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Abstract 

Au@Pt nanozyme, a bimetallic core–shell structure Au and Pt nanoparticle, has attracted significant attention due 
to its excellent catalytic activity and stability. Here, we propose that Au@Pt improves glucose tolerance and reduces 
TG after four weeks administration. The transcriptomic analysis of mouse liver tissues treated with Au@Pt nanozyme 
showed changes in genes related to glucose and lipid metabolism signaling pathways, including glycolysis/glu-
coneogenesis, pyruvate metabolism, PPAR signaling, and insulin signaling. Moreover, analysis of fecal samples 
from mice treated with Au@Pt nanozyme showed significant changes in the abundance of beneficial gut microbiota 
such as Dubosiella, Parvibacter, Enterorhabdus, Monoglobus, Lachnospiraceae_UCG-008, Lachnospiraceae_UCG-006, 
Lachnospiraceae_UCG-001, and Christensenellaceae_R-7_group. Combined multi-omics correlation analyses revealed 
that the modulation of glucose and lipid metabolism by Au@Pt was strongly correlated with changes in hepatic gene 
expression profiles as well as changes in gut microbial profiles. Overall, our integrated multi-omics analysis demon-
strated that Au@Pt nanozyme could modulate glucose and lipid metabolism by regulating the expression of key 
genes in the liver and altering the composition of gut microbiota, providing new insights into the potential applica-
tions of Au@Pt nanozyme in the treatment of metabolic disorder.
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Graphical Abstract

Introduction
Globally, metabolic diseases such as diabetes and obe-
sity have reached epidemic proportions, affecting mil-
lions of people [1, 2]. The incidence of these diseases 
is on the rise, and factors such as sedentary lifestyles, 
poor dietary choices, and genetic predisposition are 
contributing to the increasing burden on global health-
care systems. One of the key factors in the development 
of metabolic disorders is the dysregulation of glucose 
and lipid metabolism [3]. In diabetes, for example, the 
body is unable to properly regulate blood glucose lev-
els, leading to serious complications including nerve 
damage, kidney failure, and cardiovascular disease [4]. 
Similarly, in people with obesity, an unbalanced energy 
intake and consumption can lead to the build-up of 
superfluous fat, which in turn can lead to a range of 

health problems, such as certain types of cancer, stroke, 
and heart disease [5, 6]. Given the significant impact of 
metabolic disorders on public health, there is an urgent 
need for innovative approaches to the management and 
treatment of these diseases. Researchers and healthcare 
professionals are exploring diverse strategies, including 
lifestyle interventions, pharmacological therapies, and 
surgical procedures, to modulate metabolic pathways 
and enhance patient outcomes [7]. However, traditional 
approaches to managing metabolic diseases, includ-
ing drugs and lifestyle changes, have safety and effi-
cacy limitations due to side effects and drug resistance. 
Innovative strategies are urgently needed to enhance 
disease management for individuals requiring multiple 
medications and long-term interventions.
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Recently, nanotechnology has appeared as a field of 
great promise for the development of innovative thera-
peutic and diagnostic strategies. Among various nano-
materials, nanozymes, as a class of artificial enzymes, 
have attracted much attention in recent years due to their 
unique properties and potential applications in various 
fields such as biomedicine [8, 9], immunotherapy [10, 11], 
food safety [12, 13], and environmental applications [14, 
15]. Notably, the application of nanozyme in the treat-
ment of metabolic diseases is gradually coming into the 
limelight like a rising star [16]. For example,  Fe3O4 nano-
particles and the single-atom Ce-N4-C-(OH)2 nanozyme 
have shown promising results in diabetes treatment by 
enhancing glucose uptake, improving insulin sensitivity, 
and lowering blood glucose levels, with  Fe3O4 nanopar-
ticles activating adenosine 5′-monophosphate-activated 
protein kinase and single-atom Ce-N4-C-(OH)2 exhib-
iting superoxide dismutase (SOD)-, oxidase (OXD)-, 
catalase (CAT)-, and peroxidase (POD)-like activities to 
independently generate hydroxyl radicals and enhance 
glucose metabolism [17, 18]. With developments in the 
field of nanozymes, it has the potential to revolutionise 
the treatment of metabolic disorders, providing patients 
with effective and customised treatments to improve the 
outcomes of metabolic disorders.

The gut microbiota performs a pivotal role in mainte-
nance of gut health and overall wellness. Imbalances in 
the gut microbiota have been linked to various health 
conditions, such as inflammatory bowel disease [19], 
nonalcoholic steatohepatitis [20], and even neurologi-
cal disorders [21, 22]. Modulating the gut microbiota to 
restore balance and promote a healthy microbial com-
munity is an area of active research. Nanozymes could be 
used to modulate the gut microbiota by targeting specific 
microbiota or promoting the growth of beneficial micro-
biota. For example, nanozymes can be designed to selec-
tively target and inhibit the growth of harmful bacteria 
while leaving beneficial bacteria unharmed [23, 24]. This 
could help restore balance to the gut microbiota and pro-
mote overall gut health.

Au@Pt nanozymes, composed of gold (Au) core and 
platinum (Pt) shell, exhibit enzyme-like activities, includ-
ing POD, CAT, and OXD, making them attractive can-
didates for various biomedical applications, such as 
myocardial infarction [25], diabetic wound healing [26, 
27], and rheumatoid arthritis [28]. However, the regula-
tory effects of Au@Pt on glucose and lipid metabolism 
remain unclear. To elucidate the potential of Au@Pt in 
regulating glucose and lipid metabolism, we analyzed 
liver and feces under high-fat diet (HFD) conditions fol-
lowing Au@Pt administration through the integration of 
multi-omics analysis. We found that Au@Pt was effective 
in reducing blood glucose levels and serum triglyceride 

(TG) levels, as well as having no significant effect on 
body weight. Mechanistically, administration of Au@
Pt significantly alters the expression of genes related to 
glucose and lipid metabolism signaling pathways, includ-
ing insulin signaling pathway, PPAR signaling pathway, 
glycolysis/gluconeogenesis, and pyruvate metabolism. 
Furthermore, 16S rRNA profiling of fecal samples from 
mice treated with Au@Pt nanozymes showed signifi-
cant changes in the abundance of certain beneficial gut 
microbiota, which are strongly associated with altera-
tions in metabolic phenotype. This discovery highlights 
the potential application of Au@Pt in metabolic disease 
homeostasis and offers a promising strategy for disorders 
of metabolic homeostasis.

Materials and methods
Chemical reagents and materials
Dulbecco’s Modified Eagle Medium (DMEM) was 
obtained from Beijing Solarbio Technology Co., Ltd 
(Beijing, China).  K2PtCl6,  HAuCl4·3H2O, and Brij-58 
were obtained from Aladdin (Beijing, China). The CAT 
detection kit, the SOD detection kit, the reactive oxygen 
species (ROS) detection kit (DCFH-DA), and the cell via-
bility detection kits were acquired from Shanghai Beyo-
time Biotechnology Co., Ltd (Shanghai, China).

The Au@Pt nanozyme preparation
The synthesis of Au@Pt nanozymes was in accordance 
with a previously conducted study. To briefly summarize 
the synthesis process: 40 mg of Brij@58 was solubilized 
in 4 mL of distilled water, then 0.1 mL of 0.05 M  HAuCl4, 
0.45 mL of 0.05 M  K2PtCl6, and 1 mL of 0.25 M ascorbic 
acid (AA) were added. Upon addition of AA, the mixture 
changed color to red, indicating the formation of an Au 
core. The color then changes from red to purple and then 
to black within 1  min, indicating that Pt is growing on 
the Au surface. The optical images capturing the change 
in color are shown in the supporting information in Fig. 
S1. The reaction was carried out by stirring the mixture 
at 60  °C for 1  h. After completion of the reaction, the 
nanomaterials were three times washed with water and 
ethanol.

Characterization of Au@Pt nanozyme
X-ray diffraction (XRD) data was recorded by a Bruker 
D8 Advance diffractometer. Transmission electron 
microscopy (TEM) images were carried out by an FEI-
TALOS-F200X microscope. X-ray photoelectron spec-
troscopy (XPS) analysis was carried out on a Thermo 
Fisher Scientific K-Alpha. Fourier transform infrared 
(FTIR) analyses were carried out with a FTIR spec-
trometer (Thermo Nicolet IS5, BRUKER TENSOR II). 
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Inductively coupled plasma mass spectrometry (ICP-MS) 
was performed by use of an AGILENT 5100.

Cell culture
HepG2 cells (Chinese Academy of Sciences Stem Cell 
Bank) were incubated in DMEM with 10% fetal bovine 
serum (PANBiotech) and 1% penicillin–streptomycin 
(Gibco). All cells were cultured at 37 °C with 5%  CO2.

The effect of the Au@Pt nanozyme on ROS in HepG2 cells
HepG2 cells (4 ×  105 cells/mL) were cultured in 6-well 
dishes and inoculated for 24 h. After 24 h of incubation 
and addition of palmitic acid, the treatment of cells with 
20 μM DCFH-DA for 30 min was performed to measure 
the intracellular ROS level. Then, an appropriate amount 
of Hoechst 33,342 live cell stain was added to the culture 
medium homogenously, mixed gently, and incubated for 
20  min. Then cells were washed and observed under a 
fluorescence microscope (IX71, Olympus, Japan).

The effect of the Au@Pt nanozyme on glucose uptake 
in HepG2 cells
HepG2 cells (4 ×  105 cells/mL) were treated with the Au@
Pt nanozyme for 24  h. Glucose residue in the cell cul-
ture supernatant was then collected, centrifuged, and 
determined using a glucose kit (glucose oxidase method) 
(Nanjing Jiancheng, Nanjing, China).

Hemolysis assay
The hemocompatibility of nanoparticles was investigated 
by a hemolysis assay [29, 30]. Different concentrations 
(0–500 μg/mL) of Au@Pt were incubated with 2% rabbit 
red blood cells at 37 °C for 2 h. The cells were then centri-
fuged at 1000 rpm for 5 min and the supernatant absorb-
ance was recorded using a microplate detector at 545 nm. 
0.9% NaCl and ultrapure water were used as the nega-
tive and positive standards for hemolysis, respectively. 
The hemolysis rate was calculated from the measured 
absorbance. Hemolytic rate = 100% × [(ODsa–ODneg)/
(ODpos–ODneg)]. ODsa: Abs of the experimental group; 
ODneg: Abs of the negative group; ODpos: Abs of the 
positive group.

The experiment of mice in vivo
This experiment was approved by the Animal Ethics 
Committee of China Agricultural University (approval 
number: AW62113202-4–1). Animal studies were con-
ducted in the specific pathogen-free animal house of 
the Beijing Agricultural Products Quality Supervision, 
Inspection and Testing Centre of the Ministry of Agricul-
ture. Six-week-old C57BL/6  J male mice were obtained 
from Beijing Vitality River Laboratory Animal Technol-
ogy Co. After a 1-week acclimatization period, the mice 

were divided into groups receiving either a chow diet 
(HFK Bioscience Co. Ltd.) or a HFD (Research Diet, 
D12492), with the Au@Pt group receiving the HFD along 
with a daily oral administration of 10 mg/kg Au@Pt. All 
mice underwent the intervention for 4 weeks.

Oral glucose tolerance test (OGTT)
After 4 weeks of feeding, mice were subjected to OGTT 
after 6 h of fasting (8:00 am to 2:00 pm) by orally admin-
istering 2 g of glucose per kilogram of body weight. Blood 
glucose was then measured with a glucometer by collect-
ing blood from the tip of the tail vein of the mice at 0, 15, 
30, 60, 90, and 120 min after glucose was given.

Hematoxylin–eosin (H&E) staining
Immediately, the liver, spleen, testis, epididymis, and 
colon were immerged in 4% formaldehyde. Then it was 
imbedded in paraffin, sectioned, and stained with H&E. 
The staining sections were analyzed using an optical 
microscope (Olympus, Tokyo, Japan).

Blood biochemistry analysis
The serum biochemical indexes of mice were detected 
using a kit from Biosino Bio-Technology and Science 
Co., Ltd. with a blood biochemistry analyzer (Techni-
con RA-1000, USA). The biochemistry indexes measured 
included aspartate aminotransferase (AST), alanine ami-
notransferase (ALT), urea, lactic dehydrogenase (LDH), 
cholesterol (CHO), triglycerides (TG), low-density lipo-
protein (LDL), and high-density lipoprotein (HDL).

RNA extraction and qPCR
Total RNA was extracted from the liver using TRI-
zol (Invitrogen) and the quantity was quantified with a 
Nano 300 spectrophotometer (Allsheng Co., Ltd.). Fol-
lowed by cDNA synthesis and qPCR using the FastKing 
RT Kit (with gDNase) (Tiangen) and the universal SYRB 
qPCR Master Mix (Biosharp Life Science, Anhui, China) 
according to the manufacturer’s instructions respectively. 
Relative alterations in mRNA expression were meas-
ured by the ΔΔCt method and standardized to β-actin. 
Table S1 lists all primer sequences used.

Transcriptome analysis
Liver transcriptome analyses for RNA purification, 
reverse transcription, library construction, and sequenc-
ing were carried out at Shanghai Majorbio Bio-pharm 
Biotechnology Co., Ltd. (Shanghai, China). Briefly, 
DESeq2 or DEGseq was used for differential expression 
analysis [31, 32]. |log2FC|≥ 1 and FDR ≤ 0.05 (DESeq2) 
or FDR ≤ 0.001 (DEGseq) differentially expressed genes 
(DEGs) were considered to be significantly differentially 
expressed genes. Furthermore, an enrichment analysis 
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of function involving GO and KEGG was conducted to 
determine the DEGs that were markedly enriched in 
GO terms as well as metabolic pathways compared to a 
transcriptome-wide background at Bonferroni-corrected 
p-values ≤ 0.05.

Gut microbiota analysis
E.Z.N.A. Fecal DNA Kit (Omega Bio-tek, Inc.) was used 
for fecal genomic DNA extraction. Universal primers 
338F (5ʹ-ACT CCT ACG GAG GCA GCA G-3ʹ) and 806R 
(5ʹ-GGA CTA CNNGGG GTA TCT AAT -3ʹ) were used to 
amplify the V3-V4 hypervariable region of 16S rRNA 
gene of bacteria. Deep sequencing was conducted on the 
Illumina Miseq/Novaseq (Illumina, Inc., USA) platform 
at Beijing Allwegene Technology Co., Ltd. An analysis 
was performed utilizing Linear Discriminant Analysis 
Effect Size (LEfSe) to discover bacterial taxa that varied 
significantly, with statistical significance determined by a 
p-value < 0.05 and an LDA score exceeding 4. Predicted 
functional profiles of the microbial communities were 
then generated via PICRUSt2, with subsequent assess-
ment of statistically significant differences carried out 
using STAMP.

Statistical analysis
All data in this study were expressed as mean ± stand-
ard error. Statistical analyses were performed using the 
student’s t-test to compare differences between the two 
groups, and one-way ANOVA or two-way ANOVA for 
multiple groups. The GraphPad Prism 10 was used for all 
statistical analyses and significance was set at *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001.

Results and discussion
Characterization of Au@Pt nanozyme
Au@Pt nanozyme was synthesized by a one-step co-
reduction approach [33]. As shown in the TEM image 
(Fig.  1A), Au@Pt NPs demonstrate a dendritic mor-
phology and the diameter was 30–50 nm. We used EDS 
elemental mapping analysis to detect the spatial arrange-
ment of the two metal elements in the Au@Pt. The green 
particles representing Au are more densely distributed 
in the center than in the periphery, thus confirming that 
Au is predominantly distributed in the nuclear struc-
ture. The red particles representing the element Pt are 
distributed in the shell (Fig.  1A). Au@Pt is a bimetallic 
nanoparticle with a core–shell structure that is highly 
mesoporous in nature. FTIR was used to determine 
potential interactions between surface biomolecules and 
metal ions, which contribute to the comprehension of the 
Au@Pt nanozymes’ mechanism of biosynthesis (Fig. 1B). 
The crystal structures of the prepared samples were 
detected by XRD. Figure 1C shows the XRD patterns of 

Au@Pt nanozyme. To understand the mode of binding 
further, we used XPS to investigate the composition of 
surface elements, structural details, and chemical states, 
as shown in Fig. 1D, E, the main peaks at 84.08 (4f ) and 
87.80 (4f ) were attributed to  Au0+, while the peaks at 74.6 
(4f ) and 71.25 (4f ) were characteristic of  Pt0+ species. 
Most importantly, we found that Au@Pt exhibited excel-
lent POD, CAT, and SOD-like activities.

Au@Pt improves glucose tolerance and reduces TG
To confirm the effect of Au@Pt on body composition, 
the organ mass was determined in normal diet, HFD, 
and Au@Pt administration group mice. A HFD for 
4  weeks resulted in significant increases in epididymal 
fat weight, body weight, inguinal fat weight, visceral fat 
weight, perirenal fat weight, and adipocyte area in mice 
(Fig. S2A–2F). While, compared to the HFD group, the 
administration of Au@Pt showed a trend of reducing 
these indicators, but did not exhibit significant differ-
ences (Fig. S2A–S2F). Given the limited intervention 
period of 4  weeks for Au@Pt, any observed effects on 
body weight and organ weight may exhibit a decreasing 
trend; however, no statistically significant differences 
were identified. Future studies could use interventions 
that mimic natural products, such as obesity or diabe-
tes models before implementing substance interventions 
[34, 35]. Furthermore, extending the duration of die-
tary and material co-interventions to 8–12  weeks could 
strengthen the robustness of the findings.

To further investigate the impact of Au@Pt on glu-
cose metabolism, we conducted fasting blood glucose 
testing as well as a glucose tolerance test. As shown 
in Fig.  2A–C, HFD significantly impairs glucose toler-
ance and increases the area under the curve (AUC) of 
OGTT compared to a normal diet. Notably, Au@Pt sig-
nificantly improved glucose tolerance and decreased the 
AUC of OGTT, but did not affect fasting plasma glucose 
(Fig. 2A–C). In current research, metabolic abnormalities 
induced by a HFD also are shown as the increase of blood 
lipids (Fig.  2D–F), liver lipid accumulation (Fig.  2G), 
hypertrophic adipose tissue cells (Fig. S2F and S2J), and 
unaffected liver weight and liver function indicators (Fig. 
S2G-S2I). Meanwhile, Au@Pt treatment significantly 
reduced blood TG levels, hepatic lipid accumulation, and 
fibrosis compared to the HFD group (Fig. 2D, G). Taken 
together, the analyses above clearly elucidated that Au@
Pt improves glucose tolerance and reduces TG.

Transcriptional profiles analysis of Au@Pt treated mice liver
Considering that the liver performs an essential role in 
the body’s glucose and lipid metabolism [36, 37], to fur-
ther explore the improvement effect of Au@Pt on glu-
cose and lipid metabolism disorders, we conducted a 
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Fig. 1 Characterization of Au@Pt. A TEM images of Au@Pt nanozyme; B–E The FTIR, XRD, and XPS of the Au@Pt nanozyme
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Fig. 2 The effect of Au@Pt on glucose tolerance and lipid metabolism. A The levels of fasting blood glucose; B The OGTT; C The AUC during OGTT; 
D The TG levels; E The CHO levels; F The LDL levels; G The representative H&E and masson staining of liver section, scalar bar = 100 μm
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transcriptome profile of liver. As illustrated in Fig. 3A–C, 
between the HFD group and the control group there were 
1011 DEGs, of which 323 had increased expression and 
688 had decreased expression (log2|fold change|> 1 and 
p < 0.05). Meanwhile, Au@Pt administration significantly 
up-regulated 529 genes and down-regulated 474 genes 
compared to the HFD group (log2|fold change|> 1 and 
p < 0.05). DEGs heatmaps were generated to elucidate the 
effects of Au@Pt ingestion on gene expression alterations 
in the liver. As depicted in Fig. 3D, oral administration of 
Au@Pt effectively reversed the gene expression changes 
induced by HFD. Next, we performed KEGG and Reac-
tome annotation of the DEGs to identify the genes of 
interest for further analysis. As shown in Fig.  3E, the 
most abundant terms related to environmental informa-
tion processing (EIP) and organismal systems (OS) were 
associated with signaling transduction and the immune 
system. Notably, the two most highly regulated Reactome 
pathways were those related to metabolism and immune 
system signal transduction. These results suggested that 
the main impact of Au@Pt on the transcriptional profile 
was focused on metabolism and signal transduction.

To further elucidate the major modulation signaling 
pathways involved in DEGs, KEGG and GSEA analyses 
were performed, respectively. Firstly, the 13 most impor-
tant KEGG pathway related to metabolism were classi-
fied and ranked according to enrichment scores (p < 0.05) 
(Fig.  4A). There were 21 different signaling pathways 
between HFD and control group (p < 0.05) and 22 differ-
ent signaling pathways between Au@Pt and HFD group 
(p < 0.05) (Table S2). Interestingly, in the GSEA analysis, 
we enriched 7 important signaling pathways, which were 
positively correlated with the control group and Au@
Pt group and negatively correlated with the HFD group, 
mainly including GnRH signaling pathway, glycolysis/
gluconeogenesis, lysosome, olfactory transduction, glu-
tathione metabolism, long term depression, and neuro-
trophin signaling pathway (Fig. S3). These results suggest 
that Au@Pt can change in the direction of the Control 
group by reversing the above signaling pathways affected 
by HFD.

Notably, our comprehensive analysis of the above 
differential gene KEGG-enriched signaling pathways 
and the gene-wide GSEA signaling pathway identified 
four intersecting important signaling pathways includ-
ing glycolysis/gluconeogenesis, pyruvate metabolism, 
PPAR signaling pathway, and insulin signaling pathway 
(Fig. 4A–E). Then, the key genes enriched in these path-
ways were heat-mapped between control, HFD, and Au@
Pt group (Fig. 4F–I). Taken together, the analyses above 
clearly elucidated that Au@Pt modulates glucose and 
lipid metabolism homeostasis may be associated with 
glycolysis/gluconeogenesis, insulin signaling pathway, 

PPAR signaling pathway, and pyruvate metabolism. To 
further verify the differences in the above signaling path-
ways, the expression of key genes was verified by qRT-
PCR (Fig. S4).

Analysis of key genes regulated by Au@Pt in the liver
To further explore how the key genes regulated by Au@
Pt play a role in modulating the homeostasis of glucose 
and lipid metabolism in the body, we selected 25 genes 
in the above 4 key signaling pathways for the protein–
protein interactions (PPI) analysis and transcription fac-
tor (TF) analysis. PPI network analysis was performed 
using the STRING 12.0 database to identify the key gene 
targets in key pathways affected by Au@Pt (Table  S3), 
and the results showed that the highest interaction was 
Pgam2 and Eno3, followed by Pkm and Aldoa (Fig. 5A). 
As shown, the proteins with the highest correlation of 
gene expression are Pkm and Aldoa, followed by Pgam2 
and Eno3 (Fig. 5B). As indicated by cooccurrence inter-
actions, gene families with similar patterns appear in 
the genome (Fig. 5C). TF enrichment was performed on 
DEGs in key pathways using ChEA3 to investigate poten-
tially upstream TFs related to variants observed in the lit-
erature based on CHIP-seq. As shown in Fig. 5D, E, the 
top 10 TF from the literature ChIP-seq library as PPARG, 
TBP, ESRRB, HIF1A, KLF4, NFE2L2, GABPA, GATA2, 
TP63, and KLF1. Recently, some researchers reported 
that the regulation of PKM2 and HK2 expression by the 
PPARg and HIF1α-PPARg axis plays important roles in 
glucose and lipid metabolism, including mediating gly-
colysis, liver steatosis, hypertrophy, and hyperplasia [38, 
39]. Collectively, the potential role of Au@Pt in glucose 
and lipid metabolism may affect downstream signaling 
pathways by regulating TFs such as HIF1a and PPARg.

The regulatory effect of Au@Pt on glucose and lipid 
metabolism in hepatocytes
To further investigate the regulatory effects of Au@
Pt on glucose and lipid metabolism at the cellular level 
in vitro, we performed this experiment in human hepato-
cyte cell lines HepG2 cell. Firstly, after 24 h of incubation 
with Au@Pt, HepG2 cells retained > 80% viability across 
Au@Pt at concentrations ranging from 0–200  μg/mL 
(Fig. 6A). Biocompatibility is essential for the translation 
of nanozymes into clinical applications [40–42]. Then, 
we incubated rabbit red blood cells with varying Au@Pt 
concentrations (0–500 μg/mL) at 37 °C for 2 h to evalu-
ate the biocompatibility of the Au@Pt in the blood cir-
culation. As shown in Fig.  6B, no significant hemolysis 
(less than 2%) was observed at concentrations from 0 to 
200 μg/mL after incubation of Au@Pt with red blood cell 
suspension, indicating that the Au@Pt had good biologi-
cal safety. It is interesting to note that in contrast to the 
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Fig. 3 Transcriptomic analysis of liver. A and B The volcanic map of DEG distribution; C The number of DEGs; D Heat map plots for DEGs; E The 
histogram of KEGG; F Reactome annotations analysis. HD: Human Diseases; OS: Organismal Systems; CP: Cellular Processes; EIP: Environmental 
Information Processing; M: Metabolism
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Fig. 4 The analysis of differentially expressed genes. A KEGG enrichment analysis; B–E GSEA analysis; F–I The heat-map of differentially expressed 
genes in glycolysis/gluconeogenesis, pyruvate metabolism, PPAR signaling pathway, and insulin signaling pathway
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Fig. 5 The analysis of key genes. A STRING network visualization of the 25 differentially expressed genes; B The observed co-expression in Mus; C 
The gene cooccurrence of key gene; D, E Top 10 transcription factor from the literature ChIP-seg library of key genes
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Fig. 6 The effect of Au@Pt on the HepG2 cell. A The cell viability of Au@Pt; B Hemolysis assay of Au@Pt in vitro; C The representative fluorescence 
pictures of ROS (green) and nucleus (blue); D The glucose concentration in the supernatant; E CAT activity; F SOD activity
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Fig. 7 Structural and compositional analysis of the gut microbiota. A α diversity displayed by observed ASV levels; B PLS-DA plot analysis 
of β-diversity of the gut microbiota; The gut microbiota relative abundance at the C phylum and D genus level; E–L The relative abundance 
of Dubosiella, Parvibacter, Enterorhabdus, Monoglobus, Lachnospiraceae_UCG-008, Lachnospiraceae_UCG-006, Lachnospiraceae_UCG-001, 
and Christensenellaceae_R-7_group at genus levels
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overactive ROS generation induced by palmitic acid (PA) 
in HepG2 cells (Fig. 6C), the PA + Au@Pt group showed 
a significant reduction in the accumulation of ROS. 

Besides, compared with PA, Au@Pt significantly reduced 
glucose concentration in the supernatant (Fig. 6D). Con-
sistent with the Au@Pt enzyme-like activity, we found 

Fig. 8 The different gut microbiota analysis at genus levels. A Bacterial taxa showing different abundances between control, HFD, and Au@Pt 
group; B The correlation of gut microbiota among control, HFD, and Au@Pt group; C Sankey diagrams analysing the relative abundance of gut 
microflora at phylum level (left) and genus level (right) for samples from control, HFD, and Au@Pt groups
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Fig. 9 Functional predictions of fecal microbiota in the control and HFD groups (A) and in the HFD and Au@Pt groups (B) as predicted by the KEGG 
pathway. Statistical significant differences were determined by the unpaired two-tailed Welch’s t-test (p < 0.05) in STAMP (n = 5)
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that Au@Pt also increased the CAT and SOD activity 
under conditions of PA stimulation (Fig. 6E, F).

The modulation of gut microbiota by Au@Pt
An increasing number of studies have shown that dis-
orders of the gut microbiota and its metabolites can 
severely influence the onset and progression of metabolic 
disorders [43–45]. To unravel the modulatory effects 
of Au@Pt on the gut microbiota, high-throughput 16S 
rRNA gene sequencing of the V3-V4 region was per-
formed to investigate the changes in the microbial com-
munity. α-Diversity analysis showed that the microbial 
community of mice in the HFD group showed a signifi-
cant decrease in diversity (Chao and observed species) 
and richness (observed ASVs) compared to the control 
and Au@Pt groups (Fig. 7A). Moreover, β diversity analy-
sis based on Bray–Curtis revealed that the structures of 
the bacterial communities in the Au@Pt-treated mice 
were comparable to the mice in the control group along 
PC2, the relationship between Au@Pt and HFD along 
PC1 appears to be similar, and that the groups are indeed 
dispersed along PC2 (Fig. 7B). Changes in the structure 
of the gut microbiota community in control, HFD, and 
Au@Pt mice were associated with altered patterns of 
relative abundance, which were seen at both the phylum 
and genus level (Fig. 7C, D).

In particular, we found a significant increase in 
the relative abundance of Dubosiella and Parvi-
bacterat genus levels in HFD-fed mice, while Au@
Pt administration significantly decreased these rela-
tive abundances to be consistent with the con-
trol group (Fig.  7E, F). Similarly, oral intake Au@Pt 
significantly increased the relative abundance of Enter-
orhabdus, Monoglobus, Lachnospiraceae_UCG-008, 
Lachnospiraceae_UCG-006, Lachnospiraceae_UCG-001, 
and Christensenellaceae_R-7_group compared with HFD 
at genus levels (Fig. 7G–L).

Heat map of dominant genera was analysed and the 
results showed that the number of dominant genera 
showed an increasing trend after Au@Pt treatment 
(Fig. 8A). To determine the specific taxa of microorgan-
isms affected by Au@Pt in HFD-fed mice, LEfSe analy-
ses were performed ranging from the phylum level to 
the species level, with significance defined as p < 0.05 
and LDA scores > 4 (Fig. 8B). In addition, the correlation 

of gut microbiota among the three groups also indi-
cated that Au@Pt supplementation reversed the changes 
induced by a HFD and tended to align more closely with 
the control groups and showed a positive correlation 
(Fig.  8C). We conducted a thorough characterization of 
the alterations in gut microbiota composition in HFD-
fed mice subjected to treatment with Au@Pt, employing 
Sankey diagrams to visualize the changes at both the phy-
lum and species levels (Fig. 8D). In PICRUSt2, 16S rRNA 
gene sequencing data from the gut microbiota are cou-
pled with commonly available database sets to predict of 
the functional profile of the gut microbiota and to create 
a functional “map” [46, 47]. As shown in Fig.  9A, sam-
ples from the HFD group and the control group primar-
ily differed in the following metabolic pathways related to 
glucose and lipid metabolism: citrate cycle, phosphonate 
and phosphinate metabolism, steroid hormone biosyn-
thesis, sucrose, and starch metabolism, biosynthesis of 
unsaturated fatty acids, propanoate metabolism, lipoic 
acid metabolism, and linoleic acid metabolism. Com-
pared to HFD mice, caprolactam degradation, nicotinate 
and nicotinamide metabolism, and sphingolipid metabo-
lism were significantly altered after Au@Pt administra-
tion (Fig. 9B).

Then, we analysed the association between 16S rRNA 
results and metabolic indices. The results showed that 
differences in serum TG levels were positively corre-
lated with Dubospora and Parvibacter at the taxonomic 
level of the genus (Fig.  10A, C, D) but negatively cor-
related to Lachnospiraceae_UCG-008 (Fig. 10A, E). The 
difference in the AUC of OGTT was positively corre-
lated to Dubosiella (Fig.  10A, B). The AUC of OGTT 
differences had a positive correlation with Dubosiella. 
Taken together, these findings suggest that the regula-
tion of Au@Pt on glucose and lipid metabolism may be 
associated with altered composition and structure of 
the gut microbiota. Moreover, the heat map of the cor-
relation network also suggested that there was a close 
correlation between the differential genes and the dif-
ferential gut bacteria (Fig.  10F). Overall, gut microbi-
ota may be an important target for understanding the 
metabolic homeostasis regulated by Au@Pt, which also 
provides an important theoretical basis for promoting 
Au@Pt to clinical application. The use of nanozyme in 
modulating the gut microbiota holds promise for the 

(See figure on next page.)
Fig. 10 Analysis of correlation between metabolic index and gut microbiota. A Analysis of metabolic index with differential gut microbiota 
at genus level; B Spearman’s correlation analysis of the AUC of OGTT with the relative abundance of Dubosiella; C Spearman’s correlation analysis 
of the relative abundance of Dubosiella with serum TG levels; D Spearman’s correlation analysis of the relative abundance of Parvibacter with serum 
TG levels; E Spearman’s correlation analysis of the relative abundance of Lachnospiraceae_UCG-008 with serum TG levels; F The heat map 
of correlation network of differential genes and differential gut bacteria
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Fig. 10 (See legend on previous page.)
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Fig. 11 The pharmacokinetic and biosafety analysis of Au@Pt. A The pharmacokinetic properties of Au@Pt; B Analysis of Au@Pt content in different 
tissues; C Representative H&E-stained sections of colon, spleen, lung, testis, kidney, spleen. Scalar bar = 100 μm
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development of new strategies for promoting gut health 
and treating gut-related disorders. Additional inves-
tigations are required to fully understand nanozymes’ 
potential in this area and to develop safe and effec-
tive nanozyme-based therapies for modulating gut 
microbiota.

The pharmacokinetic and biosafety analysis of Au@Pt
The pharmacokinetics and the in  vivo metabolic pro-
file of Au@Pt in a mouse model were investigated. 
To assess the circulatory situation of Au@Pt, we con-
ducted measurements of the Pt element content in the 
serum at different time points (0.5, 1, 2, 4, 6, 8, 12, 24, 
48, and 72 h) using ICP-MS. As shown in Fig. 11A and 
Table  S4, the elimination half-life  (t1/2) of Au@Pt was 
calculated as 13.506  h in a two-compartment phar-
macokinetic model. The mean residence time (MRT) 
and the time to peak (Tmax) of Au@Pt in the body 
were determined to be 57.437  h and 24  h based on 
the pharmacokinetics data respectively. Subsequently, 
we measured the levels of Au@Pt in different tissues 
after administered for 4 weeks, and the data from the 
study indicated that the highest levels were in the liver, 
followed by the kidney and epididymal fat, and lower 
levels in the serum relative to the different tissues 
(Fig. 11B).

The biosafety of Au@Pt is vital for future applica-
tions, especially for clinical treatment. Firstly, we eval-
uated the biocompatibility of Au@Pt in vitro, as shown 
in Fig. 6D, no significant hemolysis (less than 2%) was 
observed after incubation of Au@Pt with red blood 
cell suspension, indicating that the Au@Pt had good 
biological safety. In addition, we have conducted sev-
eral studies on the biosafety of Au@Pt during in  vivo 
experiments. According to the different organ weights 
(Fig. S2), the Au@Pt did not influence the weight 
changes of organ tissue. Analyses of blood biochemis-
try revealed that Au@Pt did not impair liver biochem-
istry and function, kidney function, or other serum 
parameters (Fig.  11A–F). Similarly, there was no vis-
ible pathological injury to the organ tissues as revealed 
by H&E staining (Fig.  11C). These observations sug-
gest that the minimal or even undetectable toxicity 
of Au@Pt in  vitro and in  vivo suggests its potential 
application in the maintenance of metabolic homeo-
stasis. Nanozyme’s unique properties at the nanoscale 
may also pose risks, particularly regarding neurotoxic-
ity. For example, cellular interactions, oxidative stress, 
inflammatory response, passage across the blood–
brain barrier, and long-term effects. Considering these 
factors, a thorough investigation into the neurotoxic 
effects of nanozymes is essential to ensure their safety 
in medical applications. Future studies should focus on 

elucidating the mechanisms of neurotoxicity, assessing 
the effects on neuronal health, and establishing safety 
benchmarks for their use in vivo.

Conclusions
Given the pathological microenvironment of character-
istics of hyperglycemia and hyperlipidemia in the course 
of glucose and lipid metabolism disorder, this study pre-
pared Au@Pt with a relatively simple composition, high 
activity, and controllable biosafety. We found that the 
intake of Au@Pt nanozyme can not only ameliorate glu-
cose tolerance but also reduce serum TG content. The 
expression of genes related to glycolipid metabolism 
signaling pathways such as insulin signaling pathway, 
glycolysis/glucuronidation, PPAR signaling pathway, and 
pyruvate metabolism was significantly changed after 
administration of Au@Pt. Furthermore, analyses of 16S 
rRNA profiling of fecal samples of mice treatment by 
Au@Pt nanozyme presented significant changes in the 
abundance of certain beneficial gut microbiota, which 
are strongly associated with alterations in metabolic 
phenotype. In addition, it could effectively eliminate 
ROS against oxidative stress damage and enhance the 
activity of CAT and SOD of hepatocytes in the inflam-
mation microenvironment in  vitro. Overall, this study 
emphasizes the potential of Au@Pt nanozyme being a 
prospective nanomaterial in the modulation of meta-
bolic pathways and offers valuable insights into the appli-
cation of integrated multi-omics analysis for studying 
nanozyme-based therapeutics in the context of metabolic 
disorders.
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