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ARTICLE INFO ABSTRACT

Keywords: Studies of the AMPK/PGC-1a signaling pathway and exercise-induced metabolism have facilitated the devel-
Adenosine derivative opment of anti-fatigue agents and exercise mimetics. In this work, adenosine and its 22 derivatives, typical of
Substitution substitutions at the hydroxyl group of the sugar moiety, were firstly evaluated as anti-fatigue agents. In the
Anti-fatigue . . e P . . . .

AMPK running wheel tests, adenosine and most derivatives demonstrated a significant increase in the exhaustion dis-

tance when compared to the control group. Particularly, the optimized compound 2 exhibited a 3.1-fold increase
in exhaustion distance compared to the positive control group treated with AICAR, and a remarkable 9.8-fold
increase compared to the blank control group. Furthermore, improved performances were observed in weight-
loaded swimming, high jumping, hanging wire, and tail suspension tests. Compound 2 not only reduced levels
of lactic acid (LA) and blood urea nitrogen (BUN), but also preserved hepatic and muscle glycogen content during
exercise. Notably, compound 2 activated AMPK/PGC-1a pathway without stimulating the central nervous sys-
tem. Moreover, compound 2 demonstrated a favorable safety in vivo at a dose of 1.96 x 10™> mol/kg for 21 days.
This study unveils, for the first time, the ability of adenosine and its derivatives to resist exercise-induced fatigue,
thereby providing promising lead compounds for the development of drugs aimed to prevent and treat fatigue-
related diseases. Moreover, it sheds light on the potential therapeutic approaches utilizing endogenous substance.

1. Introduction 2022, Wu et al., 2022, Zhang et al., 2023).
Many dietary supplements, natural and synthetic molecules upre-
gulate the AMPK/PGC-1a pathway, thereby attenuating fatigue (Luo

et al., 2019, Hu et al., 2020, Li et al., 2021, Zhu et al., 2021, Liu et al.,

Adenosine monophosphate-activated protein kinase (AMPK) plays a
key role in the regulation of energy metabolism and is highly conserved

from yeast to higher plants and animals. It is a heterotrimeric enzyme
comprised of a highly conserved catalytic «, a regulatory p and y sub-
units (Lin and Hardie, 2018). Phosphorylated AMPK (p-AMPK) modu-
lates sub-signaling proteins such as peroxisome proliferator-activated
receptor y coactivator-la (PGC-1a), thereby affecting protein synthesis,
mitochondrial biogenesis, and fatty acid uptake in striated myocytes.
PGC-1a activation also promotes the expression of antioxidant-related
genes (e.g., the superoxide dismutase gene family). Furthermore, the
AMPK signaling pathway contributed to inducing skeletal muscle fiber
type conversion from fast-twitch to slow-twitch to enhance exercise
endurance (Yoon et al., 2019, Xu et al., 2020, Wen et al., 2021, Li et al.,
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2022, Guo et al., 2023, Hu et al., 2023). Anti-fatigue agents have the
potential to prevent and treat fatigue-related mental and physical health
disorders, such as anxiety, depression, cognitive impairment, endo-
crinopathies, immunopathies and end-organ diseases (Cui et al., 2020,
Wang et al., 2020, Chen et al., 2021, Peng et al., 2021, Peng et al., 2022).
Because physical exercise activates AMPK to regulate mitochondrial
biogenesis and energy metabolism, and since AMPK agonists promote
many exercise-induced biochemical and functional effects, AMPK
pathways are proposed as therapeutic targets for the development of
“exercise mimetics” to confer the physiologic benefits of exercise
without requiring muscle activity (Weihrauch and Handschin, 2018,
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Norikura et al., 2020, Ericsson et al., 2021, Spaulding and Yan, 2022).
Exercise mimetics may offer medical alternatives to prevent and treat
the complications of sedentariness that include obesity, metabolic syn-
drome, and cardiovascular disease; and to benefit patients with exercise
intolerance due to paralysis, muscle dystrophy, cardiovascular disor-
ders, morbid obesity, or other maladies.

Adenosine is a ubiquitous endogenous nucleoside that regulates a
variety of neurobiological functions. To our knowledge, little research
has been conducted regarding its potential application as an anti-fatigue
agent. The accumulation of adenosine in brain tissue may act on the A1l
receptor to inhibit hypocretin/orexin neurons in the lateral hypothala-
mus, consequently resulting in fatigue and sleep induction (Liu and Gao,
2007). However, adenosine can be phosphorylated to adenosine
monophosphate (AMP) by adenosine kinase in vivo, raising the hy-
pothesis that the systemic administration of adenosine may mitigate
fatigue by activating AMPK. To assess this hypothesis, adenosine and its
derivatives, which are characterized by substitution at the hydroxyl
group of the sugar moiety, were evaluated for their potential as anti-
fatigue agents. In total, 23 nucleosides were tested in murine models,
and the optimal compound was subsequently investigated for safety and
mechanism of action.

2. Materials and methods
2.1. Materials

The raw materials and reagents used in the synthesis experiment
were obtained from Beijing InnoChem Science & Technology Co., Ltd.
(Beijing, China). Lactic acid (LA), blood urea nitrogen (BUN), glycogen
and lactate dehydrogenase (LDH) kits were obtained from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). Insulin (INS) kit
was obtained from Wuhan libori Biotechnology Co., Ltd (Wuhan,
China). DMEM cell culture medium was purchased from Tianjin
Bocheng Technology Co., Ltd. (Tianjin, China). Protein electrophoresis
buffer was purchased from Sangon Biotech (Shanghai) Co., Ltd.
(Shanghai, China). C2C12 myoblasts were obtained from Nanjing Kebai
Biotechnology Co., Ltd (Nanjing, China). Anti-AMPK, anti-p-AMPK
(Thr172), PGC-1a antibodies and secondary antibodies conjugated with
horseradish peroxidase IgG (rabbit and mouse) were purchased from
Beijing ComWin Biotech Co., Ltd. (Beijing, China).

2.2. Chemical Synthesis Characterization

2.2.1. 2,3-O-isopropylidene adenosine (2)

P-toluene sulfonic acid (32.93 g, 0.173 mol) and triethyl ortho-
formate (41 mL, 0.247 mol) were added to a solution of 1 (10 g, 0.037
mol) in acetone (1500 mL). The reaction mixture was stirred overnight
at room temperature. After neutralization with saturated sodium car-
bonate, the solution was concentrated in vacuo, cooled for crystalliza-
tion, and purified by column chromatography (CH2Clp-MeOH, 10:1) to
obtain 2 (11.4 g) (Zhang et al., 2015). Yield: 99.8 %. TH NMR (400 MHz,
DMSO-dg) &y 8.35 (s, 1H), 8.16 (s, 1H), 7.37 (s, 2H), 6.12 (d, J = 3.1 Hz,
1H), 5.36 (dd, J = 6.2, 3.1 Hz, 1H), 5.24 (dd, J = 6.0, 5.1 Hz, 1H), 4.96
(dd, J = 6.2, 2.5 Hz, 1H), 4.22 (td, J = 4.8, 2.5 Hz, 1H), 3.56 (qt, J =
10.4, 5.3 Hz, 2H), 1.56 (s, 3H), 1.35 (s, 3H); 3¢ NMR (151 MHz,
DMSO-dg) 6y 156.36, 152.90, 149.05, 139.98, 119.32, 113.33, 89.90,
86.58, 83.47, 81.59, 61.83, 27.30, 25.41; MS (m/z): 308.13 [M + H]™.

2.2.2. 2,3,5-tri-O-acetyl-adenosine (3a)

Acetic anhydride (1.12 mL) was added to a solution of 1 (1 g, 0.0037
mol) in anhydrous pyridine (10 mL). The reaction mixture was stirred
for 16 h at room temperature. The solution was quenched with EtOH
(0.5 mL) and then concentrated three times in vacuo with 10 mL of
toluene. The obtained yellowish oil was collected and purified by col-
umn chromatography (ethyl acetate-petroleum ether, 1:2) to obtain 3a
(0.81 g). Yield: 56.6 %. 'H NMR (400 MHz, DMSO-ds) 5 8.32 (s, 1H),
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8.12 (s, 1H), 7.37 (s, 2H), 6.16 (d, J = 5.5 Hz, 1H), 5.99 (t, J = 5.7 Hz,
1H), 5.58 (dd, J = 5.9, 4.7 Hz, 1H), 4.41-4.33 (m, 1H), 4.31 (dd, J = 5.1,
3.8 Hz, 1H), 4.19 (dd, J = 11.7, 5.5 Hz, 1H), 2.07 (s, 2H), 1.98 (d, J =
11.1 Hz, 7H); '3C NMR (151 MHz, DMSO-dg) 8 171.25, 170.63, 170.43,
156.53, 153.56, 149.58, 141.04, 119.64, 86.63, 80.00, 72.63, 70.56,
63.26, 21.05, 20.90, 20.76; MS (m/z): 394.14 [M + H]*.

2.2.3. 2,3,5-tri-O-tetra-propionyl-adenosine (3b)

3b synthesis was performed as previously described with some
modifications (Nowak et al., 2005). Propionic anhydride (1.53 mL) was
added to a solution of 1 (1 g, 0.0037 mol) in anhydrous pyridine (10
mL). The reaction mixture was stirred for 6 h at room temperature. The
solution was quenched with EtOH (0.8 mL) and then concentrated three
times in vacuo with 10 mL of toluene. The obtained yellowish oil was
collected and purified by column chromatography (ethyl acetate-
petroleum ether, 1:2) to obtain 3b (0.77 g). Yield: 42.1 %. IH NMR
(400 MHz, DMSO-dg) 6y 10.70 (s, 1H), 8.66 (d, J = 7.1 Hz, 2H), 6.32 (d,
J=5.2Hz, 1H), 6.08 (t, J = 5.6 Hz, 1H), 5.69 (t, J = 5.3 Hz, 1H), 4.42
(td, J = 10.3, 8.8, 3.8 Hz, 2H), 4.28 (tt, J = 6.8, 2.6 Hz, 1H), 2.59 (q, J =
7.5 Hz, 2H), 2.42 (qt, J = 7.4, 3.6 Hz, 2H), 2.32 (dtd, J = 12.9, 7.4, 2.1
Hz, 4H), 1.12-1.05 (m, 6H), 0.99 (td, J = 7.5, 3.8 Hz, 6H); *C NMR
(101 MHz, DMSO-dg) 8y 173.30, 172.66, 172.50, 151.88, 151.40,
149.89, 143.18, 123.76, 85.95, 79.62, 72.03, 69.96, 62.66, 29.51,
26.63, 26.61, 26.44, 9.10, 8.84, 8.19, 8.71; MS (m/2): 492.21 [M + H] .

2.2.4. 2,3,5-tri-O-propionyl-adenosine (3c)

Propionic anhydride (1.53 mL) was added to a solution of 1 (1 g,
0.0037 mol) in anhydrous pyridine (10 mL). The reaction mixture was
stirred for 6 h at room temperature. The solution was quenched with
EtOH (0.8 mL) and then concentrated three times in vacuo with 10 mL of
toluene. The obtained yellowish oil was collected and purified by col-
umn chromatography (ethyl acetate-petroleum ether, 1:2) to obtain 3¢
(0.85 g). Yield: 42.1 %. 'H NMR (400 MHz, DMSO-dg) 5y 8.35 (s, 1H),
8.17 (s, 1H), 7.43 (s, 2H), 6.20 (d, J = 5.3 Hz, 1H), 6.04 (t, J = 5.6 Hz,
1H), 5.66 (t, J = 5.4 Hz, 1H), 4.42 (dd, J = 11.7, 3.7 Hz, 1H), 4.36 (q, J
= 4.6 Hz, 1H), 4.26 (dd, J = 11.8, 5.3 Hz, 1H), 2.45-2.38 (m, 2H),
2.35-2.28 (m, 4H), 1.07 (t, J = 7.5 Hz, 3H), 0.99 (td, J = 7.4, 5.7 Hz,
6H); 13C NMR (151 MHz, DMSO-de) 8 173.30, 172.66, 172.50, 156.12,
152.77, 149.06, 140.04, 119.20, 85.68, 79.43, 71.92, 70.00, 62.71,
26.62, 26.59, 26.42, 8.87, 8.82, 8.74; MS (m/z): 436.19 [M + H] .

2.2.5. 2,3,5-tri-O-tetra-butyryl- adenosine (3d)

Butyric anhydride (1.94 mL) was added to a solution of 1 (1 g,
0.0037 mol) in anhydrous pyridine (10 mL). The reaction mixture was
stirred for 6 h at room temperature. The solution was quenched with
EtOH (1 mL) and then concentrated three times in vacuo with 10 mL of
toluene. The obtained yellowish oil was collected and purified by col-
umn chromatography (ethyl acetate-petroleum ether, 1:2) to obtain 3d
(0.83 g). Yield: 45.3 %. 'H NMR (400 MHz, DMSO-dg) 8y 10.71 (s, 1H),
8.64 (d, J = 6.0 Hz, 1H), 6.27 (d, J = 5.2 Hz, 1H), 6.05 (t, J = 5.6 Hz,
1H), 5.66 (t, J = 5.4 Hz, 1H), 4.37 (s, 1H), 3.42-3.33 (m, 2H), 3.28 (d, J
= 3.4 Hz, 3H), 3.25 (s, 1H), 2.51 (d, J = 7.2 Hz, 2H), 2.44-2.15 (m, 6H),
1.51 (ddq, J = 47.2, 14.6, 7.4 Hz, 6H), 1.20 (s, 1H), 0.89 (q, J = 7.3 Hz,
3H), 0.78 (td, J = 7.4, 3.9 Hz, 4H); 13C NMR (101 MHz, DMSO-dg) 6y
175.79, 175.40, 174.98, 174.82, 166.74, 151.88, 151.44, 150.05,
143.13, 140.36, 130.79, 124.14, 86.09, 85.95, 79.63, 79.53, 72.16,
69.94, 62.60, 34.37, 33.10, 32.97, 19.20, 18.65, 18.63, 18.56, 18.50,
18.41; MS (m/z): 548.27 [M + H]™.

2.2.6. 2,3,5-tri-O-butyryl-adenosine (3e)

Butyric anhydride (1.94 mL) was added to a solution of 1 (1 g,
0.0037 mol) in anhydrous pyridine (10 mL). The reaction mixture was
stirred for 6 h at room temperature. The solution was quenched with
EtOH (1 mL) and then concentrated three times in vacuo with 10 mL of
toluene. The obtained yellowish oil was collected and purified by col-
umn chromatography (ethyl acetate-petroleum ether, 1:2) to obtain 3e
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(0.97 g). Yield: 54.3 %. 'H NMR (400 MHz, DMSO-dg) 5y 8.31 (s, 1H),
8.12 (s, 1H), 7.37 (s, 2H), 6.16 (d, J = 5.3 Hz, 1H), 6.02 (t, J = 5.6 Hz,
1H), 5.67-5.60 (m, 1H), 4.38 (dd, J = 11.8, 3.7 Hz, 1H), 4.32 (q, J = 4.7
Hz, 1H), 4.22 (dd, J = 11.7, 5.2 Hz, 1H), 2.43-2.15 (m, 5H), 1.56 (d, J =
7.3 Hz, 1H), 1.56-1.48 (m, 1H), 1.46 (qd, J = 7.3, 5.6 Hz, 4H), 1.20 (s,
1H), 0.89 (d, J = 7.4 Hz, 2H), 0.85 (s, 1H), 0.88-0.74 (m, 6H); 13C NMR
(101 MHz, DMSO-dg) &y 172.54, 171.86, 171.69, 156.20, 152.88,
149.14, 140.11, 119.25, 85.88, 79.57, 72.02, 70.04, 62.62, 35.18,
35.08, 34.92, 17.88, 17.82, 17.78, 13.36, 13.21; MS (m/2): 478.52 [M +
H]™.

2.2.7. 2,3,5-tri-O-tetra-isobutyryl-adenosine (3f)

Isobutyric anhydride (1.96 mL) was added to a solution of 1 (1 g,
0.0037 mol) in anhydrous pyridine (10 mL). The reaction mixture was
stirred for 6 h at room temperature. The solution was quenched with
EtOH (1 mL) and then concentrated three times in vacuo with 10 mL of
toluene. The obtained yellowish oil was collected and purified by col-
umn chromatography (ethyl acetate-petroleum ether, 1:2) to obtain 3f
(0.97 g). Yield: 47.8 %. 'H NMR (400 MHz, DMSO-ds) 85 10.70 (s, 1H),
8.65 (d, J = 12.1 Hz, 2H), 6.31 (d, J = 5.0 Hz, 1H), 6.06 (t, J = 5.5 Hz,
1H), 5.70 (t, J = 5.3 Hz, 1H), 4.46-4.36 (m, 2H), 4.30 (dd, J = 11.8, 4.9
Hz, 1H), 2.95 (p, J = 6.8 Hz, 1H), 2.62 (ddd, J = 19.2, 13.2, 7.0 Hz, 1H),
2.56-2.52 (m, 1H), 1.16-1.12 (m, 13H), 1.08-1.01 (m, 12H); *C NMR
(101 MHz, DMSO-dg) 6y 172.42, 171.73, 171.58, 154.02, 151.85,
151.41, 150.08, 149.85, 148.67, 130.29, 123.86, 72.12, 71.95, 69.88,
62.48, 38.02, 35.08, 34.99, 34.82, 18.16, 17.80, 17.74, 17.69, 13.53,
13.33, 13.30, 13.18; MS (m/z): 548.27 [M + H]™.

2.2.8. 2,3,5-tri-O-isobutyryl-adenosine (3g)

Isobutyric anhydride (1.96 mL) was added to a solution of 1 (1 g,
0.0037 mol) in anhydrous pyridine (10 mL). The reaction mixture was
stirred for 6 h at room temperature. The solution was quenched with
EtOH (1 mL) and then concentrated three times in vacuo with 10 mL of
toluene. The obtained yellowish oil was collected and purified by col-
umn chromatography (ethyl acetate-petroleum ether, 1:2) to obtain 3 g
(0.89 g). Yield: 50.2 %. 'H NMR (400 MHz, DMSO-dg) 8y 8.33 (s, 1H),
8.15 (s, 1H), 7.38 (s, 2H), 6.20 (d, J = 5.0 Hz, 1H), 6.02 (t, J = 5.4 Hz,
1H), 5.68 (t, J = 5.3 Hz, 1H), 4.41-4.36 (m, 2H), 4.28 (dd, J = 13.2, 6.2
Hz, 1H), 2.62 (dt, J = 14.1, 7.1 Hz, 1H), 2.57-2.53 (m, 1H), 1.14 (d, J =
7.0 Hz, 7H), 1.05 (ddd, J = 13.4, 7.0, 4.2 Hz, 12H); '*C NMR (101 MHz,
DMSO-dg) 8y 175.76, 174.96, 174.79, 156.09, 152.75, 149.01, 139.91,
119.16, 85.86, 79.40, 72.13, 69.97, 62.65, 33.10, 33.07, 32.95, 18.63,
18.61, 18.54, 18.50, 18.40; MS (m/2): 478.23 [M + H] ™.

2.2.9. 2,3-0-(3-methoxy-benzylidene)-adenosine (4a)

To a solution of 1 (1 g, 0.0037 mol) in anhydrous tetrahydrofuran (2
mL) was added zinc chloride anhydrous (3.5 g, 0.257 mol), add 3-
methoxybenzaldehyde (4 mL) under the protection of Ny. The reaction
mixture was stirred for 24 h at room temperature. The solution was
precipitated with ethyl acetate (20 mL), saturated sodium bicarbonate
(6 mL) and then filtered. The organic layer was extracted with ethyl
acetate (3 x 30 mL). The combined organic layer was washed with water
and concentrated in vacuo. The crude product was purified by column
chromatography (ethyl acetate-petroleum ether, 1:2) to obtain 4a (1.16
g). Yield: 80.5 %. 'H NMR (400 MHz, DMSO-de) 5y 8.38 (d, J = 2.6 Hz,
1H), 8.17 (d, J = 2.2 Hz, 1H), 7.37 (q, J = 9.7, 8.8 Hz, 4H), 7.16-7.10
(m, 1H), 7.03 (dd, J = 19.7, 9.7 Hz, 1H), 6.29 (dd, J = 4.9, 3.0 Hz, 1H),
6.01 (s, 1H), 5.52-5.47 (m, 1H), 5.09 (d, J = 6.3 Hz, 1H), 4.36 (t,J = 3.8
Hz, 1H), 3.64-3.52 (m, 3H), 1.90 (s, 3H); 13CNMR (101 MHz, DMSO-dg)
dy 156.15, 152.64, 148.78, 139.86, 137.69, 136.02, 130.39, 128.32,
127.39, 124.10, 119.11, 106.57, 89.39, 86.26, 83.78, 82.67, 61.51,
20.96; MS (m/z): 386.15 [M + H] ™.

2.2.10. 2,3-0-(3-methyl-benzylidene)-adenosine (4b)
To a solution of 1 (1 g, 0.0037 mol) in anhydrous tetrahydrofuran (2
mL) was added zinc chloride anhydrous (3.5 g, 0.257 mol), add 3-
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methylbenzaldehyde (3.9 mL) under the protection of Ny. The reaction
mixture was stirred for 24 h at room temperature. The solution was
precipitated with ethyl acetate (20 mL), saturated sodium bicarbonate
(6 mL) and then filtered. The organic layer was extracted with ethyl
acetate (3 x 30 mL). The combined organic layer was washed with water
and concentrated in vacuo. The crude product was purified by column
chromatography (ethyl acetate-petroleum ether, 1:2) to obtain 4b (0.75
g). Yield: 54.3 %. 'H NMR (400 MHz, DMSO-dg) 6y 8.35 (d, J = 2.6 Hz,
1H), 8.13 (d, J = 2.2 Hz, 1H), 7.31 (m, 4H), 6.26 (dd, J = 19.7, 9.7 Hz,
1H), 5.96 (s, 1H), 5.46 (dd, J = 4.9, 3.0 Hz, 1H), 5.28 (m, 2H), 5.04 (dd,
J=6.3, 3.3 Hz 1H), 4.33 (m, 1H), 3.58 (m, 3H), 1.70 (s, 3H); }C NMR
(101 MHz, DMSO-de) 8y 156.16, 152.64, 148.79, 139.86, 137.70,
136.02, 130.39, 128.33, 127.39, 124.10, 119.11, 106.58, 89.39, 86.26,
83.78, 82.67, 61.52, 20.96; MS (m/z): 370.17 [M + H]™.

2.2.11. 2,3-0-(P-methyl-benzylidene)-adenosine (4c)

To a solution of 1 (1 g, 0.0037 mol) in anhydrous tetrahydrofuran (2
mL) was added zinc chloride anhydrous (3.5 g, 0.257 mol), add P-
methylbenzaldehyde (3.9 mL) under the protection of Nj. The reaction
mixture was stirred for 24 h at room temperature. The solution was
precipitated with ethyl acetate (20 mL), saturated sodium bicarbonate
(6 mL) and then filtered. The organic layer was extracted with ethyl
acetate (3 x 30 mL). The combined organic layer was washed with water
and concentrated in vacuo. The crude product was purified by column
chromatography (ethyl acetate-petroleum ether, 1:2) to obtain 4¢ (0.95
g). Yield: 65.9 %. 'H NMR (400 MHz, DMSO-ds) 5y 8.38 (d, J = 2.6 Hz,
1H), 8.27 (d, J = 2.2 Hz, 1H), 7.37 (q, J = 9.7, 8.8 Hz, 4H), 7.31-7.25
(m, 1H), 6.37 (dd, J = 19.7, 9.7 Hz, 1H), 6.29 (dd, J = 4.9, 3.0 Hz, 1H),
6.01 (s, 1H), 5.52-5.47 (m, 1H), 5.07 (dd, J = 6.5, 2.3 Hz, 1H), 4.36 (t, J
= 3.8 Hz, 1H), 3.64-3.52 (m, 3H), 2.0 (s, 3H); 13C NMR (101 MHz,
DMSO-dg) 6y 156.14, 152.63, 148.78, 139.84, 139.28 133.20, 128.95,
126.94, 124.24, 122.55, 119.09, 106.56, 89.44, 86.24, 83.71, 82.64,
61.51, 20.89; MS(m/z): 370.14[M + H]*.

2.2.12. 2,3-0-(3-fluoro-benzylidene)-adenosine (4d)

To a solution of 1 (1 g, 0.0037 mol) in anhydrous tetrahydrofuran (2
mL) was added zinc chloride anhydrous (3.5 g, 0.257 mol), add 3'-flu-
orobenzaldehyde (4.2 mL) under the protection of Nj. The reaction
mixture was stirred for 24 h at room temperature. The solution was
precipitated with ethyl acetate (20 mL), saturated sodium bicarbonate
(6 mL) and then filtered. The organic layer was extracted with ethyl
acetate (3 x 30 mL). The combined organic layer was washed with water
and concentrated in vacuo. The crude product was purified by column
chromatography (ethyl acetate-petroleum ether, 1:2) to obtain 4d
(1.249 g). Yield: 89.4 %. 'H NMR (400 MHz, DMSO-dg) 8y 8.40 (s, 1H),
8.16 (s, 1H), 7.61-7.40 (m, 4H), 7.47-7.35 (m, 1H), 6.30 (d, J = 2.8 Hz,
1H), 6.01 (s, 1H), 5.50 (dd, J = 6.5, 2.8 Hz, 1H), 5.32 (t, J = 5.5 Hz, 1H),
5.07 (dd, J = 6.5, 2.3 Hz, 1H), 4.34 (dt, J = 8.7, 5.2 Hz, 3H), 3.56 (t, J =
3.8 Hz, 1H), 3.51 (m, 3H); 13¢ NMR (101 MHz, DMSO-dg) 8y 156.09,
152.69, 148.77, 140.01, 138.55, 133.22, 130.58, 129.84, 126.69,
125.79, 119.02, 105.44, 89.44, 86.34, 84.02, 82.90, 61.47; MS (m/2):
374.12 [M + H]".

2.2.13. 2,3-0-(3-chloro-benzylidene)-adenosine (4e)

To a solution of 1 (1 g, 0.0037 mol) in anhydrous tetrahydrofuran (2
mL) was added zinc chloride anhydrous (3.5 g, 0.257 mol), add 3-
chlorobenzaldehyde (4.2 mL) under the protection of Nj. The reaction
mixture was stirred for 24 h at room temperature. The solution was
precipitated with ethyl acetate (20 mL), saturated sodium bicarbonate
(6 mL) and then filtered. The organic layer was extracted with ethyl
acetate (3 x 30 mL). The combined organic layer was washed with water
and concentrated in vacuo. The crude product was purified by column
chromatography (ethyl acetate-petroleum ether, 1:2) to obtain 4e
(1.145 g). Yield: 78.5 %. 'H NMR (400 MHz, DMSO-dg) 8y 8.34 (s, 1H),
8.13 (s, 1H), 7.61 (q,J = 9.7, 8.8 Hz, 3H), 7.52-7.47 (m, 1H), 7.37 (dd, J
=19.7,9.7 Hz, 1H), 6.19 (dd, J = 4.9, 3.0 Hz, 1H), 6.01(s, 1H), 5.51 (dd,
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J=6.5,2.8 Hz, 1H), 5.21 (s, 1H), 5.08 (dd, J = 6.6, 2.4 Hz, 1H), 4.34 (td,
J=5.1, 2.4 Hz, 1H), 3.52 (tt, J = 11.5, 6.4 Hz, 2H); '3C NMR (101 MHz,
DMSO-de) 8y 156.09, 152.69, 148.76, 140.05, 138.54, 133.22, 130.57,
129.84, 126.68, 125.79, 119.00, 105.44, 89.45, 86.36, 84.03, 82.91,
61.48; MS (m/z): 390.09 [M + H]".

2.2.14. 2,3-0-(3-bromo-benzylidene)-adenosine (4f)

To a solution of 1 (1 g, 0.0037 mol) in anhydrous tetrahydrofuran (2
mL) was added zinc chloride anhydrous (3.5 g, 0.257 mol), add 3'-bro-
mobenzaldehyde (4.1 mL) under the protection of Ny. The reaction
mixture was stirred for 24 h at room temperature. The solution was
precipitated with ethyl acetate (20 mL), saturated sodium bicarbonate
(6 mL) and then filtered. The organic layer was extracted with ethyl
acetate (3 x 30 mL). The combined organic layer was washed with water
and concentrated in vacuo. The crude product was purified by column
chromatography (ethyl acetate-petroleum ether, 1:2) to obtain 4f
(0.981 g). Yield: 60.4 %. 'H NMR (400 MHz, DMSO-dg) 8y 8.51 (s, 1H),
8.24 (s, 1H), 7.37 (m, 6H), 6.30 (d, J = 4.9, 3.0 Hz, 1H), 6.01 (s, 1H),
5.52-5.47 (m, 1H), 5.08 (m, 1H), 4.40 (t, J = 3.8 Hz, 1H), 3.56 (m, 2H);
13C NMR (101 MHz, DMSO-dg) 6y 163.54, 161.12, 155.62, 152.88,
148.85, 141.31, 139.10, 139.03, 123.41, 123.39, 118.51, 117.08,
116.87, 105.71, 84.45, 83.17, 61.77. MS (m/z): 434.02 [M + H] .

2.3. Animals

Male Kunming (KM) mice (weighing 18-22 g each, five weeks old)
were obtained from the Beijing Keyu Animal Breeding Center (Beijing,
China; Permit number: SCXK (Jing) 2019-0010). Operational proced-
ures were performed in accordance with the standards of the Guide for
the Care and Use of Laboratory Animals published by the Institute of
Laboratory Animal Resources of the National Research Council (USA).
This study has received approval from the Animal Care and Use Com-
mittee of the Beijing Institute of Pharmacology and Toxicology. Best
efforts were made to minimize the number of animals used and their
suffering.

2.4. Drug Administration

5-aminimidazole-4-carboxamide nucleotide (AICAR) was used as a
positive control, and its anti-fatigue effect through AMPK activation was
verified (Narkar et al., 2008). Mice administrated 0.9 % sodium chloride
(0.1 mL/mouse) constituted the blank control group. A single intra-
peritoneal injection of the drug and positive control substance (1.96 x
10° mol/kg) was used based on literature (Zhu et al., 2022) and our past
experience, and the test was performed 30 min after administration as
the screening standard for the evaluation of compound activity.

2.5. Performance testing

2.5.1. Running wheel test

Endurance testing was performed on a JY-YLS-10B mouse running
wheel instrument (Shilian Boyan, Beijing, China). Exhaustion running
distances were assessed according to the following procedure: 16 r/min
for 15 min, 18 r/min for 5 min, 20 r/min for 5 min and 22 r/min for 5
min as an adaptive course before the test, followed by 24 r/min until
exhaustion. Resting more than four times (30 s) within 60 min indicated
exhaustion.

Evaluation was also conducted on mice receiving adaptive wheel
training before testing: mice were acclimated to running (at speeds of 16
r/min for 15 min, 18 r/min for 5 min, 20 r/min for 5 min, 22 r/min for 5
min) five days prior to the test. All mice received drug or 0.9 % sodium
chloride on the sixth day and were tested after the 30 min adaptation to
assess exhaustion running distance.

2.5.2. Weight-loaded swimming test
The mice were placed individually in a swimming pool (25 °C) and

Arabian Journal of Chemistry 17 (2024) 105490

loaded with a tin wire (6 % of body weight) on their tail root. The mice
were considered exhausted when they did not rise to the surface of the
water to breathe within 7 s (Liu et al., 2018).

2.5.3. Hanging wire test

A thin line was hung on two iron frames, and the mice were placed on
the thin line. The endurance of the mice was determined by observing
the duration that their front and rear limbs held the thread. The time at
which the mice fell off the thin line was recorded during the test.

2.5.4. Tail suspension test

The tail suspension test was performed according to the reported
method (Zhang et al., 2019). Briefly, mice were placed in a general
soundproof behavior box and suspended 50 cm above the floor with tape
placed approximately 1 cm from the tip of the tail. The total struggling
time was recorded to indicate endurance. Mice that did not struggle for
more than 15 s were considered exhausted.

2.5.5. High jumping test

The water at the outer edge of a colorless water tank was heated to
approximately 60 °C while the temperature at the bottom of the tank
was maintained at 50 °C. The mice were stimulated to jump by the high
water temperature. The average maximum jump height was measured to
characterize explosive muscle strength.

2.6. Tissue collection and biochemical index

Blood samples were collected by retro-orbital puncture into EDTA
capillary tubes for hematological and biochemical studies after the last
exercise session. The mice were then sacrificed by cervical dislocation.
The mice livers were harvested, and the gastrocnemius muscles of both
hind legs were isolated, frozen and stored at —80 °C until further anal-
ysis. Blood LA, BUN and glycogen levels were determined using the
corresponding Kits.

2.7. Western blot analysis

The C2C12 myoblasts were washed with cold PBS, then incubated
with RIPA lysis buffer containing protease inhibitor cocktail and phos-
phatase inhibitor for 15 min and centrifuged at 1000 g and 4 °C for 8
min. Protein concentration was measured using a BCA assay kit. Equal
amounts of sample proteins were separated by sodium dodecyl sulfa-
te-polyacrylamide gel electrophoresis (SDS-PAGE) to analyze the pro-
teins, which were compared with a protein marker (CWBIO, Beijing,
China). The proteins were transferred to a polyvinylidene fluoride
(PVDF) membrane, and the membrane was blocked with 5 % skimmed
milk powder in tris-buffered saline containing Tween 20 (TBST) for 1 h.
After washing three times with TBST, the membrane was incubated in a
solution containing primary antibody (AMPK, p-AMPK, PGC-1a, and
GAPDH antibodies, respectively) overnight at room temperature and
visualized with horseradish peroxidase-coupled secondary antibody.
Protein bands were detected using an enhanced chemiluminescence kit
(CWBIO, Beijing, China). An enhanced chemiluminescence western blot
substrate (Pierce Biotechnology) was used for immunodetection, which
was detected with the ChemiDocTM MP Imaging System (Bio-Rad,
USA). The bands were analyzed by densitometric analysis with the
Image J software.

2.8. Open-field test

The test was conducted in a quiet environment. The mice were
placed in the center of a closed plane area of a closed box divided into
blocks, and their activities were measured by calculating the number of
blocks traversed within 10 min. The movement of the animals was
recorded by the camera and the total distance traveled by the mice
under infrared light irradiation was automatically calculated by the
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Table 1
Compound purity and Log P value.
Compound Log P Purity
1 -1.17 99 %
2 —0.44 98 %
3a -1.11 97 %
3b 1.22 99 %
3c 0.85 99 %
3d 2.89 99 %
3e 2.10 99 %
3f 3.48 99 %
3g 2.55 99 %
3h —0.34 98 %
3i —0.98 99 %
3j -1.59 99 %
3k -1.09 99 %
31 —-2.18 99 %
3m —1.44 99 %
3n -1.25 99 %
30 -1.56 99 %
4a 0.73 96 %
4b 1.35 94 %
4c 1.35 97 %
4d 1.02 93 %
4e 1.42 95 %
4f 1.69 98 %

trajectory tracking method. This experiment was performed at 0.5 h and
3 h after administration.

2.9. Safety test

Male KM mice were divided randomly into two groups (n = 8) and
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treated by intraperitoneal injection for 21 days as follows: the blank
control group (0.9 % sodium chloride, 0.1 mL/mouse) and the optimal
compound group (2, 1.96 x 10° mol/kg/day). The mice were then
sacrificed by cervical dislocation, and the heart, liver, spleen, lung, and
kidney were collected and stained with hematoxylin and eosin for
observation.

2.10. Cell culture and treatment

C2C12 myoblasts were cultured in DMEM containing 10 % fetal
bovine serum at 37 °C and 5 % CO,. The C2C12 cells were induced to
undergo myogenic differentiation with differentiation medium con-
taining 2 % horse serum for 6 days. The cells were treated with 20 pM 2
or the solvent dimethyl sulfoxide.

2.11. Hematoxylin and eosin (H&E) staining

Hearts, livers, spleens, lungs, and kidneys were carefully collected
and fixed in tissue fixative, dehydrated, embedded in paraffin, and cut
into 5 pM thick sections. After deparaffinization, the tissue sections were
rehydrated, stained with H&E, and subjected to morphological and
pathological evaluation under a microscope.

2.12. Statistical analysis
All the experimental data were expressed as mean + standard devi-
ation. Significant differences were calculated using a two-tailed Stu-

dent’s t-test, and a p-value < 0.05 was considered statistically
significant.
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Fig. 1. Exhaustion distance of untrained mice in the running wheel test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the blank control group; #P < 0.05, ##P < 0.01,
###P < 0.001 vs. the AICAR group. Data are presented as the mean + SD (n = 8).
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Fig. 2. Exhaustion distance of trained mice in the running wheel test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the blank control group; #P < 0.05, ##P < 0.01,
###P < 0.001 vs. the AICAR group. Data are presented as the mean + SD (n = 8).
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Fig. 3. A. Exhaustion time in the weight-loaded swimming test. B. Exhaustion time in the hanging wire test. C. Exhaustion time in the tail suspension test. D.
Maximum jumping height in the high jumping test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the blank control group; #P < 0.05, ##P < 0.01 vs. the AICAR group.
Data are presented as the mean + SD (n = 8).
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Fig. 4. Effect of 2 on the contents of (A) serum LA, (B) serum BUN, (C) liver glycogen and (D) muscle glycogen in mice. *P < 0.05, ***P < 0.001 vs. the blank control
group. Data are presented as the mean + SD (n = 8).
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3. Results and discussion confirmed by 'H NMR, '3C NMR and MS. In addition, eight commercial
derivatives (compounds 3 h to 30) were also included for evaluation.
3.1. Synthesis and Compounds The purity of all compounds was determined by HPLC (Table 1).

Lipophilicity is important for drug delivery and activity. Adenosine is
Fourteen adenosine derivatives (compound 2 to 3 g and 4) were highly hydrophilic, with a Log P value of —1.17 (predicted by Chem-

synthesized from adenosine (compound 1) according to Scheme 1. The Draw Ultra 8.0 software). After modification of the sugar moiety with
synthesis of the partial molecules was either based on pertinent litera- different lipophilic substitutions, most target compounds exhibited
tures ((Nowak et al., 2005, van Wandelen et al., 2012, Zhang et al., higher Log P than adenosine, indicating improved lipophilicity.

2015) or modified to optimize the synthesis process. The structures were
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Fig. 7. Weight gain of mice during 21 days of administration. Data are
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3.2. Activity evaluation by running wheel test

Running wheel tests of mice are commonly used to evaluate anti-
fatigue agents. The longer the exhaustion distance, the better the mo-
lecular endurance improvement effect.

Adenosine attenuated fatigue as expected, the average exhaustion
distance of the adenosine-treated group (1621.9 m) was significantly
higher than that of blank control group (420.5 m, P < 0.05) and was
comparable to that of the AICAR group (1357.9 m, P > 0.05). Most
derivatives (compound 2, 3b to 4b, 4d to 4f) enhanced fitness with
significantly higher exhaustion distances than those of blank control

Heart Liver

blank control
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group (all P < 0.05). Several derivatives (compound 2, 3j, 30, 4a, 4b,
4d) outperformed AICAR group (P < 0.05). The exhaustion distance of
the most active derivative 2 (4162.0 m) was 3.1-fold higher than that of
the AICAR group and 9.8-fold higher than that of the blank control
group. To our knowledge, this was the first study to demonstrate that
adenosine and its derivatives can resist exercise-induced fatigue (Fig. 1).

Evaluation was also carried out on mice that had undergone adaptive
wheel training for 5 days prior to the test (referred to as “trained mice”).
“Trained mice” provides an opportunity to further explore the efficiency
of derivatives on potential object with good foundation of physical
ability. Trained mice in the blank control group reached an average
exhaustion distance of 1831.1 m, which was improved compared to that
of the untrained blank control group (420.5 m), consistent with the
axiom that exercise training improves physical endurance. Notably, the
exhaustion distances of trained mice in AICAR (1695.3 m), adenosine
(1828.2 m) and blank control groups were similar, indicating little anti-
fatigue effect or physical fitness improvement for conditioned animals.
However, several derivatives (compound 2, 3j, 3 1, 3n, 3o, 4a, 4b, 4d)
improved endurance significantly (P < 0.05) and the performance of the
2 group (6529.4 m) was 3.6-fold higher than that of the blank control
group (Fig. 2, P < 0.05).

Our preliminary analysis of structure-activity relationship disclosed
that 1) most derivatives with all the 2/, 3, and 5" hydroxyl esterification
(3a to 3 g) had lower endurance enhancing effects than those with
cyclizing at the 2’ and 3’ hydroxyl site (compound 2 and compound 4),
indicating that the 5" hydroxyl was important for activity; 2) modifica-
tion at 2’ hydroxyl (3i to 3 m) might also enhance activity; 3) the per-
formance of 3n and 3o suggested that replacing the 5 hydroxyl with
chemically active groups might improve activity. Four derivatives
(compound 2, 3j, 30 and 4d) associated with prolonged exhaustion
distances above (Figure S1) were selected for further testing in anti-
fatigue models.

3.3. Further evaluation of the activities of 2, 3j, 30 and 4d

The optimal molecules were further evaluated by weight-loaded
swimming, tail suspension, hanging wire and high jumping tests.

The weight-loaded swimming test is also a common animal model for
anti-fatigue evaluation. The weight-loaded swimming test disclosed that
the average exhaustion times of the optimal compounds (50.7 min for 2,
50.4 min for 3j, 47.7 min for 30, 53.6 min for 4d respectively) (Fig. 3A)
were significantly longer than those of the blank control group (10.7
min, P < 0.05). The results of the compound 2 group were even signif-
icantly higher than those of the AICAR group (30.0 min, P < 0.01). The
test was also conducted on mice subjected to a one-week pre-test
adaptive training regimen. Swimming training improved the exhaustion
time (Figure S2), as the blank control group improved from 10.7 min to
27.5 min after training. 2 also exhibited the best enhancement of exer-
cise endurance (70.9 min), which was significantly longer than that of

Spleen

Fig. 8. H&E staining histological sections of heart, liver, spleen, lung and kidneys at 21 days after treatment of mice with 2 (1.96 x 10 mol/kg/day) or 0.9 %
sodium chloride (blank control). Images were taken with a Leica microscope. Magnification, 400 x. Scale bar = 50 pm.
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the AICAR group (38.4 min).

The hanging wire test can reflect the degree of grip endurance of the
mouse limbs as well as their motor coordination capability. The hanging
wire test revealed a longer suspension time in the 2 group than in the
other groups (Fig. 3B). The tail suspension test reflects the escape-
related behavior of mice subjected to a short-term inescapable stress
(being suspended by their tails) (Wang et al., 2021). The tail suspension
test disclosed similar struggle times in the AICAR and blank control
groups, while the struggle times of the 2 (309.0 s) and 4d (345.0 s)
groups were higher than that of blank control group (275.0 s, P < 0.01)
(Fig. 3C). Moreover, very interestingly, these optimized compounds also
improved external heat-stimulated jumping performance in the high
jumping test, indicating their potential to improve explosive muscle
strength (Fig. 3D).

According to the aforementioned results, compound 2 exhibited su-
perior performance in two running wheel tests and the hanging wire
test, with analogous activities observed in other tests relative to 3j, 30
and 4d. Furthermore, our preliminary side effect assessment demon-
strated a high accumulation of LA in 30 administration and identified a
potential cancer risk associated with 3j. As a result, compound 2 was
selected for further evaluation.

In a dose-response running wheel test, the exhaustion distance
shortened with 2 dose reductions (Figure S3), indicating a dose-
dependent activity. Moreover, the intragastric administration of 2
exerted a definite anti-fatigue effect (1.96 x 10™ mol/kg), suggesting
the possibility of an oral drug delivery route (Figure S4). These results
indicate that 2 enhanced the physiologic endurance of mice substan-
tially. To our knowledge, 2 is one of the most potent anti-fatigue agents
reported to date.

3.4. Biochemical Index Evaluation

Mice were trained for five days, then administered either compound
2 or 0.9 % sodium chloride and were sacrificed for biochemical assays
after reaching 1500 m in the running wheel test. LA and BUN levels are
commonly used to reflect the severity of fatigue. In our test, LA accu-
mulation was greater in the blank control group after exercise than in
the sedentary group. However, the LA level of 2 group was significantly
lower than that of blank control group (Fig. 4A, P < 0.05), indicating
that animals in the 2 group were less fatigued. Furthermore, the mean
LDH level of the 2 group was significantly higher than that of blank
control group (Fig. S5A, P < 0.05). LA is the primary metabolic waste
product of anaerobic glycolysis during high-intensity exercise. Excessive
LA accumulation causes muscle pain and acidosis, which is a major
cause of fatigue. Reducing the buildup of LA also lowers the risk of
muscle injury during exercise (Brooks, 2020). LDH is an endogenous
enzyme of the glycolytic pathway that catalyzes a redox reaction be-
tween pyruvic acid and LA, thus playing an important role in LA
clearance during intense exercise (Ye et al., 2017). In this study, 2
inhibited LA accumulation, thus providing a potential role in contrib-
uting to the postponement of fatigue, which is consistent with the results
in our behavioral test.

The post-exercise BUN content in the blank control group was
significantly higher than that of the sedentary group. However, the BUN
content in the 2 group was significantly lower than that of the blank
group (Fig. 4B, P < 0.05), suggesting that animals in 2 group were less
fatigued than the blank group. When the body is unable to obtain energy
from carbohydrates and fats, proteins and amino acids become alter-
native sources of catabolism to meet energy requirements. An estab-
lished marker of protein and amino acid catabolism is BUN. Therefore,
an increase in BUN commonly reflects protein breakdown, which can
jeopardize muscle contraction strength, thereby reducing endurance
and increasing fatigue. (Zhu et al., 2021). In this study, 2 treatment
significantly reduced BUN, indicating that 2 inhibited the accumulation
of BUN, thereby postponing the occurrence of fatigue.

Glycogen is consumed through aerobic and anaerobic respiration,
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thus providing energy necessary for exercise. Glycogen depletion lowers
blood glucose concentration, resulting in hypoglycemia and fatigue
(Feng et al., 2021). Therefore, glycogen content plays an important role
in improving sports endurance and recovering sports fatigue (Ren et al.,
2011). Post-exercise liver/muscle glycogen levels in the blank group
were significantly lower than those in the sedentary group (Fig. 4C and
4D, P < 0.05), due to consumption during exercise. However, liver/
muscle glycogen levels in 2 group were significantly higher than those in
the blank group (P < 0.01). This result might have been related to the
higher mean serum insulin level of the 2 than that of the blank control
group (Fig. S5B), as INS regulates glucose uptake as well as glycogen
synthesis and storage. Increased glycogen stores increase the intracel-
lular bioavailability of glucose as a metabolic fuel, thereby, delaying the
consumption of protein as an energy source, which might also explain
why mice in the 2 exhibited lower BUN levels than the blank control
group.

3.5. 2 enhanced AMPK/ PGC-1a pathway

AMPK, as a key energy sensor, is a major regulator of energy ho-
meostasis between cells and organisms. Western blot analysis was con-
ducted in a C2C12 cell model. 2 significantly enhanced AMPK
phosphorylation; p-AMPK/AMPK was increased relative to the blank
group. The expression of a downstream factor, PGC-1a, was also up-
regulated significantly (Fig. 5).

A large number of studies have shown that the abnormal energy
metabolism associated with exercise fatigue may be related to the
AMPK/PGC-1a pathway (Wang et al., 2021, Qu et al., 2022, Yu et al.,
2023). Up-regulation of AMPK/PGC-1a pathway significantly improves
the energy supply of skeletal muscle and also promotes muscle fiber type
transformation, glucose metabolism, and fatty acid oxidative meta-
bolism, thus increasing muscle endurance and reducing fatigue (Narkar
etal., 2008, Canto and Auwerx, 2009). This is consistent with our results
that 2 can upregulating the AMPK/PGC-1a pathway to achieve its anti-
fatigue effects.

3.6. Open-field test

An open field test was conducted to investigate whether 2 exerted a
central stimulant effect. At 0.5 h and 3 h after administration, the total
distance traversed by treated mice within 10 min was not significantly
different from that of the blank control group (Fig. 6), indicating that 2
did not excite spontaneous movement. Thus, 2 had no central stimula-
tion in mice, which proved that 2 did not exert anti-fatigue activity
through an excitatory effect on the central nervous system.

3.7. Safety of 2

The safety of 2 was evaluated in mice receiving intraperitoneal in-
jections (1.96 x 107 mol/kg/d) for 21 days. Body weight increased
normally during the test interval, without obvious abnormalities by
daily observation (Fig. 7). In addition, tissue sections of sampled heart,
liver, spleen, lung, and kidney observed by hematoxylin and eosin
staining showed no obvious inflammation or injuries (Fig. 8). These
results indicate good in vivo safety of 2.

4. Conclusion

In summary, the present study evaluated adenosine and its 22 de-
rivatives as potential anti-fatigue agents. To our knowledge, we report
the first demonstration of the enhancement of exercise performance in
mice treated with adenosine or several lipophilic derivatives. Of the
evaluated compounds, an optimal compound 2 was found to exhibit
outstanding anti-fatigue activity. The underlying mechanisms of action
included reduction in LA and BUN levels, as well as increased hepatic
and muscle glycogen content. Compound 2 was found to enhance the
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AMPK/PGC-1a pathway, without causing central nervous system exci-
tation. Based on these findings, Compound 2 may represent an ideal
candidate for the development and utilization of novel anti-fatigue drug
and exercise mimetics, which could offer new therapeutic approaches
for the prevention and treatment of AMPK-related diseases, such as
obesity, type 2 diabetes, and cardiovascular disease. This study also
sheds light on the potential therapeutic interventions utilizing endoge-
nous substance.
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