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Objective: The incidence of metabolic dysfunction-associated steatohepatitis (MASH) is increasing because people’s dietary habits 
are dominated by high caloric intake and sedentary lifestyles, leading to the accumulation of lipid, reactive oxygen species (ROS) and 
inflammation. However, treating MASH remains a challenge.
Methods: Two-dimensional (2D) niobium carbide (Nb4C3) MXene nanoenzymes (MXenzymes) possess both antioxidant and anti- 
inflammatory properties and have attracted considerable attention in the tumor and engineering fields. The Nb4C3 MXenzyme was 
developed for MASH therapy and exhibited biosafety and antilipid peroxidation activity.
Results: Nb4C3 reduced excessive ROS and proinflammatory cytokine levels through its antilipid peroxidation activities, resulting in 
the inhibition of hepatocyte lipid accumulation and inflammation in a methionine–choline-deficient diet (MCD)-induced murine 
MASH model. Mechanistically, Nb4C3 not only inhibited lipid accumulation and disrupted lipid metabolism in hepatocytes but also 
attenuated fatty acid-induced cell death by reducing intracellular ROS levels, which significantly promoted the polarization of M1 
macrophages to M2 macrophages by alleviating oxidative stress and suppressing inflammatory factor expression.
Conclusion: The Nb4C3 MXenzyme can be used as a multifunctional bioactive material to alleviate hepatic steatosis and inflamma
tion in MASH mice through its robust antioxidant and anti-inflammatory activities.
Keywords: metabolic dysfunction-associated steatohepatitis, Nb4C3, ROS scavenging, macrophage

Introduction
Metabolic dysfunction-associated fatty liver disease (MAFLD) includes a spectrum of liver abnormalities ranging from 
benign steatosis to metabolic dysfunction-associated steatohepatitis (MASH);1,2 these abnormalities are characterized by 
intrahepatic fat accumulation, macrophage activation, hepatocyte apoptosis, and fiber formation and have become the 
leading diseases that lead to liver-related morbidity and mortality.2,3 The prevalence of MAFLD has increased to 37.8%, 
and MAFLD affects 46.9 of 1000 individuals.4 Providing suitable and cost-effective therapeutic interventions in the early 
stages of MAFLD has become increasingly necessary to avoid MASH, cirrhosis, and cancer. Many clinical trials 
targeting each process have been conducted worldwide, but no approved therapeutic strategies for MASH are available.5

Toxic reactive oxygen species (ROS), including free radicals and nonradicals, can cause cell death or induce 
inflammation and fibrosis during MASH pathogenesis when the oxidant‒antioxidant balance is markedly disrupted by 
ROS overproduction.6,7 ROS include free radicals such as peroxyl (RO2), alkoxyl (RO), superoxide (O2-), and hydro
peroxyl (HO2) and certain nonradical compounds that are easily converted into radicals, such as hydroxyl free radical 
(HO), hypochlorous acid (HOCl) and hydrogen peroxide (H2O2).8 Intracellular hepatic lipid accumulation induces 
oxidative stress during the generation of ROS, which then interact with intracellular proteins, RNA, and DNA, resulting 
in irreversible damage, hepatocyte apoptosis and the release of inflammatory factors to further promote inflammatory cell 
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infiltration and activation.6 For example, ROS promote M1 macrophage polarization and infiltration; induce the release 
of proinflammatory cytokines and signaling molecules, including inducible nitric oxide synthase (iNOS), interleukin 
(IL)-6, IL-1β, and tumor necrosis factor (TNF)-α; and promote the progression of MAFLD to MASH.7,9,10 Disrupting 
this cycle between ROS production and inflammation will provide effective treatments for MASH.

MXene nanozymes (MXenzymes) represent a novel class of two-dimensional (2D) metal carbides, comprising 
ternary metal carbides or nitrides labeled as Mn+1AXn, where M, A, and X denote early d-block transition metals, 
carbides, nitrides, and carbonitrides, respectively, which are attractive for biosensing and even tissue engineering.11 The 
novel nanomaterial 2D niobium carbide (Nb4C3) MXene nanoenzyme is a transition metal carbide member of the MXene 
family with an ultrathin layered structure and enzyme-mimicking properties that has attracted much attention for 
biomedical applications in recent years.11–13 For example, Sun et al developed oligo-layer Nb2C for the treatment of 
bone tumors, which has the ability to reduce cytokine production and inhibit osteoclastogenesis by promoting the 
neogenesis and migration of blood vessels.14 In addition, 2D Nb2C MXene plate medical implants attenuate excessive 
inflammatory responses by scavenging excessive ROS in the infected microenvironment.15 A 2D niobium carbide 
formulation also combats high blood pressure and promotes diabetic wound healing through highly efficient ROS 
scavenging and inflammatory factor inhibition.16,17 Importantly, studies have shown that niobium carbide has good 
biocompatibility in cytotoxicity and hemocompatibility experiments both in vitro and in vivo.18 Therefore, 2D Nb4C3 

might intrinsically act as a promising antioxidant to treat ROS-related diseases, such as MAFLD.
We speculate that Nb4C3 also inhibits macrophage polarization, resists oxidative stress, reduces inflammation, and 

protects liver function, providing a new direction for the study of Nb4C3 in biomedical applications. Here, we present the 
fabrication, characterization, and application of a single layer of Nb4C3 MXene along with in vitro and in vivo studies of 
its antioxidant and antilipid properties in a MASH mouse model. Nb4C3 was rationally designed for biomedical 
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applications through an etching and exfoliation process; Nb4C3 exhibited high concentrations of MXene surface 
functional groups and surface niobium oxides and niobium carbides (NbC and Nb2O5), which contributed to its excellent 
biocompatibility in vitro and in vivo.19,20 Furthermore, Nb4C3 was spontaneously internalized by hepatocytes and 
macrophages and contributed to reducing liver inflammation through the regulation of M1 macrophage activation and 
lipid peroxidation. Finally, in a MASH mouse model, tail vein injection of Nb4C3 reduced both M1 macrophage 
infiltration and hepatocyte death. The results of our study may provide new ideas and strategies for the clinical treatment 
of MASH.

Materials and Methods
Chemicals and Reagents
Aqueous solutions of TPAOH (40%) and LiF were acquired from Adamas-beta Inc. (Shanghai, China). Nb4AlC3 was 
purchased from Feynman Nano Technology Co., Ltd. HCl (36.5–38.0 wt%) and HF were purchased from Sinopharm 
Chemical Reagent Co., Ltd. (Shanghai, China). Hydrogen peroxide was obtained from Aladdin Ltd. (Shanghai, China). 
All the chemical reagents were used directly without further purification.

Synthesis of the Nb4C3 MXenzyme
Nb4C3 MXenzymes were synthesized via a modified liquid-phase exfoliation process.11,13,17 Briefly, 2 g of LiF was 
slowly added to 20 mL of a 9 M HCl aqueous solution for 5 min with agitation to obtain a mixed solution of HCl and 
LiF. Then, 2 g of Nb4AlC3 was slowly added and stirred at 35 °C for 72 h. Subsequently, the Al layers were removed via 
HF etching, and the suspension was centrifuged at 2000 × g for 10 min and washed several times with DI water until the 
pH of the supernatant was greater than 6.0. After the last centrifugation cycle, the prepared Nb4C3Tx precipitate was 
dispersed in 200 mL of deionized water and reduced by vacuum degassing for 1 h, followed by ultrasonication for 
1 h and centrifugation at 2000 rpm for 1 h. Finally, the suspension was collected and freeze-dried. The samples were 
further sonicated at 4 °C for 24 h using an SB120-DT ultrasonic cleaner (Ningbo Xinzhi Biotechnology Co., Ltd., China) 
to obtain ultrathin Nb4C3. Nb4C3 MXenzymes were dispersed in ultrapure water for different durations, after which the 
solution was centrifuged for 5 min at 1000 rpm. The supernatant was collected for ICP‒OES experiments.

Characterization of the Materials
SEM images were obtained via a Sigma 300 instrument (ZEISS, Germany), and EDS (Bruker Quantax) element maps 
were obtained at a 15 kV electron acceleration voltage. TEM images were obtained with a Tecnai F20 instrument with the 
acceleration voltage set to 200 kV. Powder XRD patterns were obtained with a Bruker D8-ADVANCE A25X diffract
ometer with a Cu Kα source in the 2 theta range of 5–95°. XPS was performed on a Scientific K-Alpha photoelectron 
spectrometer (Thermo Scientific, USA) with Al‒Kα radiation. Raman spectra were measured with a Horiba JY Lab RAM 
HR instrument upon excitation with a 532 nm laser at room temperature. EPR was investigated to determine the quantity 
of ROS via a JEOL JES-FA300 X-band EPR spectrometer (Tokyo, Japan). Briefly, 5 mg of Nb4C3 was mixed with 
80 mm H2O2 and 10 mm FeCl2. After the samples were allowed to react for 0, 1, 3 or 5 min, 8 mm DMPO was added to 
the mixture.

Animals and Treatment
WT C57BL/6 mice (aged 6–8 weeks) were purchased from Guangdong Medical Laboratory Animal Center (Guangzhou, 
China) and housed at the Guangzhou Medical University Animal Experiment Center (Guangzhou, China). All experi
ments involving animals were conducted according to ethical policies and procedures approved by the Ethics Committee 
of the Animal Ethics Committee of Guangzhou Medical University (Approval no. 2021031). For the in vivo experiments, 
body weight changes were monitored daily. The concentration of Nb4C3 was calculated from Nb as measured by ICP– 
OES (Agilent Technologies, Palo Alto, CA, USA).

MASH was induced by feeding the mice an MCD (Harlan-Teklad, Indianapolis, IN, USA) for 3 weeks, a time at 
which steatohepatitis had already been established.21 Two groups of C57BL/6 mice were compared (n=6 per group): 
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mice fed an MCD diet with a tail vein injection of 100 μL of PBS and mice fed an MCD diet with a tail vein injection of 
Nb4C3 (25 mg/kg, twice a week, total 3 weeks). Liver tissues were collected 3 weeks after the initiation of MCD. Blood 
was collected immediately prior to sacrifice. Portions of the liver were either frozen immediately in liquid nitrogen or 
frozen in neutral-buffered formalin.

WT mice were divided into the following two groups to determine the toxicity of Nb4C3 in vivo: PBS (tail vein 
injection of PBS, n=6) and Nb4C3 (tail vein injection of Nb4C3, n=6). The mice were administered 100 μL of PBS or 
Nb4C3 (25 mg/kg) twice a week for 3 weeks. A routine blood examination was conducted, blood biochemical indices 
were measured, and major tissues, including the heart, liver, spleen, lung, kidney, and colon, were removed for H&E 
histological staining.

RNA Isolation and Quantitative Real-Time RT–PCR (qPCR)
Total RNA was extracted with TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA), and cDNA was 
synthesized with PrimeScriptTM RT Master Mix (Takara, Dalian, China). Quantitative real-time PCR was performed 
with the primers listed in Supplementary Table 1 via SYBR Premix Ex Taq (Vazyme, Nanjing, China) and the Bio-Rad 
CFX96 System (Bio-Rad Laboratories, CA, USA). The genes were normalized to the expression of the housekeeping 
gene glyceraldehyde 3-phosphate dehydrogenase (Gapdh). Relative mRNA expression was calculated via the compara
tive 2-ΔΔCT method.

Cell Culture
RAW264.7 cells (a mouse macrophage line) and HepG2 cells (an HCC cell line) were purchased from the Type Culture 
Collection of the Chinese Academy of Sciences (Shanghai, China) and cultured in medium supplemented with 10% fetal 
bovine serum. For macrophage generation and differentiation, RAW264.7 cells were pretreated with Nb4C3 (200 μg/mL) 
for 12 h and then treated with 100 ng/mL LPS (PeproTech, Rocky Hill, NJ, USA) for 12 h or 24 h to induce their 
differentiation into M1 macrophages.

HepG2 cells were pretreated with Nb4C3 (40 μg/mL) for 12 h and then treated with PA (250 μM) (Sigma‒Aldrich, 
St. Louis, MO, USA) for another 12 or 48 h, after which lipid accumulation- and adipogenesis-related protein expression 
was determined via Oil Red O staining (Sigma‒Aldrich), qPCR and Western blotting, respectively. PA was dissolved in 
DMEM with 2% fatty acid-free bovine serum albumin (BSA, Sigma) after the solvent was evaporated, followed by two 
rounds of vortexing and 30s of sonication.22

Cytotoxicity Study
The cytotoxic effects of Nb4C3 on HepG2 and RAW264.7 cells were measured via an LDH assay (Beyotime, China) and 
a Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Japan). The cells were seeded in 96-well plates at a density of 
1×103 cells per well. After an overnight incubation, the cells were treated with different concentrations of Nb4C3 for 
24 hours, and the percentage of viable cells was measured via CCK-8 and LDH kits according to the manufacturer’s 
instructions. The cell viability within each group was reported as a percentage of the viability of untreated control cells.

Uptake of Nb4C3
Nb4C3 was incubated with 3,3′-dioctadecyloxacarbocyanine perchlorate (DIO) (Beyotime Institute of Biotechnology, 
Shanghai, China) for 30 min and then washed to remove the excess dye. DIO-Nb4C3 was incubated with RAW264.7 cells 
and HepG2 cells for 12 h and then imaged with a Leica DMi8 microscope (Leica, Wetzlar, Germany).

Live/Dead Cell Double Staining
Live/dead cell double staining was performed via a Calcein AM/PI double staining kit (Beyotime Institute of 
Biotechnology) according to the manufacturer’s instructions. Briefly, adherent HepG2 cells were pretreated with 
Nb4C3 for 12 h and then treated with H2O2 (1 mm) for 10 h or PA (250 μM) for 24 h, after which the cells were 
washed twice with cold PBS and incubated with buffer containing calcein AM and propidium iodide (PI) at room 
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temperature for 15–30 min. Then, the fluorometric signals of live cells (green fluorescence) and dead cells (red 
fluorescence) were immediately visualized with a Leica DMi8 microscope (Leica, Wetzlar, Germany).

ROS Assay
We chose a ROS assay kit (Beyotime Institute of Biotechnology) to measure the intracellular ROS levels according to the 
manufacturer’s protocol. Briefly, RAW264.7 macrophages were pretreated with Nb4C3 (200 μg/mL) for 12 h and then 
treated with 100 ng/mL LPS for 24 h; HepG2 cells were pretreated with Nb4C3 (200 μg/mL) for 12 h and then treated 
with PA (250 µM) for another 48 h. Then, the cells were incubated with the DCFH-DA (20 μM) probe in an incubator for 
20 min. The cells were observed with a Leica DMi8 microscope.

Flow Cytometry Analysis
Flow cytometry was used to detect macrophage polarization. RAW264.7 cells were pretreated with Nb4C3 (40 μg/mL) 
for 12 h and then treated with 100 ng/mL LPS for 24 h. M1 macrophages were labeled with antibodies against F4/80- 
FITC (eBioscience, San Diego, CA, USA), MHC II-PE (eBioscience) and CD206-APC (eBioscience).

HepG2 cells were analyzed via an Annexin V-FITC apoptosis detection kit (Beyotime, China) to determine the 
percentage of apoptotic cells. After PA treatment for 48 h, the cells were harvested and resuspended in binding buffer 
containing Annexin V-FITC and PI. Flow cytometry was performed on a FACSVerse cytometer, and the data were 
subsequently analyzed via FlowJo 10.0 (Tree Star, Ashland, OR, USA).

Western Blot Analysis
For Western blot analyses, total protein samples were extracted from tissues with RIPA lysis buffer supplemented with 
protease inhibitor cocktail tablets and phosphatase inhibitor tablets (Roche, Basel, Switzerland). Anti-SREBP1, anti- 
PPARγ, anti-pp44/42 MAPK (pErk1/2), anti-p44/42 MAPK (Erk1/2), anti-pp38 MAPK, anti-p38 MAPK, anti-p-NF-κB 
p65 and anti-NF-κB p65 antibodies were purchased from Cell Signaling Technology (CST, Beverly, MA, USA), and the 
anti-GAPDH primary antibody was purchased from Zhonshanjinqiao (Wuhan, China). A Gene5 image acquisition 
system (Syngene, Frederick, MD, USA) was used for signal detection.

ELISAs
RAW264.7 cells were pretreated with Nb4C3 for 12 h and then treated with 100 ng/mL LPS for 24 h. After the cell 
supernatants were harvested, the concentrations of IL-6 and TNFα were determined via ELISA kits (4A Biotech, Beijing, 
China). The samples were tested in triplicate.

Liver tissues were lysed in RIPA buffer, and the total protein concentration was determined with a BCA protein assay 
(Beyotime). Five hundred micrograms of total protein lysate was subjected to ELISA to detect IL-1β and IL12p40 levels. 
Protein levels were normalized to the total protein concentration.

MDA, GSH and SOD Assays
MDA, GSH and SOD assays were conducted via the Lipid Peroxidation MDA Assay Kit (Beyotime) according to the 
manufacturer’s instructions. The samples and standards were prepared, and the OD value was measured at 532 nm. The 
MDA and GSH concentrations (nmol/mL) are reported as μmol/mg protein. SOD activity is reported as U/mg protein.

Mouse Blood Biochemical Analyses
Commercial kits were used to measure the serum ALT, AST, BUN, Cr, CK, and LDH levels (Jiancheng Institute of 
Biotechnology, Nanjing, China) according to the manufacturer’s instructions.

Oil Red O Staining
Liver tissues were embedded in optimal cutting temperature (OCT) compound and then frozen at −20 °C. Frozen sections 
(10 µm) were stained with Oil Red O (O0625, Sigma) and counterstained with Mayer’s hematoxylin to visualize 
intracellular lipid droplets. All digital images were obtained with a Leica DM6 microscope (Leica).
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Hepatic Lipid Analyses
A commercial kit was used to measure TAG and TC levels (Jiancheng Institute of Biotechnology) in the liver and TAG 
levels in cells.

Histological Scoring
Liver sections were cut and fixed with 4% paraformaldehyde, stained with H&E, and examined under a Leica DM6 
microscope for histological evaluation. The lesions in the liver sections were evaluated histologically according to the 
NASH CRN scoring system, as previously reported.23,24

Immunohistochemistry
Deparaffinized liver sections were immunostained for PPARγ (Cell Signaling Technology), SREBP1 (Cell Signaling 
Technology), F4/80 (Abcam, Cambridge, MA, USA), iNOS (Abcam) and cleaved caspase-3 (Abcam) antibodies. The 
immunostained sections were examined with a Leica DM6 microscope. The IHC Profiler in ImageJ was used to assess 
the degree of staining.

Statistical Analysis
The results are reported as the means ± standard deviations (SDs). SPSS 21.0 software (SPSS Inc., Chicago, USA) was 
used for the analysis. Differences between groups were compared via Student’s t test or one-way ANOVA with post hoc 
tests when applicable or with a nonparametric test. *p<0.05, **p<0.01, and ***p<0.001 were considered statistically 
significant.

Results and Discussion
Synthesis and Characterization of Nb4C3
We prepared Nb4C3 through hydrofluoric acid (HF) etching of Nb4AlC3 powder followed by intercalation with 
tetrapropylammonium hydroxide (TPAOH) and repeated ultrasonication and centrifugation steps to obtain ultrathin 
layered Nb4C3.18,25 Crucially, this two-step exfoliation process can be scaled to prepare large quantities of high- 
quality Nb4C3, which can be well dispersed in water for long-term storage (Supplementary Figure 1). Next, scanning 
electron microscopy (SEM) revealed that Nb4C3 exhibited the typical accordion structures of MXenes (Figure 1A), and 
energy-dispersive spectroscopy (EDS) revealed that Nb4C3 contained Nb, C, and O (Figure 1B). These results clearly 
indicate that significant amounts of Al were removed from the MAX phase structure in Nb4AlC3. The TEM image 
further showed revealed that Nb4C3 had stacked basal planes in the MXene layers (Figure 1C). Furthermore, high- 
resolution TEM (HRTEM) and selected area diffraction (SAED) analyses indicated that the exfoliated Nb4C3 MXene 
flakes possessed a symmetric crystalline structure consisting of layers with a d-spacing of ≈0.2455 nm, which can be 
assigned to the (111) plane (Figure 1D and E). Taken together, these findings provide robust evidence that crystalline 
Nb4C3 was successfully fabricated via a two-step exfoliation strategy.

We further characterized the structural characteristics of Nb4C3 via X-ray diffraction (XRD), which uses Cu‒Ka radiation 
to assess the phase purity and structural properties. The main characteristic peak of MXene clearly emerged at ≈15° 2θ in the 
Nb4C3 sample, and characteristic Nb4C3 and Nb2O5 peaks were observed in Nb4C3, indicating that Nb4C3 had an oxidized 
surface (Figure 2A). Additionally, a minor amorphous curve between 10° and 90° 2θ indicated the presence of carbon formed 
during the ultrasonication process (Figure 2A). The Raman spectrum revealed characteristic peaks of Nb4C3 at 1323 and 
1586 cm−1 (namely, Nb-C) (Figure 2B), and X-ray photoelectron spectroscopy (XPS) revealed apparent decreases in the 
intensities of the Nb 3d5, C 1s and O 1s spectra. These results further indicated the generation of high-quality Nb4C3 during 
synthesis (Figure 2C). Additionally, the Nb 3d5 XPS spectrum (Figure 2D) showed two dominant signals belonging to Nb 3d 
(203 eV) and Nb 3d5/2 (207.5 eV), representing Nb4C3 and Nb2O5, respectively. The formation of transition metal oxides 
during hydrothermal processes has been reported.26 Remarkably, the Nb-O peaks of Nb 3d5/2 and 3d3/2 located at ≈207.5 and 
210 eV were enhanced (Figure 2D). Additionally, the high-resolution C 1s spectrum of Nb4C3 included a combination of C-C/ 
C-H, C-O and C=O peaks fitted at binding energies between 285 and 287.5 eV (Figure 2E). The O 1s spectrum contained 
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peaks between 530 and 535 eV, indicating a high level of oxygen-containing functional groups on the surfaces of the Nb4C3 

molecules (Figure 2F). Consistent with our XRD characterization results, the XPS analysis results indicated that the as- 
synthesized Nb4C3 was suitable for targeted application.

Figure 1 The morphology of Nb4C3. (A) SEM image of Nb4C3. (B) Corresponding energy-dispersive spectroscopy element maps of Nb, C and O. (C and D) High- 
resolution TEM (HRTEM) images of the Nb4C3 nanosheets revealed well-defined and exfoliated crystals with a lattice d-spacing of ≈0.2455 nm. (E) The corresponding SAED 
pattern of Nb4C3.

Figure 2 Characterization of the structure, functional groups, chemical composition and superior ROS scavenging efficacy of Nb4C3. (A) XRD patterns of Nb4C3. (B) 
Raman spectra of Nb4C3. (C) XPS survey patterns of Nb4C3. (D-F) High-resolution XPS spectra of Nb 3d (D), C 1s (E) and O 1s (F). (G and H) EPR spectra of Nb4C3 

DMPO·OH (G) and DMPO·O2− adducts (H) at different times.
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We used the electron paramagnetic resonance (EPR) approach to evaluate the ROS scavenging efficiency. Before 
5.5-dimethyl-1-pyrroline N-oxide (DMPO) was added to trap ·OH and ·O2-, quantitative amounts of FeSO4 and H2O2 

were used to generate ROS via the Fenton reaction.6 Five minutes after adding Nb4C3 to the solution, the peak intensities 
of DMPO·OH and DMPO·O2-, which result from the interaction of unabsorbed ROS with DMPO, were evaluated to test 
the ability of Nb4C3 to scavenge ROS. As depicted in Figure 2G and H, Nb4C3 showed potent ROS scavenging activity, 
leading to a decrease in the peak intensities of DMPO·OH and DMPO·O2- (Figure 2G and H). We employed XPS to 
observe the alterations in Nb4C3 stability and the changes in the oxidation products following H2O2 treatment. The XPS 
survey patterns, Nb 3d5/2 spectra and C 1s spectra of the oxidized Nb4C3 were essentially identical to those of the original 
unoxidized Nb4C3 (Supplementary Figure 2A–C). Additionally, we used EPR to examine the ROS scavenging ability of 
Nb4C3, both with and without H2O2 treatment. Following incubation at the same concentration, the absorption peaks for 
DMPO·OH and DMPO·O2- remained unchanged (Supplementary Figure 2D and E). These results indicated the excellent 
ROS trapping efficiency and stability of Nb4C3.

Biocompatibility of Nb4C3
Macrophages and hepatocytes, which are the primary types of immune and parenchymal liver cells, play significant roles 
in lipid peroxidation, oxidative stress, inflammation, and fibrosis associated with steatohepatitis.27 We stimulated 
RAW264.7 and HepG2 cells with various concentrations (50 μg/mL, 100 μg/mL, 200 μg/mL, or 400 μg/mL) of 
Nb4C3 for 24 h and then assessed the relative cell viability via a Cell Counting Kit-8 (CCK-8) assay. As the Nb4C3 

concentration increased, the relative cell viability did not decrease (Figure 3A). The amount of lactate dehydrogenase 
(LDH) released from the cells was assessed and did not increase significantly after treatment with increasing Nb4C3 

concentrations (Figure 3B). These results indicate that Nb4C3 had no significant effect on the relative viability of 
RAW264.7 and HepG2 cells.

MXenes can trigger the release of proinflammatory cytokines from tissue macrophages by increasing ROS levels, 
potentially disrupting the anti-inflammatory and immunomodulatory characteristics of the liver.28 Therefore, we stimu
lated RAW264.7 cells with 100 ng/mL lipopolysaccharide (LPS) as a positive control and stimulated cells in the 
experimental group with different concentrations of Nb4C3 alone. The expression of the proinflammatory cytokines 
Tnfα, Il6, Il12p40 and inos was significantly increased in the LPS group, whereas the expression of these proinflamma
tory cytokines did not increase in the group treated with Nb4C3 alone (Figure 3C). Moreover, different variants of 
MXenes, such as titanium carbide MXene nanosheets (Ti3C2Tx MXenes), can induce cell death by increasing cellular 
oxidative stress.13 Therefore, we performed live/dead cell double-staining assays using HepG2 cells and a calcein/ 
propidium iodide (PI) cell activity kit. The HepG2 cells were cultured with or without different doses of Nb4C3 for 24 h, 
and as the concentration of Nb4C3 increased, no increase in red fluorescence (dead cells) was observed (Figure 3D), 
suggesting that Nb4C3 does not induce HepG2 cell death, likely because its concentration was below the toxicity 
threshold. We subsequently examined whether Nb4C3 was internalized by HepG2 and RAW264.7 cells. Nb4C3 was 
labeled with a 3.3′-dioctadecyloxacarbocyanine perchlorate (DIO) green fluorescent probe, after which the cells were 
incubated with DIO-labeled Nb4C3 for 12 h. The cells were then fixed and stained with 4′,6-diamidino-2-phenylindole 
(DAPI) to visualize the nuclei (light blue). The green fluorescence of the Nb4C3 particles and the blue fluorescence of the 
cell nuclei revealed that Nb4C3 was phagocytosed into the cytoplasm of the RAW264.7 and HepG2 cells (Figure 3E).

Next, we studied the distribution of Nb4C3 in the primary organs of the mice. The mice were injected with Nb4C3 via 
the tail vein for 3 weeks, and the level of elemental Nb in major organs was measured via inductively coupled plasma 
atomic emission spectrometry (ICP‒OES). Nb4C3 was not detected in any major organ other than the liver (<1.25 μg/g 
tissue) (Figure 3F). The possible harmful effects of Nb4C3 were further assessed through blood analysis and histological 
studies. The serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), urea nitrogen (BUN), creatinine 
(Cr), creatine kinase (CK) and LDH levels indicated that Nb4C3 had no significant effects on liver, heart, or kidney 
function (Figure 3G). Hematoxylin and eosin (H&E) staining also revealed no apparent tissue damage or adverse effects 
in the Nb4C3 group (Figure 3H). Both groups of mice exhibited no notable adverse reactions, suggesting that Nb4C3 

could be utilized for future in vivo biomedical studies.
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Figure 3 Evaluation of the cellular compatibility and biosafety of Nb4C3. (A) The viability of RAW264.7 and HepG2 cells after 24 h of coculture with different 
concentrations of Nb4C3 was measured via CCK-8 assays. (B) The death of RAW264.7 and HepG2 cells after 24 h of coculture with different concentrations of Nb4C3 

was measured via an LDH Cytotoxicity Assay Kit. (C) RAW264.7 cells were cocultured with different concentrations of Nb4C3 for 12 h. The levels of proinflammatory 
factors (Tnfα, Il6, Il12p40 and inos) were measured. (D) Image of live/dead fluorescence staining of HepG2 cells (live cells: green; dead cells: red; scale bar = 75 μm). H2O2 

was used as a positive control. (E) Uptake of Nb4C3 by RAW264.7 and HepG2 cells. RAW264.7 and HepG2 cells were incubated with DIO-labeled Nb4C3 (green) and 
analyzed by immunofluorescence staining. Scale bars = 25 µm. (F–H) C57BL/6 mice were subjected to a tail vein injection of 100 μL of PBS or Nb4C3 (25 mg/kg). (F) Nb 
levels in the different tissues determined by ICP‒OES. (G) Blood biochemical (BUN, Cr, CK, and LDH) tests were performed. (H) H&E staining of the heart, liver, spleen, 
lung, kidney, and colon. The data are presented as the means ± SDs. ***P < 0.001. 
Abbreviation: NS, not significant.
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In vitro Macrophage Polarization and Anti-Inflammatory Properties of Nb4C3
Kupffer cells are the most abundant immune cells and play a critical role in liver homeostasis and disease; these cells 
reside in liver sinusoids and are first-line responders to any pathogen.29 Kupffer cells can adopt an M1 (proinflammatory) 
phenotype or an M2 (anti-inflammatory) phenotype, and the number of M1 macrophages significantly increases as 
MASH progresses.10,28,30,31 Owing to their surface activity, MXenes have drawn considerable attention because they can 
mitigate proinflammatory responses by removing excessive ROS in infectious microenvironments, which supports tissue 
remodeling.14,30 The direct interactions of Nb4C3 with RAW264.7 cells were investigated to assess its effects on M1 
macrophages. We detected considerably higher levels of Inos and Il12p40 (M1 biomarkers) in the positive control group 
after lipopolysaccharide (LPS) treatment than in the control group (Figure 4A). Compared with those in the LPS group, 
the groups treated with different concentrations of Nb4C3 presented significantly lower expression levels of Inos and 
Il12p40 (Figure 4A). Nb4C3 treatment significantly reduced the expression of Tnfα and Il6, with the most potent effect of 
Nb4C3 observed at concentrations of 200 and 400 µg/mL (Figure 4A). Therefore, a dose of 200 μg/mL was chosen for 
subsequent experiments. Nb4C3 treatment significantly decreased the percentage of MHC II (M1 marker)-positive cells 
and increased the percentage of CD206 (M2 marker)-positive cells (Figure 4B), confirming that Nb4C3 induced M1 to 
M2 macrophage polarization. Treatment of RAW264.7 macrophages with Nb4C3 significantly inhibited the release of IL- 
6 and TNF-α (Figure 4C). These results indicate that Nb4C3 treatment can inhibit M1 macrophage polarization.

Since ROS play crucial roles in M1 macrophage differentiation and activation,32 the 1,2,7-dichlorofluorescein 
diacetate (DCFH-DA) probe, which reacts with intracellular ROS and generates green fluorescent DCF, was used to 
analyze the ability of Nb4C3 to scavenge ROS. We observed a stronger green fluorescent signal in the LPS-treated 
RAW264.7 cells than in the untreated or Nb4C3-treated cells (Figure 4D). After pretreatment with Nb4C3, the DCF 
fluorescence signal markedly decreased in the LPS-treated cells, suggesting that most of the intracellular ROS were 
eliminated by Nb4C3. Excessive ROS can induce oxidative stress and activate proinflammatory signaling pathways, 
including the nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK) pathways, thereby aggravating 
inflammation.6,7 Therefore, we analyzed the effects of Nb4C3 on proinflammatory signaling pathways. Nb4C3 not only 
suppressed the NF-κB pathway but also inhibited the activation of the ERK MAPK and p38 MAPK signaling pathways, 
which are master inflammation-related transcription factors and inflammatory signaling pathways (Figure 4E). The 
results of these experiments indicate that Nb4C3 reduces ROS production and ROS-induced inflammation in 
RAW264.7 macrophages.

Nb4C3 Alleviates ROS and Lipotoxicity in Fatty Hepatocytes
Lipid droplet formation in hepatocytes induces lipotoxicity and oxidative stress through the accumulation of ROS, 
leading to hepatocyte apoptosis and the progression of inflammation.6,28 In vitro, a hepatocyte lipid droplet model was 
constructed by incubating HepG2 cells (a human hepatic carcinoma cell line) with 250 μM palmitic acid (PA). 
Intracellular lipid droplet formation was assessed in Nb4C3-treated HepG2 cells in response to PA to confirm the ability 
of Nb4C3 to inhibit lipid droplet accumulation. The number and size of the lipid droplets clearly increased in the PA 
group, and lipid droplet formation in HepG2 cells decreased after Nb4C3 treatment; these results were supported by the 
results of the quantitative analysis (Figure 5A). A reduction in TAG content was also observed after Nb4C3 treatment 
(Figure 5B). The expression levels of adipogenesis-related genes during lipid droplet formation were assessed by qPCR 
and Western blotting to further confirm the lipid-lowering effect of Nb4C3. The results revealed that the expression levels 
of fatty acid regulatory genes (sterol regulatory element-binding protein 1 (Srebp1)) and master transcription factors 
involved in adipogenesis (peroxisome proliferator-activated receptor γ (Pparγ)) were significantly increased after PA 
treatment and decreased after Nb4C3 treatment (Figure 5C). SREBP1 and PPARγ protein expression was also lower in 
the Nb4C3 treatment group than in the PA treatment group (Figure 5D).

Oxidative stress induced by excessive ROS generation induces lipid peroxidation;33 thus, the ability of Nb4C3 to 
scavenge intracellular ROS was investigated in vitro. PA treatment clearly induced an intracellular oxidative response, as 
evidenced by an increase in the malondialdehyde (MDA) content and decreases in the glutathione (GSH) and superoxide 
dismutase (SOD) contents, effects that were reversed by Nb4C3 treatment (Figure 5E). In addition, the DCFH-DA probe 
was used to assess whether Nb4C3 could scavenge intracellular ROS. As shown in Figure 5F, compared with the other 
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groups, the PA group presented the strongest ROS fluorescence signal, and Nb4C3 intervention markedly reduced the PA- 
induced increase in the ROS content, suggesting that most of the intracellular ROS were scavenged by Nb4C3. Moreover, 
we evaluated the protective effect of Nb4C3 by performing live/dead cell staining and flow cytometry analysis. PA 
treatment markedly increased the number of dead cells (red fluorescence), but a marked decrease in the number of dead 
cells was observed in the Nb4C3 treatment group (Figure 5G). In addition, PA treatment markedly increased HepG2 cell 
apoptosis, but Nb4C3 treatment reduced HepG2 cell apoptosis (Figure 5H). During lipid peroxidation, hepatocyte injury 
and apoptosis induce proinflammatory cytokine release.6 As shown in Supplementary Figure 3, Nb4C3 treatment reduced 
the PA-induced increase in the expression of the proinflammatory genes Tnfα, Il6 and Il1β. Thus, cell death caused by 
oxidative stress can be prevented by Nb4C3 in vitro through its ability to scavenge ROS.

Figure 4 Antioxidant, anti-inflammatory, and macrophage polarization properties of Nb4C3. (A) RAW264.7 cells were cocultured with different concentrations of Nb4C3 

for 12 h in the presence of LPS. The levels of proinflammatory factors (Tnfα, Il6, Il12p40 and inos) were measured. RAW264.7 cells were cocultured with different 
concentrations of Nb4C3 for 24 h in the presence of LPS, and the numbers of F4/80+MHC II+ cells and F4/80+CD206+ cells were analyzed by flow cytometry (B). The 
concentrations of TNF-α and IL6 in the cell supernatants were detected (C), and images of the ROS levels were captured. ROS (green) were labeled with DCFH (scale bar = 
75 μm) (D). (E) Changes in the levels of p-ERK1/2, p-P38 and p-p65 NF-κB after treatment with Nb4C3. The data are presented as the means ± SDs. *P < 0.05, **P < 0.01, 
and ***P < 0.001.

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S500891                                                                                                                                                                                                                                                                                                                                                                                                   5655

He et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/500891/21-mar-2025-supplementary-1.docx


Antioxidant and Anti-Inflammatory Effects of Nb4C3 in vivo
MCD-induced acute MASH involves crosstalk between oxidative stress and inflammatory responses, and antioxidants can 
suppress proinflammatory responses and cell injury in individuals with MASH.34 Owing to the antioxidant and anti- 
inflammatory activities of Nb4C3, an MCD-induced MASH mouse model was established to evaluate the role of Nb4C3 in 
MASH. After 3 weeks of MCD diet feeding, the body weights of the mice decreased markedly, indicating successful 
establishment of the MASH model (Figure 6A), and none of the mice died. Nb4C3 treatment did not alleviate weight loss 
in MASH mice (Figure 6A) but significantly increased the liver-to-body weight ratio (Figure 6B). Furthermore, pathological 
hematoxylin and eosin (H&E) and Oil Red O staining revealed that the MCD+PBS group presented obvious lipid droplets and 
inflammatory features, including hepatocyte vacuolization and inflammatory cell infiltration (Figure 6C). Compared with 
those in tissues from mice in the MCD+PBS group, lipid droplet accumulation and inflammatory cell infiltration were 
obviously lower in tissues from mice in the MCD+Nb4C3 group, indicating that Nb4C3 inhibited MASH progression 
(Figure 6C). In addition, the total cholesterol (TC) and TAG levels in the liver were significantly lower in the Nb4C3 treatment 
group than in the control group (Figure 6D). Biochemical studies revealed that the plasma alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) levels were significantly decreased after Nb4C3 treatment (Figure 6E).

We used ICP‒OES to determine the Nb concentration in the liver, and the Nb concentration was 4-fold greater in the 
MCD+Nb4C3 group than in the control group (Figure 6F). Next, the level of lipid peroxidation was detected in the liver after 
treatment with Nb4C3 by measuring the MDA, SOD, and GSH levels. The MDA level significantly decreased, and the GSH 
and SOD levels significantly increased after Nb4C3 treatment (Figure 6G). A quantitative polymerase chain reaction (qPCR)- 
based analysis of the expression of proinflammatory factors and adipogenic-related genes was performed to obtain insights 
into the mechanisms by which Nb4C3 exerts its antioxidant and anti-inflammatory effects. Nb4C3 significantly reduced the 
levels of the proinflammatory factors Tnfα, Il6, Il1β and Inos (Figure 6H). Significant decreases in the expression of 
adipogenic markers, such as Srebp1 and Pparγ, and key enzymes that regulate cellular fatty acids, such as acetyl-CoA 
carboxylase (Acc) and fatty acid synthase (Fasn), were also observed (Figure 6H). Furthermore, PPAR and SREBP1 
expression was assessed via immunohistochemical staining (Figure 6I). Compared with MASH model mice treated with 
PBS, MASH model mice treated with Nb4C3 presented significantly lower expression of cleaved caspase 3 in the liver, which 
was consistent with the antiapoptotic effect on HepG2 cells in vitro (Figure 6J). Immunohistochemistry for F4/80 and iNOS, 

Figure 5 Antioxidant, anti-inflammatory, and antisteatotic activity of Nb4C3 in HepG2 cells. The cells were pretreated with Nb4C3 for 12 h and then treated with PA 
(250 μM) for 12 or 48 h. (A) Oil red O staining was performed to determine lipid accumulation. Scale bar, 25 µm. (B) Intracellular TAG levels were measured via a TAG test 
kit. (C) The relative expression of Pparγ and Srebp1 was determined via RT‒qPCR. (D) Western blotting was performed to determine the PPARγ and SREBP1 protein levels, 
and the results were normalized to those of GAPDH. (E) Intracellular SOD activity and GSH and MDA levels were assayed according to the manufacturer’s instructions. (F) 
Representative images of HepG2 cells stained with DCFH-DA after various treatments, as indicated. (G) Live (green)/dead (red) cell double staining of HepG2 cells 
incubated with PA in the absence or presence of Nb4C3. (H) PA-induced apoptosis of HepG2 cells treated with or without Nb4C3. *P < 0.05; and ***P < 0.001. 
Abbreviation: NS, not significant.
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which are markers of macrophages and M1 macrophages, respectively, was performed to quantify macrophage infiltration.35 

F4/80 and iNOS levels were significantly lower in liver tissues from mice treated with Nb4C3 than in those from mice treated 
with PBS (Figure 6K). Furthermore, Nb4C3 treatment decreased the levels of IL-1β and IL12p40, which are proinflammatory 
cytokines (Figure 6L). These results suggest that Nb4C3 reverses macrophage polarization from the M1 phenotype to the M2 
phenotype and regulates the secretion of various cytokines within the liver to relieve MASH symptoms.

Conclusions
In this work, we described the antioxidant and antilipid activities of Nb4C3 in a MASH mouse model. On the one hand, Nb4C3 can 
inhibit hepatocyte lipid accumulation and disrupt lipid metabolism, subsequently reducing lipid peroxidation-associated hepato
cyte death. On the other hand, Nb4C3 significantly inhibits inflammation by decreasing ROS levels and the secretion of 
proinflammatory cytokines to inhibit the polarization of M1-phenotype macrophages, thereby efficiently alleviating MAFLD 
symptoms. In conclusion, Nb4C3, which has multiple bioactivities, may have promising applications in the treatment of MASH.

Figure 6 Nb4C3 reduced hepatic steatosis and inflammation in the MASH model. C57BL/6 mice were fed an MCD for 3 weeks and received a tail vein injection of 100 μL of PBS or 
Nb4C3. (A and B) Body weights and liver/weight ratios of the mice. (C) Representative H&E-stained and Oil Red O-stained liver sections from the different groups. Scale bar, 
50 mm. Histological scores of the liver tissue from the two groups described above. (D) TAG and TC levels in the liver. (E) Serum levels of ALT and AST. (F) Nb levels in the liver 
tissue were determined via ICP‒OES. (G) Liver SOD activity and GSH and MDA levels were assayed according to the manufacturer’s instructions. (H) The levels of 
proinflammatory factors (Tnfα, Il6, Inos and Il1β) and fatty acid regulatory factors (Srebp1, Fasn, Acc and Pparγ) were measured via qPCR. Gene expression was normalized to 
Gapdh. (I–K) Representative images of PPARγ, SREBP1, cleaved caspase3, F4/80 and iNOS immunohistochemical staining of liver tissue sections are shown. Scale bar = 50 μm. (L) 
The concentrations of IL12P40 and IL-1β in liver tissue were measured via ELISA. The data are presented as the means ± SDs. *P < 0.05, **P < 0.01 and ***P < 0.001.
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Abbreviations
MASH, metabolic dysfunction-associated steatohepatitis; 2D, two-dimensional; ROS, reactive oxygen species; Nb4C3, 
niobium carbide; MXenzymes, MXene nanoenzymes; MCD, methionine–choline-deficient diet; MAFLD, metabolic dys
function-associated fatty liver disease; RO2, peroxyl radical; RO, alkoxyl radical; O2−, superoxide radical; HO2, hydroperoxyl 
radical; HOCl, hypochlorous acid; H2O2, hydrogen peroxide; Inos, inducible nitric oxide synthase; ILs, interleukins; TNF, 
tumor necrosis factor; TPAOH, tetrapropylammonium hydroxide; LiF, lithium fluoride; HF, hydrofluoric acid; SEM, scanning 
electron microscopy; EDS, energy-dispersive spectroscopy; TEM, transmission electron microscopy; XRD, X-ray diffraction; 
XPS, X-ray photoelectron spectroscopy; EPR, electron paramagnetic resonance; ICP‒OES, inductively coupled plasma– 
atomic emission spectrometry; PBS, phosphate-buffered saline; H&E, hematoxylin and eosin; qPCR, quantitative real-time 
RT–PCR; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LPS, lipopolysaccharide; PA, palmitic acid; BSA, bovine 
serum albumin; LDH, lactate dehydrogenase; CCK-8, Cell Counting Kit-8; DIO, 3.3′-dioctadecyloxacarbocyanine perchlo
rate; DCFH-DA, 2.7-dichlorofluorescein diacetate; SREBP1, sterol regulatory element-binding protein 1; PPARγ, peroxisome 
proliferator-activated receptor γ; MDA, malondialdehyde; GSH, glutathione; SOD, superoxide dismutase; ALT, alanine 
aminotransferase; AST, aspartate aminotransferase; BUN, urea nitrogen; Cr, creatinine; CK, creatine kinase; TAG, triglycer
ide; TC, total cholesterol; ELISA, enzyme-linked immunosorbent assay; HRTEM, high-resolution TEM; OCT, optimal 
cutting temperature; Ti3C2Tx MXenes, titanium carbide MXene nanosheets; DAPI, 4′,6-diamidino-2-phenylindole; HO, 
hydroxyl free radical; PI, propidium iodide.
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