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ABSTRACT: Gestational diabetes mellitus (GDM) is a significant complication during
pregnancy that results in abnormalities in the function of multiple systems in the offspring,
which include skeletal muscle dysfunction and reduced systemic metabolic capacity. One of
the primary causes behind this intergenerational effect is the presence of mitochondrial
dysfunction and oxidative stress in the skeletal muscle of the offspring due to exposure to a
high-glucose environment in utero. Cerium oxide (CeO2) nanozymes are antioxidant
agents with polymerase activity that have been widely used in the treatment of
inflammatory and aging diseases. In this study, we synthesized ultrasmall particle size CeO2
nanozymes and applied them in GDM mouse offspring. The CeO2 nanozymes
demonstrated an ability to increase insulin sensitivity and enhance skeletal muscle motility
in GDM offspring by improving mitochondrial activity, increasing mitochondrial ATP
synthesis function, and restoring abnormal mitochondrial morphology. Furthermore, at the
cellular level, CeO2 nanozymes could ameliorate metabolic dysregulation and decrease cell
differentiation in adult muscle cells induced by hyperglycemic stimuli. This was achieved through the elimination of endogenous
reactive oxygen species (ROS) and an improvement in mitochondrial oxidative respiration function. In conclusion, CeO2 nanozymes
play a crucial role in preserving muscle function and maintaining the metabolic stability of organisms. Consequently, they serve to
reverse the negative effects of GDM on skeletal muscle physiology in the offspring.

1. INTRODUCTION
Gestational diabetes mellitus (GDM) is one of the most
common pregnancy complications, affecting up to 15% of
pregnant females worldwide.1 The offspring born to mothers
with GDM often experience serious complications, such as
stillbirth, neonatal death, macrosomia, and neonatal respiratory
distress. In addition to these short-term effects, these offspring
also face numerous long-term health risks. Studies have reported
that the offspring exposed to hyperglycemia in utero have a
significantly increased risk of adiposity, metabolic diseases,
impaired neuromuscular development, and cardiovascular
dysfunction in adulthood.2,3 Several studies have demonstrated
that impaired skeletal muscle function, including metabolic
sensitivity and mitochondrial dysfunction, is a major manifes-
tation in offspring exposed to maternal overnutrition.4 These
adverse effects are primarily caused by excessive oxidative stress
and inflammation induced by the hyperglycemic environment in
the mother.5 Mitochondrial respiratory function is highly
susceptible to external oxidative stress. Stimulation from a
high glucose environment can exacerbate inflammation and
oxygen-free radical levels, leading to damage to mitochondrial
function. Given that metabolic and inflammatory symptoms in
GDM offspring are typically at a subclinical stage, the use of
potent anti-inflammatory and antioxidant drugs is currently not
recommended for this population.

The rise of nanozymes holds promise for sustainably
renewable and low-toxicity antioxidant treatments.6 Among
the most representative nanozymes, cerium oxide (CeO2)
nanozymes have attracted significant attention due to their
typical nanozymatic activity, low toxicity, and the ability to easily
adjust their electronic configurations in response to changes in
the biological environment.7 CeO2 nanoparticles (CNPs)
contain ions in two oxidation states (Ce3+ and Ce4+) on their
surface, and the presence of highly mobile oxygen vacancies in
the lattice enables these cerium ions to freely alternate their
oxidation states in a reversible manner.8 This redox change
allows each active site in the CeO2 nanozyme structure to
interact with and convert multiple reactive oxygen species
(ROS) molecules into inert molecules, resulting in a variety of
antioxidant enzyme-like activities, including superoxide dis-
mutase (SOD), catalase (CAT), and peroxidase-like activities.9

Under suitable conditions, CeO2 nanozymes can scavenge
almost all types of harmful active substances, outperforming
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endogenous antioxidants and classical antioxidants such as
vitamin C and selenium.10 Numerous previous studies have
demonstrated the ability of CeO2 nanozymes alone to treat
diseases such as rheumatoid arthritis (RA), inflammatory bowel
disease (IBD), and hepatic inflammation, revealing potent anti-
inflammatory capabilities and a favorable biosafety profile.11

However, the therapeutic efficacy of CeO2 nanozymes for
systemic muscle inflammatory degeneration remains undefined.

In this study, we synthesized and characterized CeO2
nanozymes with an ultrasmall particle size and investigated
their catalytic activity and biosafety. Through in vitro experi-
ments, we assessed the potential systemic therapeutic effects of
different doses of CeO2 nanozymes on C2C12 mouse myoblasts
by examining their effects on oxidative stress levels and
mitochondrial function. Furthermore, we evaluated the efficacy
of regular low-dose treatment with CeO2 nanozymes in adult
GDM mouse offspring, specifically focusing on their maximal
exercise capacity using a treadmill test. Additionally, we explored
the potential mechanism of action of CeO2 nanozymes in
treating systemic inflammatory muscular degeneration through
pathology section analysis. Overall, our findings demonstrate the
improvement in muscle function in GDM offspring following
treatment with CeO2 nanoenzymes, thereby providing a new
reference for the clinical application of these nanoenzymes
(Scheme 1).

2. MATERIALS AND METHODS
2.1. Synthesis of CNPs. Ce (NO3)3·6H2O (1 mmol;

Alading, China), Na3PO4 (0.01 mmol; Alading, China), PVP
(100 mg; Mw 10000, Alading, China), and deionized water (40
mL) were mixed in a hydrothermal synthesis reactor and then
maintained at 170 °C for 12 h. The obtained nanoparticle
solution was ultracentrifuged at 15,000 g for 10 min and then
filtered through a 0.02 μm syringe filter. The final nanoparticle
solution was suspended in deionized water or PBS for further
studies.

2.2. Characterization. Transmission electron microscopy
(TEM; JEM 2100F, Japan) images were used for observing the
morphology of the CNPs. The uniform elemental distribution of
CNPs was determined using energy-dispersive spectroscopy
(EDS; ZEISS GeminiSEM 300) element mapping. Zeta
potential analysis was performed using a Malvern ZS-90. XPS
was performed using an ESCALAB 250Xi spectrometer. X-ray
diffraction (XRD) patterns of CNPs were obtained using an
X’Pert PRO MPD X-ray diffractometer.
2.3. Antioxidant Assay. 2,2′-Azinobis(3-ethylbenzthiazo-

line-6-sulfonate) (ABTS; Alading, China) was used to detect the
free radical scavenging ability of ceria nanoparticles. ABTS+ was
obtained through incubating 0.8 mL of ABTS (4mg/mL) with 1
mL of potassium persulfate (1 mg/mL) overnight. 50 μL of
ABTS+ was added into 1 mL of CNP solution with different
concentration gradients, and the absorption value of ABTS+ at
734 nm was detected. In addition, we used 3,3′,5,5′-
tetramethylbenzidine (TMB; Alading, China) with peroxidase
to measure antioxidant capacity. The maximum absorbance of
•OH can be detected by scanning at 652 nm with a UV−vis
spectrophotometer. In addition, the H2O2 scavenging activity
was used for evaluating the catalytic activity of CNPs, and the
H2O2 concentration was determined using a hydrogen peroxide
assay kit (Solarbio, China).

Intracellular ROS analysis for CNPs was also performed using
a DCFH-DA probe (Beyotime, China). In brief, RAW 264.7
macrophage cells were seeded in 96-well plates at a density of 5
× 104 cells/well and cultured overnight. Then, the cell culture
media was exchanged with fresh media for the lipopolysacchar-
ide (LPS) group and fresh media with 200 ng/mL LPS for the
LPS groups to start stimulation. After 1 h, CNP solutions of
different concentrations were added to the cell culture media,
and the cells were further incubated for another 24 h. To end
LPS stimulation and CeONP treatment, the cells were washed
twice with PBS before incubation with a 10 μM DCFH-DA
solution for 20 min at 37 °C. At the end of the incubation, the
cells were washed and allowed to recover for 5 min at 37 °C. The
fluorescence intensity was measured at an excitation wavelength
of 492 nm and an emission wavelength of 527 nm.
2.4. In Vitro Biocompatibility Assay. For the in vitro cell

viability assay, an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide] assay (Beyotime, China) was
performed and used according to the manufacturer’s instruc-
tions. In brief, after treatment, 20 μL of a 5 mg/mL MTT
solution in PBS was added into each well for 4 h. Absorbance
was measured by using a microplate reader at 570 nm. The cell
viability (%) was evaluated based on the following equation:

=Cell Viability(%) (ODs ODc)/ODc

where ODs and ODc indicate the optical density (OD) value of
the sample and control, respectively.
2.5. In Vitro RedoxHomeostasis Detect Assay.The JC-1

Staining Kit (Beyotime, Beijing, China) was used to assess
mitochondrial membrane potential changes. C2C12 cells were
seeded on dishes at a density of 5 × 104 cell/mL and stored
overnight. The cells were treated with HG and different
concentrations of CNPs for 24 and 48 h. At the end of
treatment, cells were removed from the medium, washed three
times with PBS, and then incubated with a JC-1 staining kit (20
μM) for 15 min. The JC-1 staining solution was removed, and
the cells were washed three times. PBS was added for imaging by
CLSM.

Scheme 1. CeO2 Nanoenzymes Improve Skeletal Muscle
Function in Gestational Diabetic Offspringa

aPhotograph courtesy of Xinyuan Li. Copyright 2024.
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The ATP Content Assay Kit (Solarbio, China) was used to
assess the ATP levels in CNP-treated C2C12 cells according to
the manufacturer’s instructions. Luminescence was recorded
using a microplate reader.

Mitochondrial stress testing was performed using the
Seahorse XF96 extracellular flux analyzer to measure the oxygen
consumption rate (OCR) in C2C12 cells. Cells were seeded on a
96-well plate and allowed to adhere overnight. The following
day, growth medium was changed 1 h prior to assaying with the
Seahorse XF Cell Mito Stress Test Kit. OCR was measured at
baseline and following sequential injections of 1 μMoligomycin,
1 μM FCCP, and 0.5 μM rotenone and antimycin A mix. The
basal respiration, ATP-linked respiration, proton leak, maximal
respiration, reserve capacity, and nonmitochondrial respiration
were analyzed.

Detection of mitochondrial complex expression levels was
based on WB experiments. Briefly, cultured cells were washed
with PBS three times and scraped with cell scrapers, then
western lysis buffer was added for 30 min and centrifuged at
12,000 rpm at 4 °C for 15min, and the supernatant was taken for
subsequent experiments. First, the protein concentration was
measured with a BCA protein detection kit, then samples with
the same amount of protein were added to a 10% SDS
polyacrylamide gel for electrophoresis separation, and the
proteins on the gel were then transferred to a nitrocellulose
filter membrane. The membrane was blocked with 5% bovine
serum albumin at room temperature for 1 h, then incubated
overnight with primary antibody (1:200, ABclonal, China) at 4
°C, and incubated at room temperature with HRP-conjugated
secondary antibody for 1 h. Finally, Western blotting was
exposed using an enhanced chemiluminescence kit. In addition,
β-actin was used as an internal control.
2.6. In Vitro Anti-inflammatory Assay.After HG-induced

C2C12 cells were treated with CNPs, the cells were lysed with an
EZ-press RNA purification kit to extract the total RNA. The
concentration of the total RNA was measured with a NanoDrop
2000 (Thermo, USA) spectrophotometer and then reverse
transcribed RNA into cDNA using a color reverse transcription
kit (with gDNA remover). Next, the 2 × Color SYBY Green
qPCRmaster mix and cDNAweremixed well, and the sequence-
specific primer pairs (Table S1) of TNF-α, IL1β, IL-6, and
GAPDH served as an internal reference. Finally, the fluorescent
signal was collected by a real-time PCR system (Applied
Biosystems, Thermo Fisher Scientific). For immunofluorescent
staining, the C2C12 cells were seeded in a 12-well plate with
slices and subjected to the aforementioned method. The treated
cells were fixed with 4% paraformaldehyde for 15 min at 4 °C,
permeabilized, and blocked with PBS, containing 0.3%Triton X-
100, 3% BSA, and goat serum. Thereafter, the cells were stained
with a primary antibody (ABclonal, China) at 4 °C overnight.
The following day, the cells were incubated with secondary
antibodies and DAPI at room temperature for 1 h to avoid
lighting. Myotubular crystal violet staining was performed when
cells were induced to differentiate by 2% horse serum; 10%
crystal violet dye was added and observed. Quantification of
myotubes was done by washing them with a 30% acetic acid
solution and counting at 550 nm absorbance.
2.7. Animal Experiments. All animal experimental

protocols were reviewed and approved by the Fudan University
Animal Care and Use Committee (20210325). Eight weeks old
C57BL/6J female mice were mated with male mice for 12−18h,
and vaginal plugs were checked. Those with sperm plugs were
regarded as pregnant for 0.5 days. On day 10.5 of pregnancy,

GDM female mice were intraperitoneally injected with
streptozotocin (STZ, 150 mg/kg; Sigma, America, S0130),
while control mice were injected with the same amount of
sodium citrate buffer. Two days after injection, random blood
glucose >16.7 mmol/L was considered as a successful model
establishment. When 6 weeks old, the GDMoffspring mice were
intraperitoneally injected with CeO2−NPs (1.0 mg/kg) twice
per week for 4 weeks. At 20 weeks of age, insulin resistance and
exercise capacity were examined.

Insulin tolerance test (ITT): Mice were fasted for 4 h, and the
baseline blood glucose was measured. Then 0.75 U/kg insulin
was injected intraperitoneally, and blood glucose was measured
at 30, 60, and 120 min, respectively.

Relative strength of skeletal muscle: The mice were first
placed on a stationary platform and allowed to naturally grip the
elastic metal strip with all four limbs. Then the elastic metal strip
was gradually pulled outward until the mice were unable to
maintain their grip, and the strip fell out of their paws. The
maximum grip force value was recorded. Relative strength is the
maximum grip strength divided by the body weight of the mice.

Maximum exercise capacity: The treadmill was set to run at 6
m/min for 5 min and then increased by 1 m/min at 2 min
intervals until the mice were exhausted. The criterion for
exhaustion was that the mice remained in the same place after
being subjected to more than 6 consecutive shocks within 5 s.

For transcriptomics, quadriceps and tibialis anterior muscles
from each group of mice were clipped aseptically and digested
into single-cell suspensions. The total cellular RNA was
extracted using Trizol (Beyotime; China) and immediately
frozen in liquid nitrogen. The libraries were sequenced on a
Ilumina Novaseq 6000 platform, and 150 bp paired-end reads
were generated. Raw reads of fastq format were first processed
using fastp, and the low-quality reads were removed to obtain
the clean reads. The clean reads were mapped to the reference
genome using HISAT2. FPKM of each gene was calculated, and
the read counts of each gene were obtained by HTSeq-count.
PCA analyses were performed using R (v 3.2.0) to evaluate the
biological duplication of samples. Differential expression
analysis was performed using the DESeq25. Q value <0.05 and
foldchange >2 or foldchange <0.5 were set as the thresholds for
significantly differential expression genes (DEGs). Hierarchical
cluster analysis of DEGs was performed using R (v 3.2.0) to
demonstrate the expression pattern of genes in different groups
and samples. The radar map of top 30 genes was drawn to show
the expression of upregulated or downregulated DEGs using R
packet ggradar. Based on the hypergeometric distribution, GO,
KEGG pathway, Reactome, and WikiPathways enrichment
analyses of DEGs were performed to screen the significant
enriched term using R (v 3.2.0), respectively. R (v 3.2.0) was
used to draw the column diagram, the chord diagram, and the
bubble diagram of the significant enrichment term. Gene set
enrichment analysis (GSEA) was performed using GSEA
software.
2.8. In Vivo Biocompatibility Assay.The biocompatibility

of CNPs was monitored using H&E section staining
observations of vital organs and blood indices. Intraperitoneal
injections were performed on different offspring mice. The
major tissues (heart, liver, spleen, lungs, and kidneys) of the
offspring mice were dissected for H&E staining at 2 and 6 weeks
after intraperitoneal injection, respectively. The blood of
offspring mice was collected at the same time point for blood
and biochemical examinations. The control group received only
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PBS treatment and was euthanized at weeks 2 and 6,
respectively.
2.9. Statistical Analysis. All data are expressed as the mean

± standard deviation (SD). GraphPad Prism 9 (GraphPad
Software Inc., San Diego, CA, USA) was used for statistical
analysis. The multiple-comparison tests were performed using
one- and two-way analysis of variance (ANOVA). The
significant differences between two samples were compared by
a two-tailed nonpaired Student’s t test. p < 0.05 was considered
statistically significant.

3. RESULTS AND DISCUSSION
3.1. Characterization and Antioxidant Properties of

CNPs.CNPs of ultrasmall size were synthesized through a high-
temperature method. Transmission electron microscopy
(TEM) images revealed the presence of uniformly sized
ultrasmall nanodots with a diameter of approximately 5 nm in
the synthesized CNPs (Figures 1a and S1). EDS-mapping
indicated a homogeneous distribution of elemental oxygen and
cerium, affirming the successful synthesis of the CNPs. Zeta
potential analysis suggested a consistently negative charge on
the surface of the CNPs, which exhibited an average zeta
potential of −21.5 mV, indicating favorable dispersity (Figure
1b). The X-ray diffraction (XRD) pattern showed that the 2θ

angles corresponding to the diffraction peaks appearing in the
CNP pattern were 28.55°, 33.07°, 47.48°, 56.34°, 59.09°,
69.41°, 76.70°, and 79.08°, respectively, without any spurious
peaks observed (Figure 1c). The standard diffraction file
(PDF#43−1002) of cerium oxide corresponds to its crystal
planes at (110), (200), (220), and (311), respectively. X-ray
photoelectron spectroscopy (XPS) was used to evaluate the
ratios of Ce (III) and Ce (IV) in the CNPs, revealing that Ce
(III) comprised nearly half of the total Ce content, thereby
establishing the basis for the excellent antioxidant properties of
the CNPs (Figure 1d).

The antioxidant capacity of CNPs was assessed by free radical
scavenging experiments conducted at different concentrations.12

The antioxidant properties of CNPs were detected using probes
such as 2,2′-azabis(3-ethylbenzothiazoline 6-sulfonic acid
sodium (ABTS) and 3,3′,5,5′-tetramethylbenzidine (TMB).
The cation radical ABTS+ exhibited a blue-green color, which
reverted to a colorless state in the presence of antioxidants,
causing a decrease in the absorption peak at 738 nm. After
incubation with CNPs, the characteristic absorption peak of
ABTS+ at 738 nm gradually decreased as the concentration of
CNPs increased, indicating their strong ability to scavenge ROS
(Figure 1e). Similarly, when TMB was incubated with
peroxidase, it generated ·OH, which was scavenged by CNPs

Figure 1.Characteristics of CNPs: (a) TEM and EDS-mapping of CNPs; (b) Zeta potential of CNPs. n = 3; (c) XRD spectrum of CNPs and standard
XRD PDF; (d) XPS spectrum of Ce 3d of CNPs; (e−g) scavenging test of ABTS+, ·OH, and H2O2. n = 3; (h) scavenging of intracellular ROS in
macrophages by different concentrations of CNPs. n = 3; (i) relative cell viability of macrophages treated with different concentrations of CNPs. n = 3,
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, ns means no significant.
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as the CNP concentration rose (Figure 1f). To assess the
hydrogen peroxide scavenging activity, CNPs were mixed with a
solution of H2O2 (1 M) at different concentrations, and the

remaining H2O2 content was measured (Figure 1g). The
residual H2O2 content gradually decreased as the concentration
of CNPs increased. Lastly, the intracellular ROS content of the

Figure 2. CNPs maintain redox homeostasis in myofibroblasts in vitro: (a, b) Representative intracellular ROS images and corresponding
quantification of C2C12 cells after treatment with each group. n = 3; (c, d) representative JC-1 staining images and corresponding quantification of
C2C12 cells after treatment with each group. n = 3; (e) ATP production of C2C12 cells after treatment with each group. n = 3; (f−k) representative
oxygen consumption rate (OCR) curves and quantification of C2C12 cells after treatment with each group n = 3; (l, m)WB test and relative expression
of themitochondrial respiratory chain complex of C2C12 cells after treatment with each group. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001, ns means no significant. Scale bar = 50 μm.
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representative immune cell macrophage RAW 264.7 was
quantified using DCFH-DA probe incubation and fluorescence
zymography after inducing intracellular ROS production with
LPS and cocultivation with different concentrations of
CNPs.13,14 As shown in Figure 1h, the intracellular ROS content
of macrophages gradually decreased with increasing concen-
trations of CNPs.

The in vitro biocompatibility of CNPs was evaluated using an
MTT assay. The results are shown in Figures 1i and S2. As the
concentration of CNPs exceeded 30 μgmL−1, the cell viability of
macrophages gradually declined, yet it remained above 90%.
Despite the lack of direct reference to therapeutic concen-
trations in skeletal muscle cells, reference to therapeutic
concentrations in previous studies,15 combined with the results

Figure 3. CNPs reduce inflammatory stress in myofibroblasts in vitro: (a) Relative inflammatory gene expression of C2C12 cells after treatment with
each group. n = 3; (b, c) representative IF images and corresponding quantification of IL-6 and IL-1β of C2C12 cells after treatment with each group. n
= 3, scale bar = 50 μm.; (d, e) representative crystal violet staining and corresponding quantification of IL-6 and IL-1β of C2C12 cells after treatment
with each group. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, ns means no significant. Scale bar = 250 μm.
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Figure 4.CNPs improve muscle function in GDMoffspring in vivo: (a) Flowchart of the intervention protocol for CNPs in GDMoffspring; (b) blood
glucose levels of the control and GDM group. n = 5; (c) body weight of different group offspring. n = 5; (d, e) ITT and corresponding quantification of
different group offspring. n = 8; (f) relative strength of different group offspring. n = 4; (g−i) maximal exercise capacity of different group offspring. n =
4; (j) top 30 upregulated pathways differentially enriched for GO Term after CNP treatment compared to GDM offspring. (k) Top 15 upregulated
pathways differentially enriched for KEGG after CNP treatment compared to GDM offspring. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001, ns means no significant. Photograph courtesy of Wanbo Zhu. Copyright 2024.
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of the in vitro antioxidant experiments, we chose 20 and 50 μg
mL−1 as the low-dose and high-dose CNPs, respectively, for
further examination of muscle function and mitochondrial
homeostasis in GDM offspring.
3.2. CNPs Maintain Redox Homeostasis in Myofibro-

blasts In Vitro. To replicate the functional inflammatory
degeneration of muscle in GDM offspring in vitro, we cultured
mouse myoblasts C2C12 in a high glucose medium (HG) to
mimic GDM offspring. We then added low-dose CNPs (L-
CNPs) and high-dose CNPs (H−CNPs) as the treatment
groups.16 The intracellular ROS content in C2C12 was
measured, and confocal laser scanning microscopy (CLSM)
was used to observe the antioxidant effect of CNPs on C2C12
cells in high glucose medium (Figure 2a,b). Mitochondrial
membrane potential staining was used to assess the ability of
CNPs to regulate mitochondrial function in high-glucose-
medium-induced C2C12 cells. As shown in Figure 2c, the
mitochondrial membrane potential of C2C12 decreased in the
HG group, and the intensity of green fluorescence, which
represents the JC-1 polymer, decreased upon the addition of
CNPs, indicating the role of CNPs in the maintenance of
mitochondrial homeostasis (Figure 2d). Moreover, we con-
firmed that CNPs promote mitochondrial function in myoblasts
through an ATP generation assay, as CNPs significantly reversed
the low ATP generation in high glucose medium (Figure 2e).

Aerobic respiration of cells can be measured by the rate at
which cells consume extracellular oxygen concentration.17 To
further evaluate the maintenance of mitochondrial homeostasis
in adult myocytes by CNPs, the aerobic respiration of cells was
assessed using the OCR, which reflects the function of cellular
mitochondria.18 Figure 2f,g demonstrates that the HG group
showed impaired basal respiration of C2C12 cells, while the
intervention of CNPs improved the basal respiration rate.
Additionally, the maximal respiration of C2C12 cells induced by
FCCP was significantly reduced in the HG group, but this
downward trend was reversed by the intervention of CNPs,
indicating that CNPs maintain cellular mitochondrial homeo-
stasis by regulating the oxidative phosphorylation of C2C12 cells
(Figure 2h). Treatment with CNPs also rescued spare
respiratory capacity, ATP production, and proton leak of
C2C12 cells in the HG group (Figure 2i−k). The expression of
mitochondrial respiratory chain complex I (NDUFB8), complex
II (SDHB), complex III (Uqcrc2), complex IV (MTCO1), and
complex V (ATP5A) in C2C12 cells showed significant
restrictions in mitochondrial function under high glucose
conditions (Figure 2l,m).19

3.3. CNPs Reduce Inflammatory Stress in Myofibro-
blasts In Vitro. The scavenging of intracellular ROS by CNPs,
along with their ability to restore mitochondrial function and
maintain cellular redox homeostasis, contributes to the
reduction of inflammatory stress and the restoration of cellular
function in myofibroblasts.14,20 The expression of inflammation-
related genes in myofibroblasts was initially detected using
qPCR, and the results are shown in Figure 3a. In the HG group,
IL-1β, IL-6, and TNF-α genes in C2C12 cells were significantly
overexpressed in the HG group. However, the addition of CNPs
resulted in a significant downregulation of proinflammatory
gene expression, suggesting a potential anti-inflammatory effect.
IF staining andCLSMwere used to observe the expression of IL-
6 in C2C12 following different interventions, and the results are
shown in Figure 3b,c. The addition of CNPs significantly
downregulated the expression of IL-6 in the HG group,
validating the results of qPCR and confirming the down-

regulation of the inflammatory contingency of C2C12 cells by
CNPs.

Myotubular function is the predominant cellular behavior of
myofibroblasts to maintain normal muscle homeostasis. C2C12
cell function was evaluated bymyotube formation induction and
crystal violet staining (Figure 3d,e). The results indicated that
the myotube content represented by a high concentration of
crystal violet was significantly reduced in the HG group, while
the intervention of CNPs promoted myotube formation in
C2C12 cells.21 Combined with the regulation of IL-1β by CNPs
and based on the previous findings, the reason for this
discrepancy may be that CNPs inhibit the expression and
release of IL-1β, which further inhibits the activation of the
NLRP3 inflammasome and the downstream inflammatory
disturbances within the myocytes, thus maintaining myocyte
homeostasis.22

3.4. CNPs Improve Muscle Function in GDM Offspring
In Vivo. The CNPs intervention protocol in GDM offspring is
shown in the flowchart (Figure 4a). CNPs were administered to
the GDM offspring from weeks 6 to 10. Continuous testing of
blood glucose showed that blood glucose levels spiked in the
GDM group on gestational day 12.5 and remained at high levels
until delivery, which indicated successful modeling of GDM
(Figure 4b).3,23 Body weight monitoring of the offspring in each
group showed that both the GDM offspring and the GDM
+CNPs offspring had slightly smaller body weights compared to
those in the control group (Figure 4c). Additionally, the results
of the ITT demonstrated that the GDM offspring had
significantly higher insulin resistance than the control offspring,
and the intake of CNPs improved insulin resistance in the GDM
offspring, suggesting a potential therapeutic effect of CNPs
(Figure 4d,e). Skeletal muscle function and exercise capacity
were assessed in GDM offspring at week 20. First, the muscle
function of the offspring in each group was assessed using the
mouse maximal muscle strength test. The administration of
CNPs partially improved the relative muscle strength of the
GDM offspring (Figure 4f). Furthermore, the maximal exercise
capacity of the offspring mice in each group was evaluated using
the treadmill exercise test. The administration of CNPs partially
improved the maximal exercise distance and significantly
enhanced the maximal exercise time and speed of the GDM
offspring, approaching that of the control offspring (Figure 4g−
i). These experiments confirmed that the intake of CNPs could
improve the muscle function and locomotor capacity of the
GDM offspring.

To further investigate the potential mechanism of systemic
treatment of GDM offspring with CNPs, gastrocnemius and
tibialis anterior muscles frommice treated with CNPs and GDM
mice were collected for RNA-seq. GO Term and KEGG
enrichment analyses suggested that signaling pathways related to
ATP binding, oxidative phosphorylation, mitochondrial mem-
brane stability, and DNA replication were upregulated in mice
treated with CNPs (Figure 4j,k). This is similar to previous
studies of systemic treatment with CNPs, suggesting the rescue
of mitochondrial function and maintenance of mitochondrial
homeostasis by CNPs.
3.5. CNPs Treat GDM Offspring by Attenuating

Mitochondrial Oxidative Stress In Vivo. Further GSEA
analysis of the RNA-seq transcriptome results revealed that the
CNPs-treated group was significantly more enriched in the
mitochondrial-oxidative-stress-related signaling pathway than in
the other pathways. Differential gene expression of oxidative
phosphorylation pathways in muscles treated with CNPs is
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demonstrated in Figure 5a, showing differential expression of
major genes related to oxidative phosphorylation metabolism.
GSEA analysis including oxidative phosphorylation, electron
transport chain, and respirasome showed significantly up-
regulated differential expression, suggesting that CNPs achieve
regulation of mitochondrial homeostasis by attenuating
mitochondrial oxidative stress (Figure 5b−d).

To validate the potential mechanisms of CNPs suggested in
transcriptomics, the muscle sections of quadriceps muscle from
each group of offspring were observed using TEM, as shown in
Figure 5e. Muscle sections based on hematoxylin-eosin (H&E)
staining suggested slight disorganization of muscle texture in
GDM offspring, whereas both GDM offspring treated with
CNPs and control offspring showed regular cross-sectional
muscle texture structure. In addition, a small amount of

Figure 5. CNPs treat GDM offspring by attenuating mitochondrial oxidative stress in vivo: (a) Heatmap of differentially expressed genes in the
oxidative phosphorylation signaling pathway after treatment of CNPs compared to controls; (b−d) representative results of GSEA analysis after
treatment of CNPs compared to controls; (e) representative TEM image of the quadriceps of different group offspring. n = 4, scale bar = 50 μm; (f)
H&E staining of muscle tissue sections after treatment in each group, scale bar = 50 μm. (g, h) Immunofluorescence-stained sections of muscle tissue
after treatment in each group. SDHB in red, SOD2 in green, and DAPI in blue; scale bar = 50 μm. (i, j) WB test and relative expression of the
mitochondrial respiratory chain complex of different group offspring. n = 4, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, ns means no
significant.
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inflammatory cell infiltration was observed in GDM offspring
treated with the CNPs group compared to GDM offspring not
receiving CNP treatment group (Figures 5f and S3). The
administration of CNPs improved the mitochondrial morphol-
ogy and increased the number of mitochondria in the GDM

offspring. Immunofluorescence of SDHB and SOD2 revealed
that CNPs could alleviate SDH expression impairment in the
skeletal muscle of offspring caused by GDM (Figures 5g,h and
S4). The enhancement of mitochondrial respiratory chain
complex I (NDUFB8), complex II (SDHB), complex III

Figure 6. Biocompatibility of CNPs in vivo: (a, b) H&E-stained sections of vital organs (heart, liver, spleen, lungs, and kidneys) as well as peripheral
blood test results (white blood cell count, hemoglobin, alanine aminotransferase (ALT), and blood creatinine (CREA) test results of different group
offspring at week 12. n = 5. Scale bar = 250 μm; (c, d) H&E-stained sections of vital organs and peripheral blood test results of different group offspring
at week 16. n = 5, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, ns means no significant.
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(Uqcrc2), complex IV (MTCO1), and complex V (ATP5A)
expression as a result of CNP uptake was verified through total
protein extraction and a WB test on muscle tissue homogenates
(Figure 5i,j). Overall, the in vivo experiments confirmed that
CNPs improve skeletal muscle function and exercise capacity in
GDM offspring by modulating mitochondrial homeostasis and
respiratory chain function.
3.6. Biocompatibility of CNPs In Vivo. The biocompat-

ibility assessment of GDM offspring treated with CNPs was
performed at weeks 12 and 16, respectively.24 Figure 6a displays
the H&E-stained sections of vital organs such as the heart, liver,
spleen, lungs, and kidneys. Additionally, peripheral blood test
results, including white blood cell count, hemoglobin, alanine
aminotransferase (ALT), and blood creatinine (CREA) test
results of the CNPs-treated GDM offspring mice at week 12,
were compared to those of the control group (Figure 6b). No
significant differences were observed. Similarly, the observation
of H&E-stained sections of vital organs and peripheral blood test
results at week 16 did not show any significant differences
between the CNPs-treated GDM offspring and the control
group, indicating a favorable mid- to long-term biosafety
following CNP treatment (Figure 6c,d).

4. CONCLUSIONS
In summary, we synthesized ultrasmall particle size CNPs for
improving muscle function and locomotor capacity in GDM
offspring. In vitro experiments revealed that CNPs can
effectively eliminate excess ROS from muscle cells, restore
mitochondrial homeostasis, and improve the respiratory chain
complex function. Furthermore, CNPs exhibited anti-inflam-
matory properties and restored normal muscle cell myotube-
forming capacity. In in vivo experiments, GDM offspring treated
with CNPs fromweeks 6 to 10 showed significant improvements
in muscle strength and maximal exercise capacity. TEM sections
of muscle tissues and protein expression analysis confirmed the
regulation of mitochondrial function by CNPs. Importantly,
mid- and long-term biocompatibility assessments verified the
biosafety of CNPs. Therefore, CNPs offer a new approach for
treating GDM offspring and provide hope for nonpharmaco-
logical improvement of muscle function.
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