and normalized
to tibia length. The soleus and gastrocnemius muscles were analyzed for histidyl dipeptides and histidyl
dipeptide aldehyde conjugates by UPLC‒ESI‒MS/MS as described previously.33,39

Protein extraction and immunoblotting: Gastrocnemius muscles from the sham and TAC mice were
homogenized in lysis buffer and centrifuged, and the supernatants were analyzed by Western blots as
described previously.23 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-CARNS (1:1000;
COSMOBIO), anti-TAUT (1:1000; ABclonal), and anti-PEPT2 (1:1000; NOVUSBIO) antibodies. Band
intensity was quanti�ed 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 by a Qiagen Fibrous tissue RNA mini kit, and the purity of RNA was analyzed using
Nanodrop One (Thermo Fisher Scienti�c) as described previously.23 Brie�y, cDNA was generated from 2
µg of RNA using Syber Green SuperScript™ IV VILO™ Master Mix (Thermo Fisher), and PCR was
performed using 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 using
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quantitative RT‒PCR. The results were normalized to the 18S ribosome and expressed according to the
comparative Ct method, where the Ct values of the gene of interest were compared to the controls.

Statistical analysis. Data are presented as the mean±SEM. Sham and TAC groups were analyzed using
one-way analysis of variance followed by Bonferroni correction or Student’s t test. Statistical signi�cance
was accepted at p<0.05.

Results

Transverse aortic constriction (TAC)-induced cardiac
dysfunction
Mice were subjected to sham and TAC surgeries. TAC-operated mice developed signi�cant left ventricular
dilation, as indicated by the signi�cant increase in end-diastolic volume (sham; EDV: 50 ± 13.0 vs TAC 99 
± 43, p = 0.001), end-systolic volume (sham; ESV: 16 ± 7.6 vs TAC 75 ± 43 µL, p < 0.002), and decrease in
ejection fraction (sham; EF: 68 ± 5.7 vs TAC 28 ± 13.0, p < 0.001) and fractional shortening (sham; FS: 42 
± 6.3 vs TAC 13 ± 8.5%, p = 0.001) compared with sham mice (Fig. 1A-D). Furthermore, in TAC mice, the
left ventricular internal diameter in diastole (sham; LVIDd: 3.5 ± 0.3 vs TAC 4.8 ± 0.8 mm, p = 0.0001), left
ventricular internal diameter in systole (sham; LVIDs: 2.0 ± 0.4 vs TAC 4.3 ± 1.0 mm, p < 0.003) were
increased, and the stroke volume (sham; SV: 33.6 ± 6.5 vs TAC 23.9 ± 4.2 µL, p < 0.005) and cardiac
output (sham; CO: 18.3 ± 3.7 vs TAC 13.4 ± 2.1 mL/min, p < 0.001) were decreased compared with sham
mice (Fig. 1E-H).

Transverse aortic constriction (TAC) of the mouse heart
causes muscle wasting
In the TAC-operated mice, body weight (sham: 32.76 ± 1.6 vs TAC 30.96 ± 1.6 gm, p < 0.019),
gastrocnemius muscle weight (sham: 15.34 ± 2.0 vs TAC: 12.79 ± 2.0 mg, p < 0.02) and soleus muscle
weight (sham: 4.24 ± 0.80 vs TAC 3.50 ± 0.62 mg, p = 0.04) were signi�cantly decreased compared with
those of the sham-operated mice (Fig. 2A-C). The weights of the tibialis anterior (sham: 5.75 ± 1.04 vs
TAC: 5.82 ± 1.20 mg) and extensor digitorum longus (sham: 1.39 ± 0.22 vs TAC: 1.25 ± 0.15 mg) remained
unchanged between the sham and TAC-operated mice (Fig. 2D-E). Because the gastrocnemius and soleus
muscle weights were decreased, we next measured the expression of atrophy-related genes in these
muscle beds only. In the gastrocnemius muscle of TAC-operated mice, Atrogin1 expression increased
∼1.5-fold (p < 0.05) compared with that in the sham-operated mice, whereas the expression of another
atrophic marker, Trim63/MURF1, was increased but unable to reach statistical signi�cance (Fig. 3A-D).
Although soleus muscle weight was decreased, the expression of atrophic markers remained unchanged
between the sham and TAC-operated mice.
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Heart failure increases in�ammation in the gastrocnemius
muscle
To examine whether heart failure triggers the in�ammatory pathway in the gastrocnemius muscle, we
measured the expression of the in�ammation-related genes tumor necrosis factor alpha (TNF-α) and
interleukin 6 (IL-6) and found that TNF-α expression was increased ~ 1-2-fold (p = 0.004) compared with
that in sham-operated mice, whereas the expression of IL-6 remained unchanged (Fig. 3E).

Heart failure increases carbonyl stress in the gastrocnemius
muscle
To examine whether heart failure affects the generation of lipid peroxidation products in the muscle, we
performed Western blot analysis of the gastrocnemius muscle using anti-acrolein and anti-HNE
antibodies. Formation of both the acrolein and HNE protein adducts was increased ∼2-3-fold in the
gastrocnemius muscle of the TAC compared with the sham-operated mice (p < 0.05; Fig. 4A-B).
Collectively, these results suggest that uncontrolled generation of reactive oxygen species in skeletal
muscle during heart failure increases the formation of aldehyde protein adducts in the atrophic
gastrocnemius muscle.

Aldehyde removal pathways are diminished in the atrophic
gastrocnemius muscle
To determine whether the processes that remove lipid peroxidation products are affected in the
gastrocnemius muscle during heart failure, we �rst compared the expression of enzymes aldose
reductase (AKR1B1) and aldehyde dehydrogenase (ALDH2) between the sham and TAC-operated mice.
The expression of AKR1B1 remained unchanged, whereas ALDH2 was decreased (p < 0.02) in the TAC
mice compared with the sham mice (Fig. 5A-B).

Next, to examine whether heart failure affects histidyl dipeptides in the gastrocnemius muscle, we
measured carnosine and anserine levels by LC/MS-MS. The levels of carnosine were signi�cantly
decreased in the gastrocnemius muscle of TAC mice compared with sham mice (sham: 5.76 ± 1.3 vs TAC:
4.72 ± 0.75 nmoles/mg tissue, p < 0.04, Fig. 6A). Anserine levels were also decreased but unable to reach
statistical signi�cance (sham: 6.20 ± 1.08 vs TAC: 5.42 ± 0.82 nmoles/mg tissue, p = 0.07, Fig. 6B). Total
histidyl dipeptides (carnosine and anserine) were signi�cantly lower in the gastrocnemius muscle of TAC-
operated mice (sham: 11.97 ± 1.5 vs TAC: 10.13 ± 1.4 nmoles/mg tissue, p < 0.05, Fig. 6C). In the soleus
muscle, carnosine and anserine levels remained unchanged between the sham and TAC mice (Fig. 6D-F).

Next, we examined whether the depletion of histidyl dipeptides in skeletal muscle could affect the
removal of lipid peroxidation products and measured carnosine aldehyde conjugates, carnosine-propanal,
carnosine-propanol, carnosine-HNE and carnosine-DHN, by LC‒MS/MS. Levels of carnosine-propanal in
the gastrocnemius muscle of TAC mice tended to decrease (sham: 24.12 ± 2.3 vs TAC 21.30 ± 3.0
pmoles/mg tissue, p = 0.07). Carnosine-propanal, carnosine-HNE and carnosine-DHN remained
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unchanged between the sham and TAC mice. Collectively, both the enzymatic and nonenzymatic
pathways that remove reactive aldehydes are diminished in the atrophic gastrocnemius muscle during
heart failure (Fig. 7A-D).

Histidyl dipeptide synthesis and transport were decreased
in the gastrocnemius muscle during heart failure
Finally, we examined how histidyl dipeptide levels in the gastrocnemius muscle are decreased during
heart failure and compared the expression of carnosine synthesizing enzyme, carnosine synthase
(CARNS), and amino acid transporters (TAUT and PEPT2) between sham and TAC mice. The expression
of CARNS and TAUT were decreased, whereas PEPT2 remained unchanged in the gastrocnemius muscle
of TAC mice (Fig. 8A-B). To further examine whether the decrease in CARNS and TAUT occurs at the
mRNA level, we performed RT‒PCR and found that CARNS, PEPT2 and TAUT expression remained
unchanged between the sham and TAC mice (Fig. 8). C). Taken together, these results suggest that the
decrease in histidyl dipeptide synthesis and transport of amino acids could contribute to diminishing the
gastrocnemius muscle histidyl dipeptides during heart failure.

Discussion
In this study, we report that the gastrocnemius and soleus muscles undergo atrophy during heart failure.
Acrolein and HNE-protein adducts accumulate, and the expression of the aldehyde-removing enzyme
aldehyde dehydrogenase (ALDH2) is decreased in the atrophic gastrocnemius muscle. Levels of
endogenous histidyl dipeptides, especially carnosine, which conjugates with different reactive aldehydes,
were decreased in the gastrocnemius muscle of heart failure mice. Protein expression of the enzyme
CARNS, which synthesizes carnosine, and the amino acid transporter TAUT were decreased in the
gastrocnemius muscle during heart failure, suggesting that decreases in both the synthesis and the
transport of essential amino acids needed for histidyl dipeptide synthesis could contribute to histidyl
dipeptide depletion in the atrophic muscle. The distinct decrease in histidyl dipeptide synthesis and
ALDH2 in the gastrocnemius muscle suggests that derangements in these aldehyde-removing pathways
might be speci�cally involved in the increased formation of aldehyde protein adducts in the
gastrocnemius muscle, which could trigger in�ammation and muscle wasting during heart failure.

Muscle wasting is a serious complication affecting a sizable proportion of heart failure patients. In heart
failure patients, the prevalence of muscle wasting is ∼20% higher than that in age-matched normal
humans.4 Recent reports show that muscle wasting prevalence is also higher in younger heart failure
patients.40 Muscle wasting and impaired skeletal muscle function following heart failure play a key role
in the development of exercise intolerance, fatigue, a decrease in the distance covered on a six-minute
walk test and hand grip strength.3,4,41,42 In this study, we found that mice subjected to TAC-induced heart
failure had decreased body weight and gastrocnemius and soleus muscle weights. Gene expression of
the muscle-speci�c ubiquitin ligase Atrogin1, a marker of atrophy, was increased in the gastrocnemius
muscle only, indicating that among the different muscle beds, the gastrocnemius muscle undergoes
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atrophy in this model of heart failure. Our results are in contrast to the previous work by Szaroszyk et al.
43 showing that TAC-induced heart failure for 12–14 weeks reduced the weight of all muscle beds,
including 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-�ltered room air.37 Nonetheless, TAC decreased body weight and induced muscle wasting,
suggesting that the TAC model of heart failure in mice replicates the muscle wasting syndrome of heart
failure patients.

The mechanisms by which heart failure induces muscle wasting are not clear, and currently, no therapies
are available that can stop the progression of muscle wasting in heart failure patients. One of the
common features associated with muscle wasting is the release of atrophic factors from the diseased
tissue, such as angiotensin II. Patients with heart failure have increased levels of circulating angiotensin
and decreased blood �ow to skeletal muscle, which induces oxidative stress.44–46 Increased levels of
oxidative stress markers have been documented in the skeletal muscle of chronic heart failure patients,
which correlates with reduced exercise capacity and lower antioxidant levels.34 While the formation of
reactive oxygen species (ROS) is tightly controlled in biological systems, the deregulation of redox
homeostasis has emerged as a common pathogenic mechanism in age- and cancer-related muscle
loss.47 When ROS formation increases, antioxidant defenses become overwhelmed, resulting in the
induction of a wide variety of lipid peroxidation products, such as acrolein and 4-hydroxy-trans-2-nonenal
(4-HNE), which can covalently bind with proteins and DNA.23 In this study, we found that the acrolein and
HNE-protein adducts were increased in the gastrocnemius muscle of TAC-operated mice, indicating that
heart failure overwhelms both the redox and aldehyde removal homeostasis in skeletal muscle, thus
resulting in the accumulation of 4-HNE- and acrolein-modi�ed proteins. Previous works have shown that
acrolein induces myotube atrophy and inhibits myogenic differentiation in myoblasts.36 Acrolein
exposure also decreases muscle weight and retards muscle regeneration in mice.48 Similarly, increased
formation of HNE protein adducts occurs in the gastrocnemius muscle of mice with the progression of
age35, and preventing the accumulation of HNE in the gastrocnemius muscle alleviates muscle atrophy.49

In this context, accumulation of the acrolein and HNE protein adducts in skeletal muscle could contribute
to aggravating muscle wasting syndrome during heart failure. Previous reports have shown that
aldehyde-modi�ed proteins behave as damage-associated molecular patterns (DAMPs) that alarm the
immune system by inducing adaptive immune responses.50 In particular, different human pathologies
associated with oxidative stress, such as atherosclerosis, show that aldehyde-modi�ed proteins activate
adaptive immune responses.51–53 Our results show that TNF-α expression was increased in atrophic
skeletal muscle, suggesting that the formation of aldehyde-modi�ed DAMPs might activate in�ammation
in atrophic skeletal muscle under heart failure conditions. Therefore, future studies are needed to
determine the contribution of these aldehyde-modi�ed DAMPs generated in the gastrocnemius muscle to
immune modulating 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
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promotes muscle atrophy. 54 ALDH2 de�ciency also promotes age-related muscle atrophy, increases the
formation of HNE adducts55 and treatment with antioxidants such as Vit. E and Chlorella rescues the
genetic and age-induced risk of atrophy.49,54 On the other hand, overexpression of ALDH2 in skeletal
muscle reverses oxidative stress and muscle atrophy due to exhaustive exercise.56 We investigated
whether the accumulation of aldehyde-modi�ed proteins in the gastrocnemius during heart failure is also
associated with the derangements of mechanisms that remove reactive aldehydes. Our results showed
that ALDH2 expression was decreased, and the formation of aldehyde-modi�ed protein adducts was
increased in the gastrocnemius muscle of heart failure mice. Thus, the decrease in the expression of
ALDH2 could contribute to the accumulation of aldehyde-modi�ed proteins and consequently lead to
muscle wasting. Extensive evidence shows that activation of ALDH2 by a small molecular weight
activator of ALDH2 prevents the accumulation of aldehydes in ischemic tissues and exerts protective
action against acute ischemic injury in the heart and brain.57–59 Therefore, activation of ALDH2 by a
selective ALDH2 activator may offer bene�ts by removing toxic aldehydes from skeletal muscle and
exerting protection from heart failure-induced muscle wasting.

In skeletal muscle, especially the gastrocnemius muscle, there are high levels of histidyl dipeptides, such
as carnosine and anserine.39 Among these histidyl dipeptides, carnosine is present in humans, whereas
anserine is found in rodents.33,39 These dipeptides are synthesized by the enzymes carnosine synthase
(CARNS) and carnosine methyltransferase.33,60–62 Histidyl dipeptides exhibit a unique chemistry, where
the amino group of the b-alanine can bind with reactive aldehydes via Michael adducts or Schiff’s base.
They also exhibit the ability to quench reactive oxygen species, buffer intracellular pH and chelate �rst
transition metals.63,64 Among all the nucleophiles present in skeletal muscle, only histidyl dipeptide levels
can be increased either by exercise or by supplementing the precursor amino acid b-alanine.39 Because of
their multifunctionality and the ease with which these dipeptides can be increased in different tissues,
supplementation with b-alanine is widely used to improve exercise capacity.39,65 Previously, we showed
that increasing carnosine levels in the skeletal muscle of humans by β-alanine supplementation
enhances the removal of reactive aldehydes from skeletal muscle.39 Furthermore, we also found that
carnosine levels were decreased in the skeletal muscle of cancer cachexia patients.66 Recent reports have
shown that carnosine supplementation improves the exercise capacity of heart failure patients and
glucose homeostasis in type 2 diabetics.67,68 Therefore, given the multitude of bene�ts of carnosine
associated with maintaining skeletal muscle function and our observations showing that carnosine and
total histidyl dipeptides were depleted in the gastrocnemius muscle of heart failure mice, these dipeptides
are essential for skeletal muscle health during heart failure.

Histidyl dipeptide homeostasis within skeletal muscle is maintained by a complex array of transporters,
such as TAUT and PEPT, which are synthesized by CARNS and bind with lipid peroxidation products.66,69

We found that the expression of the enzyme CARNS and transporter TAUT was decreased in the
gastrocnemius muscle of heart failure mice, suggesting that both the synthesis and transport of amino
acids needed for carnosine synthesis are affected and could contribute to histidyl dipeptide depletion



Page 10/23

during heart failure. Interestingly, our results show that decreases in CARNS and TAUT protein expression
were not mimicked at the mRNA level, suggesting that CARNS and TAUT might be targets of the protein
degradation machinery activated during muscle wasting. Nonetheless, how CARNS and TAUT protein
expression are decreased needs to be studied. Paralleling the decrease in carnosine synthesis was the
trending diminished removal of reactive aldehydes in the gastrocnemius muscle of heart failure 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.

Conclusion
In conclusion, our results support that a murine model of TAC-induced heart failure causes muscle
wasting. Lipid peroxidation products, the downstream toxic products of oxidative stress, accumulate and
result in the formation of acrolein and HNE-modi�ed protein adducts in the atrophic gastrocnemius
muscle. In addition, the metabolic processes of aldehyde removal are defective in the atrophic
gastrocnemius muscle. Therefore, the main observation of our study showing that endogenous histidyl
dipeptides are depleted in the atrophic gastrocnemius muscle and that these dipeptides can quench ROS,
form conjugates with reactive aldehydes and can be replenished in the muscle by supplementation21,39

opens an opportunity to test how these dipeptides could contribute to muscle wasting and whether
maintaining or increasing their synthesis in skeletal muscle could prevent or reverse muscle wasting
syndrome during heart failure.
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Figures

Figure 1

Transverse aortic constriction (TAC) induces cardiac dysfunction Wild-type C57BL/6J mice were
subjected to sham and TAC surgeries for 14 weeks. (A) End-diastolic volume (EDV), (B)end-systolic
volume (ESV), (C) ejection fraction (EF), (D)fractional shortening (FS), (E) left ventricular internal diameter
in diastole (LVIDd), (F) left ventricular internal diameter in systole (LVIDs), (G) stroke volume (SV) and (H)
cardiac output (CO). Data are presented as the mean ± SEM, n=10-11 mice in each group, *p<0.001 vs
sham.
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Figure 2

Transaortic constriction (TAC)-induced heart failure decreases body weight and muscle mass. Wild-type
C57BL/6J mice were subjected to sham and TAC surgeries for 14 weeks. (A) Body weight, (B)
gastrocnemius (gastroc.) muscle weight, (C) soleus muscle weight, (D) tibialis anterior muscle weight, (E)
extensor digitorum longus (EDL) muscle weight. Muscle weights were normalized to tibia length. Data are
shown as the mean ± SEM, n=10 mice in each group,*p<0.02 vs sham-operated mice.
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Figure 3

Atrophic and in�ammatory gene expression isincreased in the gastrocnemius muscle of heart failure
mice. Wild-type C57BL/6J mice were subjected to sham and transaortic constriction (TAC) for 14 weeks.
Fold change in the expression of atrophic genes, atrogin1 and Murf1 in (A, C) gastrocnemius and (B, D)
soleus muscles. (C) In�ammatory genes TNF-α and IL-6in the gastrocnemius muscle. Data are shown as
the mean ± SEM, *p<0.05, n=9-10 in each group.

Figure 4

Heart failure increases the accumulation of aldehyde protein adducts in the gastrocnemius muscle.
Gastrocnemius muscles from wild-type C57BL/6J mice subjected to sham and transaortic constriction
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(TAC) were analyzed by Western blotting for aldehyde-modi�ed protein adducts. Representative blots for
(A) acrolein and HNE protein adducts and amido black (AB).(B) Bar graph shows the intensity of bands
normalized to amido black, *p<0.05 vs sham. Data are shown as the mean ± SEM, n = 6 samples in each
group.

Figure 5

Heart failure decreases the expression of aldehyde dehydrogenase (ALDH2) in the gastrocnemius
muscle. Gastrocnemius muscles from wild-type C57BL/6J mice subjected to sham and transaortic
constriction were analyzed by Western blotting. Representative blots for (A) aldehyde dehydrogenase
(ALDH2) and aldose reductase (AKR1B1), normalized to amido black (AB). (B) Bar graphs show the
intensity of bands normalized to amido black (AB), *p<0.02 vs sham. Data are shown as the mean ±
SEM, n=6 samples in each group.
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Figure 6

Histidyl dipeptide levels are depleted in the atrophic gastrocnemius muscle. Gastrocnemius and soleus
muscles collected from the sham (n = 10) and TAC mice (n = 11) were analyzed by LC–MS/MS for
different histidyl dipeptides. Levels of carnosine in (A) gastrocnemius and (D) soleus muscles, anserine in
(B) gastrocnemius and (E) soleus muscles, and total histidyl dipeptides in (C) gastrocnemius and (F)
soleus muscles. Data are shown as the mean ± SEM and *p<0.02 vs sham.
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Figure 7

Carnosine aldehyde conjugate formation in the gastrocnemius muscle. Levels of (A) carnosine propanal,
(B) carnosine HNE, (C) carnosine propanol and (D) carnosine DHN in the gastrocnemius muscle of the
sham and TAC-operated C57BL/6J mice after 14 weeks. Data are shown as the mean ± SEM, n=10-11 in
each group, *p<0.07 vs sham.

Figure 8

The expression of carnosine synthase and TAUT is decreased in the gastrocnemius muscle of heart
failure mice. Representative Western blots developed from the homogenates of gastrocnemius muscles
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of sham and trans aortic constriction (TAC)-operated mice. (A) Blots were developed using anticranosine
synthase (CARNS), antihuman synthetic taurine transporter (TAUT), and antihuman peptide transporter
(PEPT2) antibodies. (B) Relative mRNA expression of CARNS, TAUT and PEPT2 in the gastrocnemius
muscle. (C) Data are shown as the mean ± SEM, n=5-6 in each group, *p<0.04 vs sham.


