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Abstract: Diabetes is a metabolic disorder involving disruptions in glucose and lipid homeostasis. Skeletal muscle,
the primary organ responsible for insulin responsiveness, is crucial for regulating glucose and lipid metabolism.
Modulating glucose and lipid metabolism within skeletal muscle to treat diabetes remains an active research area.
Artemether, an anti-malarial agent, has significant anti-diabetic and lipid-lowering effects. A type 1 diabetes (T1D)
mouse model was induced using streptozotocin. This study comprised three groups: wild-type controls, T1D mice,
and T1D mice that received artemether for 8 weeks. Hypoglycemic efficacy was assessed by measuring fasting
blood glucose and glycated hemoglobin Alc. Muscle fiber characteristics were analyzed using periodic acid-Schiff
staining and immunofluorescence. Alterations in glucose, lipid, pyruvate, and fatty acid metabolism in skeletal
muscle were analyzed using immunoblotting, immunofluorescence, and gPCR. In T1D mice, glucose glycolysis and
pyruvate metabolism were impaired, whereas fatty acid uptake and use were enhanced. Artemether treatment in-
hibited pyruvate dehydrogenase kinase 4 activity and activated pyruvate dehydrogenase, promoting aerobic glucose
metabolism and suppressing fatty acid metabolism in skeletal muscle. These findings suggest that artemether can
alleviate symptoms in T1D mice by modulating glycolipid metabolism in skeletal muscle.
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Introduction

As modern lifestyles and dietary patterns con-
tinue to evolve, the prevalence of diabetes has
been on the rise annually. In 2021, approxi-
mately 536.6 million (10.5%) of adults aged 20
to 79 years were diagnosed with diabetes.
Additionally, there were over 1.2 million cases
of type 1 diabetes among children and adoles-
cents. Forecasts indicate that this figure might
increase to 12.2% of the adult population by
2045, which is roughly equivalent to 783.2 mil-
lion individuals [1]. Investigating new diabetes
treatments remains crucial.

Skeletal muscle assumes a key role in glucose
metabolism by processing 70% to 80% of
ingested glucose through storage, oxidation, or
glycolysis [2-4]. Skeletal muscle is composed of
two primary types of fibers, which are generally

classified as oxidative and glycolytic based on
their metabolic characteristics [5]. Skeletal
muscle’s adaptability in using substrates like
glucose, fatty acids, and branched-chain amino
acids makes it essential for systemic energy
homeostasis [6]. However, its role in regulating
hyperglycemia and hyperlipemia in diabetes is
not fully understood.

Artemisinin derivatives, including artemether,
show potential anti-diabetic effects [7-11].
Previous studies indicate that artemether can
improve systemic glycolipid metabolism in indi-
viduals with diabetes [12-15]. The effect of
artemether on glycolipid metabolism in skeletal
muscle remains insufficiently understood. We
investigated the effects of artemether on glu-
cose and lipid metabolism in a type 1 diabetes
mouse model, aiming to explore a novel diabe-
tes treatment approach.
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Materials and methods
Mouse model of T1D

We obtained 8-week-old male C57BL/6J mice
(body weight, 22-26 g) from the Guangdong
Medical Laboratory Animal Center and main-
tained them at the Laboratory Animal Research
Center, Peking University Shenzhen Graduate
School. The environmental conditions were
controlled at 20°C to 23°C and 50% to 60%
humidity with a 12-hour/12-hour dark/light
cycle. The mice had unrestricted access to
standard rodent chow and water. Type 1 diabe-
tes was induced in the mice by intraperitoneal
injections of streptozotocin (Sigma-Aldrich) at a
dosage of 55 mg/kg body weight daily for five
days [16]. Mice in the control group received
intraperitoneal injections of citrate buffer only.
Type 1 diabetic mice were allocated to either
the diabetes group (T1D group) or the arte-
mether intervention group (T1D+ artemether
group) on the ninth day after the last strepto-
zotocin injection. Regular diet was fed to mice
in the control and T1D groups whereas regular
diet with 0.8 g/kg artemether was fed to mice
in the T1D + artemether group. The interven-
tion period lasted for 8 weeks, after which the
mice were euthanized by cervical dislocation
under isoflurane anesthesia (3% induction,
1-2% maintenance). The Institutional Animal
Care and Use Committee of Guangzhou Uni-
versity of Chinese Medicine approved all pro-
cedures, ensuring compliance with relevant
guidelines.

Muscle tissue preparation

Muscle tissues were isolated, weighed, and
photographed. The quadriceps and gastrocne-
mius muscles were preserved by snap-freezing
in liquid nitrogen. The tibialis anterior muscles
used for myofiber cross-sectional area analysis
were preserved in 10% formalin. The soleus
muscles used for fiber type analysis were pre-
served by embedding in O.C.T. compound and
gradient freezing using liquid nitrogen-cooled
isopentane. All muscle types were stored at
-80°C.

Periodic acid-Schiff staining and fiber cross-
sectional area determination

We evaluated the cross-sectional area of at
least 40% of the tibialis anterior fibers using
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periodic acid-Schiff staining of paraffin-.embed-
ded tibialis anterior sections. Briefly, the sec-
tions (3 uym in thickness) were baked at 60°C
for 2 hours, deparaffinized, stained with peri-
odic acid (15 minutes), rinsed with double-dis-
tilled water (10 minutes), incubated in Schiff
reagent (15 minutes, in the dark), counter-
stained with hematoxylin (1 minute), treated
with eosin (5 seconds), dehydrated with etha-
nol/xylene, and sealed with neutral gum. We
randomly selected and photographed 8 to 10
fields of view per section under a 40x micro-
scope objective. Fiber cross-sectional area was
quantified using ImageJ.

Immunoblotting

The sources of the primary antibodies used to
assess changes in protein concentrations relat-
ed to glycolipid metabolism are as follows.
Antibodies for citrate synthase, isocitrate dehy-
drogenase 3A, oxoglutarate dehydrogenase,
hexokinase 2, pyruvate kinase muscle isoform,
phosphofructokinase muscle isoform, pyruvate
dehydrogenase kinase 4, acyl-coenzyme A
(acyl-CoA) dehydrogenases (ACADVL, ACADL,
ACADM, ACADS), glyceraldehyde-3-phosphate
dehydrogenase, and fatty acid binding protein
3 were sourced from Proteintech. Pyruvate
dehydrogenase, phosphorylated pyruvate dehy-
drogenase (Ser293), and pyruvate dehydroge-
nase phosphatase 1 antibodies were sourced
from Cell Signaling Technology. Experimental
methods followed previously published pro-
tocols.

Immunofluorescence staining and fiber type
determination

For immunofluorescence analysis, paraffin-
embedded tibialis anterior muscle sections
were dewaxed, rehydrated, and subjected to
antigen retrieval using citrate buffer. Then, anti-
GLUT4 antibody (IgG2b) was added and incu-
bated overnight at 4°C. O.C.T. compound-
embedded soleus muscle sections were fixed
with acetone and incubated with a mixture of
mouse monoclonal antibodies against myoglo-
bin (MHC-I, BA-F8, 1gG2b), MHC-lla (SC-71,
IgG1), and MHC-IIb (BF-F3, IgM) and rabbit-
derived laminin (IgG) at room temperature for 3
hours. After the primary antibody incubation,
secondary antibodies from Thermo Fisher
Scientific were applied for 2 hours at room tem-
perature: Alexa Fluor 488 anti-mouse IgG2b,
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Table 1. Primer sequences for real-time quantitative PCR

Gene Forward primer Reverse primer

Cs AAGTTGGCAAAGACGTGTCAG TACTGCATGACCGTATCCTGG
Idh3a ACAGGTGACAAGAGGTTTTGC CTCCCACTGAATAGGTGCTTTG
Ogdh AGGGCATATCAGATACGAGGG CTGTGGATGAGATAATGTCAGCG
Thcld1 CCTTCGCCAAAAAGTTCGAGG CGATACACTCGTCAATCAGTGC
Tbcld4 GCATTCAGGATGAGCCTTTCC CTCCCACGTACCATAGCCG
Glut4 GTGACTGGAACACTGGTCCTA CCAGCCACGTTGCATTGTAG
Hk 2 GTGTGCTCCGAGTAAGGGTG CAGGCATTCGGCAATGTGG
Pfkm GCCAAAGGTCAGATTGAGGA CAGGTTCTTCTTGGGGAGAGT
Pkm GTGGCTCGGCTGAATTTCTCT CACCGCAACAGGACGGTAG
Pdhal TCATCACTGCCTATCGAGCAC GTTGCCTCCATAGAAGTTCTTGG
Pdk4 GCTGGATGTTTGGTGGTTCT TGCTTTGATTCCTCCCATCC
Pdpl1 CGGGCACTGCTACCTATCCTT ACAATTTGGACGCCTCCTTACT
Mpcl ACCTCGAAACTGGCTTTTGTT TCGTAGTTGATAAGTCGTCCTCC
Mpc2 TACCACCGACTCATGGATAAAGT CACACACCAATCCCCATTTCA
Ldha ACATTGTCAAGTACAGTCCACAC TTCCAATTACTCGGTTTTTGGGA
Fabp3 GGAATAGAGTTCGACGAGGTGA CTCCCTAGTTAGTGTTGTCTCCT
Sic27al CGCTTTCTGCGTATCGTCTG GATGCACGGGATCGTGTCT
Srebpl CAAGGCCATCGACTACATCCG CACCACTTCGGGTTTCATGC
Acaca AATGAACGTGCAATCCGATTTG ACTCCACATTTGCGTAATTGTTG
Mcd GCACGTCCGGGAAATGAAC GCCTCACACTCGCTGATCTT
Gapdh TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA

Alexa Fluor 647 anti-mouse 1gG1, Alexa Fluor
594 anti-mouse IgM, and Alexa Fluor 405
anti-rabbit 1gG. All stained sections were
imaged using a confocal microscope, and
the composition of fiber types was quantified
based on myoglobin subunit expression in
accordance with our previously published
method [17].

Gene expression analysis

Total RNA from gastrocnemius muscle tissues
was purified using a Thermo Fisher Scientific
Kit. First-strand cDNA synthesis was conducted
using deoxynucleoside triphosphates, RNase
inhibitor, oligo(dT)12-18 primer, dithiothreitol,
and M-MLV reverse transcriptase (Thermo
Fisher Scientific), with a reaction at 37°C for
50 minutes followed by termination at 70°C
for 15 minutes. qPCR was performed on a
QuantStudio 5 PCR system (Thermo Fisher
Scientific) using SYBR Green mix with the fol-
lowing steps: an initial denaturation (95°C, 5
minutes), followed by 45 cycles (95°C, 15 sec-
onds; 55°C, 15 seconds; 72°C, 20 seconds).
The gene-specific primers (Table 1) were pro-
vided by Sangon Biotech. mRNA expression lev-
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els were normalized to Gapdh using the 2244t
method.

Triglyceride content determination

The triglyceride content in the quadriceps mus-
cle was assessed using a triglyceride detection
kit from Solarbio Science & Technology.

Statistical analysis

Continuous variable data were expressed as
mean + standard deviation. One-way analysis
of variance was used for analyzing the differ-
ences in data from multiple groups, then
Fisher's protected least significant difference
test was used for further group comparisons.

Results

Artemether reduces fasting blood glucose and
HbA1c concentrations in T1D mice

T1D mice had significantly elevated fasting
blood glucose and serum glycated hemoglobin
Alc (HbAlc) concentrations compared with
controls. Artemether treatment significantly
lowered these levels in TAD mice (Figure 1).

Am J Transl Res 2025;17(8):5871-5884
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Figure 1. Artemether reduces fasting blood glucose and HbA1c concentra-
tions in TAD mice. A: HbAlc concentration at the experiment’s conclusion. B:
Fasting blood glucose concentration at 8 weeks after artemether treatment.
n=8 per group. ““P<0.001 compared with the control group; #P<0.01 and
###P<0.001 compared with the T1D group. HbAlc, glycated hemoglobin Alc;
T1D, type 1 diabetes.
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Figure 2. Artemether did not affect body weight and hind limb muscle weight
in TAD mice. A: Body weight of mice at 8 weeks after artemether treatment.
B: Representative image of lower hind limb muscle. C: Tibialis anterior (TA)
muscle weight. D: Extensor digitorum longus (EDL) muscle weight. E: Gas-
trocnemius (GA) muscle weight. F: Soleus (SOL) muscle weight. n=7-8 per

group. """P<0.001 compared with the control group. T1D, type 1 diabetes.
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Artemether did not affect
body weight and hind limb
muscle weight in T1D mice

The body weight and lower
hind limb muscle weight of
the T1D mice were significant-
ly lower than the control mice.
Notably, artemether interven-
tion did not increase the body
weight or muscle weight of
T1D mice (Figure 2).

Artemether increases the
proportion of large oxidative
muscle fibers in the skeletal
muscle of T1D mice

The cross-sectional area of
fibers in the tibialis anterior
muscle was lower in T1D mice
than in control mice (Figure
3A). The number of large mus-
cle fibers (cross-sectional ar-
ea >1250 ym?) was also sig-
nificantly lower in TAD mice
than in control mice (Figure
3B, 3C, 3F). Interestingly, the
composition of the muscle
fiber type changed, which ma-
nifested as an increase in oxi-
dative fibers and a decrease
in glycolytic type Il fibers in
T1D mice compared with con-
trol mice (Figure 3D, 3E, 3G).
Artemether treatment further
increased the aforemention-
ed changes in T1D mice.

Key enzymes of the tricarbox-
ylic acid cycle are unchanged
in the skeletal muscle of T1D
mice

Citrate synthase, isocitrate
dehydrogenase 3A, and oxo-
glutarate dehydrogenase are
enzymes that regulate the tri-
carboxylic acid (TCA) cycle
within cells. Citrate synthase
initiates the TCA cycle in
a rate-limiting manner, syn-
thesizing citrate from acetyl-
CoA and oxaloacetic acid with-
in mitochondrial membranes.

Am J Transl Res 2025;17(8):5871-5884
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Figure 3. Artemether increases the proportion of large oxidative muscle fibers in the skeletal muscle of T1D mice. A:
Cross-sectional area (CSA) of tibialis anterior (TA) muscle fiber. B: TA muscle fiber CSA distribution population. C: TA
muscle fiber CSA >1250 um? distribution population. D: Soleus (SOL) muscle type | fiber population. E: SOL muscle
type Il (lla + llb) fiber population. F: Representative images illustrating changes in fiber size (periodic acid-Schiff
stained; scale bar, 50 um). G: Representative images of muscle fiber type composition (Scale bar, 50 um). n=4-8
per group. “P<0.01 and “"P<0.001 compared with the control group; ¥P<0.05 compared with the T1D group. T1D,
type 1 diabetes.

Isocitrate dehydrogenase 3A limits the decar- o-ketoglutarate to succinyl-CoA while generat-
boxylation rate of isocitrate into o-ketog- ing NADH, which is then used for ATP produc-
lutarate. Oxoglutarate dehydrogenase converts tion through oxidative phosphorylation. In our
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Figure 4. Key enzymes of the tricarboxylic acid cycle are unchanged in the skeletal muscle of T1D mice. A: Western
blot images of citrate synthase (CS), isocitrate dehydrogenase 3A (IDH3A), and oxoglutarate dehydrogenase (OGDH)
in gastrocnemius (GA) muscle for each group. B-D: Normalized fold change in CS, IDH3A, and OGDH protein expres-
sion after normalization to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. E-G: Relative mRNA
expression of Cs, Idh3a and Ogdh in the GA muscle for each group. n=6-8 per group. T1D, type 1 diabetes.

study, changes in expression of citrate syn-
thase, isocitrate dehydrogenase 3A, and oxo-
glutarate dehydrogenase in skeletal muscle of
T1D mice were insignificant compared with the
control group, as measured by immunoblot and
relative mRNA expression (Figure 4).

Artemether ameliorates impaired glucose
transport in the skeletal muscle of T1D mice

GLUT4 is the primary glucose transporter in
skeletal muscles, enabling glucose uptake by
translocating it from intracellular compart-
ments to the plasma membrane. This process
can be aided by TBC1D1 and TBC1D4. Althou-
gh Tbeldl and Thcld4 mRNA expression did
not differ significantly between groups, Glut4
mMRNA levels were notably reduced in TAD mice
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compared with controls (Figure 5A-C). Immu-
nofluorescence (Figure 5D) showed reduced
GLUT4 translocation to the muscle cell mem-
brane in T1D mice compared with control mice.
In contrast, artemether treatment increased
Glut4 mRNA expression (Figure 5C) and en-
hanced translocation of GLUT4 to the muscle
cell membrane (Figure 5D).

Artemether enhances glucose glycolysis in the
skeletal muscle of T1D mice

T1D mice and control mice had similar protein
expression of hexokinase 2 and phosphofructo-
kinase muscle isoform in skeletal muscle, as
measured by immunoblot assay. However, pyru-
vate kinase muscle isoform protein expression
was significantly reduced in TAD mice com-

Am J Transl Res 2025;17(8):5871-5884
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Figure 5. Artemether ameliorates impaired glucose transport in the skeletal muscle of TAD mice. A-C: Relative
mMRNA expression of Tbc1d1, Tbc1d4, and Glut4 in the gastrocnemius (GA) muscle for each group. D: Representa-
tive images of GLUT4 in the skeletal muscle of each group (Scale bar, 50 um). n=6 per group. ***P<0.001 com-
pared to the control group; ¥P<0.05 compared with the T1D group. T1D, type 1 diabetes.

pared with control mice. Following artemether
administration, the protein expression of hexo-
kinase 2, phosphofructokinase muscle isoform,
and pyruvate kinase muscle isoform trended
upward but did not reach statistical signifi-
cance (Figure 6A-D). At the mRNA level, the
expression of Hk2 and Pfkm in the skeletal
muscle of T1D mice was markedly decreased
compared with the control group. In contrast,
artemether treatment increased mRNA expres-
sion of Hk2 and Pfkm, whereas the mRNA
expression of Pkm remained stable (Figure
6E-G).

Artemether enhances aerobic pyruvate metab-
olism in the skeletal muscle of T1D mice

Immunoblot assays revealed that TA1D mice had
significantly elevated ratios of phosphorylated
pyruvate dehydrogenase (Ser293) to pyruvate
dehydrogenase and pyruvate dehydrogenase
kinase 4 in skeletal muscle, which were miti-
gated by artemether treatment (Figure 7A-C).
Artemether also reversed the changes in mRNA
levels of Pdh and Pdk4 in T1D mice (Figure 7E,
7F). No remarkable difference was noted in
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either pyruvate dehydrogenase phosphatase 1
protein or mRNA expression across the three
groups (Figure 7D, 7G). Compared with con-
trols, mMRNA expression of mitochondrial pyru-
vate carriers Mpcl and Mpc2 decreased in T1D
mice; artemether treatment increased their
MRNA expression (Figure 7H, 71). Additionally,
Ldha mRNA levels were higher in TAD mouse
skeletal muscle but normalized after arte-
mether treatment (Figure 7J).

Artemether decreases fatty acid transport and
restores fatty acid synthesis in the skeletal
muscle of T1D mice

Fatty acid binding protein 3 [18] and SLC27A1
[19] play crucial roles in the transmembrane
transport of fatty acids into muscle cells. Figure
8A-D illustrates that the protein and mRNA
expression of fatty acid binding protein 3 and
mMRNA expression of Slc27al was elevated in
T1D group compared with control mice, and
artemether treatment reduced fatty acid bind-
ing protein 3 protein expression. The expres-
sion of the sterol regulatory element binding
protein 1, which mediates de novo fatty acid

Am J Transl Res 2025;17(8):5871-5884
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Figure 6. Artemether enhances glucose glycolysis in the skeletal muscle of T1D mice. A: Western blot images
of hexokinase 2 (HK2), phosphofructokinase muscle isoform (PFKM), and pyruvate kinase muscle isoform (PKM)
expression in gastrocnemius (GA) muscle for each group. B-D: Fold change in HK2, PFKM, and PKM protein expres-
sion after normalization toglyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. E-G: Relative mRNA
expression of Hk2, Pfkm, and Pkm in the GA muscle for each group. n=6-8 per group. *P<0.05, **P<0.01 and
***P<0.001 compared with the control group; #P<0.05 and #*#P<0.01 compared with the T1D group. T1D, type 1

diabetes.

synthesis, is sensitive to insulin [20]. As shown
in Figure 8E, expression of Srebpl mRNA dra-
matically decreased in T1D mice and was
upregulated by artemether treatment.

Artemether suppresses active fatty acid me-
tabolism in the skeletal muscle of T1D mice

Acyl-CoA dehydrogenases (ACADVL, ACADL,
ACADM, and ACADS) initiate the beta-oxidation
of fatty acids. The protein expression of these
enzymes was elevated in the skeletal muscle of
T1D mice, as determined by immunoblot (Figure
9A-E). Malonyl-CoA, which is involved in inhibit-
ing fatty acid beta-oxidation, is regulated by two
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important enzymes, acetyl-CoA carboxylase
[21] and malonyl-CoA decarboxylase [22].
Figure 9F and 9G illustrates decreased Acaca
and increased Mcd mRNA expression in T1D
mice. The triglyceride content in muscle tissue
and respiratory exchange ratio also decreased
in TAD mice (Figure 9H, 9l). Artemether treat-
ment partially reversed these changes (Figure
9).

Discussion
This study demonstrated that the fuel substrate

of skeletal muscle in individuals with T1D shifts
from glucose to fatty acids. Artemether may

Am J Transl Res 2025;17(8):5871-5884
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Figure 7. Artemether enhances aerobic pyruvate metabolism in the skeletal muscle of T1D mice. A: Western blot im-
ages of phosphorylated pyruvate dehydrogenase (p-PDH; Ser293), pyruvate dehydrogenase (PDH), pyruvate dehy-
drogenase kinase 4 (PDK4), and pyruvate dehydrogenase phosphatase 1 (PDP1) expression in gastrocnemius (GA)
for each group. B: Expression ratio of p-PDH (Ser293) to PDH. C, D: Western blot quantification analysis of PDK4
and PDP1 expression. E-J: Relative mRNA expression of Pdh, Pdk4, Pdp1, Mpcl1, Mpc2, and Ldha in the GA muscle
for each group. n=6-8 per group. *P<0.05, **P<0.01, and ***P<0.001 compared with the control group; #P<0.01
and ##P<0.001 compared with the T1D group. T1D, type 1 diabetes.

Skeletal muscle has a high energy demand due
to physiological activities and is sensitive to
insulin, allowing it to metabolize both glucose

exert its hypoglycemic effect in TAD mice by
modulating glucose and fatty acid metabolism
in the skeletal muscle.
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Figure 8. Artemether decreases fatty acid transport and restores fatty acid
synthesis in the skeletal muscle of TAD mice. A, B: Representative western
blotimages and quantification analysis of fatty acid binding protein 3 (FABP3)
expression. C, D: Relative mRNA levels of Fabp3 and Sic27a1l in the gastroc-
nemius (GA) muscle for each group. E: Relative mRNA expression of Srebp1
in the GA muscle for each group. n=6-8 per group. *P<0.05, **P<0.01, and
*%%P<(0.001 compared with the control group; #P<0.05 compared with the

T1D group. T1D, type 1 diabetes.

and lipids. This metabolic flexibility is crucial for
maintaining energy homeostasis within the
body, particularly glucose homeostasis. Skele-
tal muscle fibers can be divided into four types,
based on contraction speed, metabolic capaci-
ty, and myosin heavy chain expression: slow
oxidative (type 1), fast oxidative (type lla), fast
oxidative and glycolytic (type lIx), and fast glyco-
lytic (type llIb) [23]. The distinct metabolic prop-
erties of these fiber types influence their sub-
strate selection [24]. Red slow-twitch type |
fibers are abundant in myoglobin as well as
mitochondrial and oxidative enzymes, enabling
these fibers to oxidize fatty acids more effi-
ciently than their fast-twitch counterparts [25,
26]. Both endurance training [27] and fasting
[28] increase the quantity of type | fibers in
muscle and induce a shift in fuel use from glu-
cose to fatty acids. Similarly, we found the pro-
portion of type | muscle fibers in T1D mice was
notably increased compared with control mice.
In contrast, the proportion of type Il muscle
fibers was decreased in T1D mice, which was
primarily limited by glucose delivery and trans-
port [29]. We propose that there may be a
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glucose and fatty acids as
energy substrates within the
skeletal muscle of TAD mice
that can potentially be regu-
lated by artemether. The pri-
mary sources of energy sup-
ply in skeletal muscle derive
from both glucose and fatty
acids through the generation
of acetyl-CoA [30], which en-
ters the TCA cycle to provide
energy via oxidative phos-
phorylation. Our analysis of
# the key enzymes in the TCA
cycle revealed no significant
differences across the three
groups.

T1D+Art

GLUT4 is the predominant iso-
TID+Art form found in skeletal mus-
cles [31]; Glut4 mRNA ex-
pression was decreased in
T1D mice compared with con-
trol mice. Immunofluorescen-
ce analysis revealed that the
translocation of GLUT4 to the
cell membrane was reduced
in TAD mice, suggesting that
glucose uptake was impaired
in these mice. The use of glucose by skeletal
muscle encompasses aerobic oxidative phos-
phorylation and anaerobic oxidation, as well as
glycogen synthesis. Among them, aerobic oxi-
dative phosphorylation serves as the primary
mechanism for skeletal muscle to use glucose
[3]. The pyruvate dehydrogenase complex con-
trols glucose oxidation by irreversibly convert-
ing pyruvate to acetyl-CoA [32]; this conversion
is negatively regulated by phosphorylation of
pyruvate dehydrogenase kinases 1-4. Our study
identified a notable rise in pyruvate dehydroge-
nase kinase 4, the main isoform in skeletal
muscle, and phosphorylated pyruvate dehydro-
genase in the skeletal muscle of TAD mice, sug-
gesting decreased conversion of pyruvate to
acetyl-CoA. Pyruvate dehydrogenase kinase
inhibitors are capable of reducing fasting blood
glucose concentration in rodent models and
humans [33], independent of insulin action
[34]. In our study, consistent with our previous
research [16], artemether strongly inhibited
pyruvate dehydrogenase kinase 4, enhanced
the activity of pyruvate dehydrogenase, and
converted pyruvate into acetyl-CoA, thereby
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Figure 9. Artemether suppresses active fatty acid metabolism in the skeletal muscle of T1D mice. A: Western blot
images of acyl-coenzyme A dehydrogenases (ACADVL, ACADL, ACADM, ACADS) expression in gastrocnemius (GA)
muscle for each group. B-E: Western blot quantification analysis of ACADVL, ACADL, ACADM, ACADS proteins expres-
sion. F, G: Relative mRNA expression of Acaca and Mcd. H: Quadriceps (QF) muscle triglyceride content for each
group. |: Respiratory exchange ratio (RER) for each group. n=4-8 per group. *P<0.05, **P<0.01, and ***P<0.001
compared with the control group; #P<0.05 and ##P<0.001 compared with the T1D group. T1D, type 1 diabetes.

enhancing the use of glucose in skeletal mus-
cle of T1D mice.

Pyruvate dehydrogenase kinase shifts fuel oxi-
dation from carbohydrates to fatty acids and is
more active in oxidative muscles compared
with glycolytic muscles [5, 35]. When glucose
availability is limited, fatty acids serve as a cru-
cial source of acetyl-CoA. Despite sufficient glu-
cose levels, fatty acid beta-oxidation continues
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to supply the energy fuel for the heart, skeletal
muscles, and kidneys [36]. In our study, we dis-
covered that the protein and mRNA expression
levels of fatty acid binding protein 3 and
SLC27A1 were elevated in skeletal muscle.
This result implies that muscle cells have an
increased capacity for fatty acid uptake. In
skeletal muscle, insulin and glucose activate
de novo fatty acid synthesis through sterol reg-
ulatory element binding protein 1 [37, 38]. The
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MRNA expression of Srebpl was decreased in
the skeletal muscle of TAD mice in this study,
which suggests that fatty acid synthesis is
diminished in these mice.

An increase in fatty acyl-CoA dehydrogenase
levels in the skeletal muscle of T1D mice sug-
gests elevated beta-oxidation of fatty acids
[39]. As a crucial regulator of cellular lipid
metabolism, acetyl-CoA carboxylase catalyzes
the transformation of acetyl-CoA into malonyl-
CoA. Malonyl-CoA decarboxylase modulates
malonyl-CoA levels by facilitating its breakdown
into acetyl-CoA and carbon dioxide while inhib-
iting acetyl-CoA carboxylase activity [40]. Our
findings demonstrate a downregulation of ace-
tyl-CoA carboxylase, which may decrease pro-
duction of malonyl-CoA. A decreased produc-
tion of malonyl-CoA, combined with the upregu-
lation of malonyl-CoA decarboxylase, further
inhibits malonyl-CoA generation. As a result,
the decreased inhibition of carnitine palmitoyl-
transferase | by malonyl-CoA enhances fatty
acid oxidation [41]. Our observed decreases in
respiratory exchange ratio and triglyceride con-
tent within skeletal muscle in T1D mice provide
additional evidence that muscle tissue relies
on fatty acid metabolism to compensate for
inadequate glucose metabolism in T1D mice.
Furthermore, our results indicate that arte-
mether intervention suppresses fatty acid
metabolism by downregulating both uptake
and use of fatty acids.

In summary, skeletal muscle has metabolic
flexibility, transitioning its fuel substrates from
glucose to fatty acids in the context of a T1D
mouse model. Artemether induces hypoglyce-
mia by inhibiting the activity of pyruvate dehy-
drogenase kinase 4, thereby activating pyru-
vate dehydrogenase. This process enhances
the aerobic oxidation of glucose within skeletal
muscle while simultaneously inhibiting fatty
acid metabolism.
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