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Exploration of new methods to increase homocarnosine in skeletal muscle and
their physiological functions
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This study provides the new strategy to induce endogenous homocarnosine synthesis in the muscles and

new mechanisms in regulating muscle regeneration. The findings will lead to the development of
functional foods for building healthy muscles and preventing sarcopenia in both young and aging
people.

This study showed that dietary GABA is a great strategy to induce endogenous
homocarnosine synthesis in skeletal muscles. However, dietary GABA is highly fed into a degradation
pathway rather than fed into the homocarnosine synthesis. Thus, high doses of GABA intake is

required to increase muscular homocarnosine levels. To solve the problem, inhibitors of GABA
degradation efficiently increased blood GABA levels and muscular homocarnosine levels. The findings
suggest that dietary homocarnosine with GABA or GABA-degrading inhibitors may be a new method to
enhance the efficiency of increasing imidazole peptides in the muscles. we found that homocarnosine
and its analogs decrease satellite cell susceptibility to early cell death upon activation,
suggesting positive effects of homocarnosine on muscle regeneration. This study provides a strong
foundation for the research on new roles of homocarnosine and carnosine in muscle regeneration to
build up healthy muscles and to prevent sarcopenia.
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(1) Carnosine (B-alanine-histidine) is a dipeptide present in high concentrations in skeletal
muscle. Over 100 years since carnosine was discovered, it has been extensively studied and
well reported to have a function in improving exercise performance. Moreover, recent
research has suggested that carnosine may play a role in preventing sarcopenia in aging
people. Based on those reported muscle beneficial functions, therefore, researchers in various
fields have been trying to establish efficient methods for increasing carnosine in skeletal
muscle instead of the current conventional method of an oral administration of carnosine or
B-alanine, which has low efficiency due to blood instability and side effects.

(2) Therefore, in this study, we have proposed a peptide named homocarnosine (y-
aminobutyric acid (GABA) -histidine), which has a structure similar to that of carnosine, as
an alternative functional peptide of carnosine. In general, homocarnosine is highly present
in the brain, but present in very low concentrations in skeletal muscle. In my previous study,
I have found that vitamin B6 could induce an increase in homocarnosine and its precursor
GABA levels in heart muscle. Taken together, these findings suggest that intake of food
factors such as GABA or vitamin B6 may possibly induce endogenous synthesis of
homocarnosine in skeletal muscle.

Therefore, the main objectives of this study were 1) to determine food factors that can induce
endogenous synthesis of homocarnosine in skeletal muscle and 2) to determine if
homocarnosine has any beneficial functions in skeletal muscle.

(1) Inducing endogenous homocarnosine synthesis in skeletal muscle by GABA intake

In this experiment, we gave a basal diet mixed with O (control), 5 (0.5%), 20 (2%), or 50 (5%)
g GABA/Kg diet to male ICR mice (5 weeks old) for 6 weeks. Then, we measured imidazole
peptides (carnosine, anserine, and homocarnosine), GABA, and B-alanine content in skeletal
muscle, blood, heart, liver, kidney, and brain by HPLC and UPLC-MS/MS methods.

(2) Increasing circulating GABA levels by inhibiting the GABA degradation pathway

In general, dietary GABA is highly degraded in liver by the degrading enzyme, GABA
transaminase (GABA-T). Thus, in order to increase GABA levels in blood, the GABA-
degrading enzyme inhibitor vigabatrin (Sabril®) at a dose of 250 mg/kg body weight was
administered daily by subcutaneous injections for 2 weeks to mice receiving the GABA diets.

(3) Mass production of homocarnosine
In this experiment, the method of Fmoc-based solid-phase homocarnosine synthesis was
selected and established. The detailed method is shown in Fig. 1.

(4) Muscle regeneration

In order to examine muscle regeneration, firstly muscle injury or damage is induced via
intramuscular injection of 10 uM cardiotoxin (CTX; Latoxan) on tibialis anterior (TA) and/or
gastrocnemius (GAS) muscles. At 0, 0.5, 2, 5, or 10 days post injury, muscles were harvested
and subjected to further analysis to evaluate effects of an ability of muscle regeneration.

(5) Satellite cell (SC) isolation and culture

Single myofibers isolation and culture was performed. Briefly, extensor digitorum longus
(EDL) muscles were harvested and digested using collagenase type I. Isolated myofibers were
cultured in plating medium at 37°C for 0, 24, or 48 hr. Then, fixed fibers were co-
immunostained for Pax7 and MyoD. Without culturing (0 hr), SCs are in quiescent sate and
stained positive with Pax7+. Following 24 and 48 hr of culture, SCs will be activated and
enter cell cycle for proliferation (stained positive with MyoD+*Pax7+), commitment to
differentiation (stained positive with MyoD+*), or self-renew (stained positive with Pax7+). The
effects of food factors on SC functions were evaluated by observing the number of Pax7+,



MyoD+Pax7+, or MyoD* cells under a fluorescent microscope.
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Fig. 1. Fmoc-based solid-phase homocarnosine synthesis

(1) Dietary GABA induces endogenous synthesis of homocarnosine in skeletal muscle
We successfully demonstrated that
dietary GABA is a great strategy to
increase homocarnosine levels in skeletal
muscle. As shown in Fig. 2, skeletal
muscle  homocarnosine levels were
significantly increased in the 2% and 5%
GABA intake groups (10-fold and 53-fold,
respectively). However, GABA intake had

no effect on the levels of homocarnosine e — o e —
analogs (carnosine and anserine) and B-
alanine. In addition, we found that
vigabatrin (GABA-T inhibitor) administration to mice receiving 2% GABA intake for 2 weeks
led to GABA-T inhibition in the liver and an increase in circulating GABA levels with a
tendency increase in skeletal muscle homocarnosine levels.

Our study is the first to show that in addition to a typical muscle peptide carnosine, the new
muscle peptide homocarnosine can be induced into the muscle by supplying its substrate
GABA in tissues. As GABA availability is tightly regulated by GABA-T via GABA
degradation, inhibitors of GABA or B-alanine degradation could be novel potential
interventions for increasing skeletal muscle imidazole dipeptides. The details of this research
result are described in the published paper?.
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Fig. 2 Dietary GABA increased homocarnosine levels in skeletal muscle

(2) Mass production of homocarnosine

In this part, we successfully established an in-house method for synthesizing homocarnosine
based on Fmoc-based solid-phase synthesis method as the protocol shown in Fig. 1. The
representative peaks in a purification step by HPLC are shown in Fig. 3. In Fig. 3B, the
synthesized solution (phase B) contained both contaminated histidine (P1) and synthesized
homocarnosine (P2). The purified homocarnosine peak is shown in Fig. 3D. The efficiency of
this synthesis method is > 95%; 100 mg resin gives homocarnosine 10-15 mg.



(3 Homocarnosine maintains satellite cell viability upon activation on mouse myofibers

In this study, we examined the effects of homocarnosine on satellite cells (SCs), the muscle
stem cells playing a crucial role in muscle regeneration. As shown in Fig. 4, after 24 h, the
number of activated SCs (control-24 hr) was significantly decreased as compared with those
on immediately fixed myofibers (quiescent SCs, control-O hr). The treatment with 25 mM
homocarnosine and its analogs (carnosine and anserine) prevented this decrease in SC
number. These results indicate that homocarnosine and its analogs decreases SC
susceptibility to early cell death upon activation. We believe that the results of this study
provide a strong foundation for the research on the role of homocarnosine and carnosine in
muscle regeneration.
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Fig. 3 Purification of synthesized homocarnosine from HPLC analysis Fig. 4 Homocarnosine prevents cell death of SCs on myofibers after 24 h of activation

(4) Dietary GABA increasing homocarnosine in skeletal muscle and impacts muscle
regeneration
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Since GABA has been reported to
reverse diabetes, in this study we
extended our interest into diabetic mice as well. We gave GABA in drinking water to both
wild type (WT) and diabetic (Akita) mice for 6 weeks. We expected that mice receiving GABA
water would have a better muscle regeneration ability. After 5 days of muscle injury, GABA
water had no effects on regenerating myofiber size in WT mice. Surprisingly, diabetic mice
receiving GABA water had smaller regenerating myofiber size, as compared with both WT
and diabetic mice receiving drinking water. We further found that diabetic mice receiving
GABA water had higher regenerating area (Fig. 5 A) with higher macrophage levels in
injured area (Fig. 5B), suggesting that this group was still in the early phase of muscle
reaeration. This implies that GABA possibly retarded the muscle regeneration process in
diabetic mice. This finding is against our hypothesis that oral GABA administration may
enhance muscle regeneration. Currently, ongoing experiments have been carried out to
clarify why and how GABA intake specifically worsens muscle regeneration in diabetes
conditions.

It can be speculated that GABA, which has a strong antioxidant effect, may suppress
inflammatory process at the early phase of muscle regeneration where inflammation is
important for inducing macrophage infiltration into the injured area in order to clear up
damage cells. Therefore, if the clearance of damage tissues is slowed down, the muscle
regeneration cannot be started and the process will be retarded. If this hypothesis is true,

Fig. 5 GABA water retards muscle regeneration in diabetic mice



our finding will provide new information about roles of antioxidants in muscle regeneration.
Drinking much antioxidants right after exercise, where muscles undergo injury, may not be
a good practice.

(5) Involvement of homocarnosine analogs during muscle regeneration process

Before we go to examine the effects of dietary X 200
homocarnosine on muscle regeneration, we checked if [ CN1 (carnosine-degrading enzyme)
there is any mobilization or changes of homocarnosine — Muscle carnosine

analogs (carnosine and anserine) in response to muscle $

trauma. After the muscle injury by CTX injection,
carnosine and anserine in the skeletal muscles were
rapidly degraded within 12 h, along with an up-
regulation of its degrading enzyme (carnosinase, CN1)
(Fig. 6), while levels of amino acids released from .
muscle protein were not changed until 48 h. This 0. L o
suggests that imidazole peptides may be involved in 0 05 2 10
energy metabolism in the acute phase during skeletal Time after muscle injury (days) -
muscle injury, preventing muscle from breaking down Z‘ggggfﬁ;gﬁj;:ﬁg gz?n‘gfr']igggni"r;t‘;j‘r"e‘ééferation
its own muscle protein. This suggests a possible

physiological function that protects against excessive degradation of skeletal muscle proteins
in sarcopenia.
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(6) Dietary homocarnosine increases circulating homocarnosine levels with higher stability
in blood

We found that oral administration of homocarnosine increased homocarnosine levels in blood
up to 15 uM (Fig. 7A), while oral

administration of carnosine A Hesma Homocarmasine B Plasma: Carnosine
increased carnosine levels in blood b

only 4 uM (Fig. 7B). The result b

N

N

indicates that homocarnosine has % . y
higher stability in blood than gt . % a  a

carnosine (almost 4-fold), suggesting ~ §* S 5 . e
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and effects on muscle regeneration Administration Administration

are under investigation. Fig. 7 Dietary homocarnosine increases homocarnosine levels in blood

In conclusion, this study is the first to demonstrate the new method for increasing
homocarnosine as a new carnosine-liked peptide in skeletal muscle. This study also revealed
novel roles of homocarnosine and carnosine in muscle regeneration and satellite cell
functions, which are essential factors in preventing sarcopenia. We discovered that the
muscle dipeptides, carnosine, anserine, and homocarnosine, may be frontline providers of
energy used in the acute phase during skeletal muscle injury. This may explain the reason
why our bodies store these peptide at high concentrations in our muscle. Without these
peptides, the muscle may have to breakdown its own protein to release free amino acids for
using during muscle injury. This study provides a strong foundation for the research on new
roles of imidazole peptides in muscle functions and sarcopenia prevention.

(7) Unexpected discovery leads to new research

Additionally, this study showed that dietary GABA at a high dose (5%) exerted antiobesity-
like effects by suppressing food intake and preventing weight gain in lean mice?. This finding
led to a new study on GABA metabolism in appetite control for antiobesity drug development.
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