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Abstract

Background Micro-/nanoplastics (MNPLs) are widely found in the environment and have toxic effects on various
organs and systems. However, the role of the gut-cardiac axis in cardiotoxicity induced by MNPLs has not yet been
elucidated through research.

Results In this study, we examined the effects of 80 nm polystyrene nanoplastics (PS-NPs) on the heart and human
cardiomyocytes (AC16) cells. Histopathological examination showed that NPs caused impaired cardiac function and
increased myocardial collagen deposition. In view of the potential influence of gut microbiota and its metabolites on
cardiac function, we conduct this study to investigate the specific effects they have on cardiac function. Analysis of
cecal contents by 16 s ribosomal RNA (rRNA) and short chain fatty acids (SCFAs) revealed that colonic tissue damage,
intestinal flora disorder, and reduction of propionic acid induced by PS-MPs were closely related to cardiac function.
Further transcriptomic analysis of heart and colon tissues indicated that propionic acid may reduce cardiac function
by reducing the expression of fructose-1, 6-biphosphatase 1 (FBP1). The hypothesis was further verified by in vitro
intervention experiments with sodium propionate and FBP1 activator (BML-275).

Conclusions In summary, our study systematically demonstrated the role of gut-heart axis in NPs-induced cardiac
injury, and the specific process was that NPs exposure reduced propionate level, which in turn inhibited FBP1
expression to impair cardiac function. These findings provide new insights into NPs-induced cardiotoxicity and
identifie potential therapeutic targets, providing clues for the prevention and treatment of NPs-induced cardiac injury
in the future.
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Background

Over the past few decades, plastic products have become
ubiquitous due to their low cost, durability, and versa-
tility. However, these advantages have led to significant
challenges in managing plastic waste. Of particular con-
cern are Micro-/nanoplasticss (MNPLs), which are per-
sistent in the environment and contribute to widespread
ecological contamination. MNPLs have been discovered
in diverse environments, from the polar ice caps [1]
to the deep sea [2], as well as in freshwater systems [3],
soil [4], and the air [5]. The human body is exposed to
MNPLs through a variety of ways. A growing number of
studies have found MNPLs in human nasal passages [6]
and lung tissue [7, 8]. Research on the hazards of inhaled
MDPs is still limited and requires urgent attention.

A growing body of epidemiologic and experimental
evidence suggests that air pollutants are strongly associ-
ated with the incidence and progression of cardiovascu-
lar disease [9], such as airborne particulate matter (PM)

ProNa: Sodium Propionate
BML-275: FBP1 activator

Interventions

and nitrogen oxides [10]. Importantly, the researchers
detected MNPLs in the human heart and its surrounding
tissues [11], thrombi [12], bone marrow [13], and carotid
artery plaque [14], raising concerns about potential car-
diovascular health risks in humans and animals. Epide-
miological evidence found that patients with detected
MNPLs in carotid plaque had a higher combined risk of
myocardial infarction and stroke than patients without
detected MNPLs [14]. Laboratory studies have found that
MNPLs can cause cardiac injury in mice [15-17], rats [18,
19], chickens [20], and zebrafish [21, 22], but the exact
mechanism remains to be further investigated. The gut
is the body’s largest immune organ. Studies have dem-
onstrated the intratracheal instillation of multi-walled
carbon nanotubes (MWCNT) exacerbates adriamycin-
induced cardiotoxicity by altering the gut microbiota
[23]. Furthermore, gut microbiota has been identified as
a novel therapeutic target between air pollution-induced
cardiovascular and metabolic diseases [24]. Therefore, it
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is essential to analyze how gut microbiota disturbance
caused by MNPLs affects cardiac function.

The gut-heart axis is an emerging field of medi-
cal research that highlights the complex relationship
between the gastrointestinal system and cardiovascular
health. Gut microbiota is a key contributor to host health
and homeostasis [25]. Recent studies have shown that gut
microbiota plays a crucial role in regulating cardiac func-
tion and cardiovascular diseases. Specifically, changes in
gut microbiota composition are closely related to cardio-
vascular diseases such as hypertension, atherosclerosis,
and heart failure [26]. Specific microbial metabolites,
such as short-chain fatty acids (SCFAs) [27], trimeth-
ylamine-N-oxide (TMAO) [28], and bile acids [29], can
influence heart health by regulating inflammation, lipid
metabolism, and endothelial function [30]. Studies have
found that MNPLs can cause gut microbiota disorders
[12, 31]. Long-term exposure to MNPLs resulted in
reduced SCFAs production [32]. However, the specific
process and key molecules of gut-heart axis in MNPLs-
induced cardiotoxicity are still unclear and need to be
further studied. Research in this field will provide a new
perspective for the control of plastic pollution and the
prevention of human diseases.

This study aimed to evaluate the potential cardiac tox-
icity of polystyrene nanoplastics (PS-NPs) in mammals,
with a particular focus on the role of the gut-heart axis in
NPs-induced cardiac injury. NPs concentrations equiva-
lent to those in real-world environments were chosen to
assess their impact on cardiac function, intestinal flora
composition, and the production of SCFAs metabolized
by gut microbiota. Key molecular targets were identified
through transcriptomic analysis of heart and colon tis-
sues, as well as through in vivo and in vitro experiments.
The findings from this study provide novel insights and
scientific evidence regarding the cardiotoxic effects of
environmental NPs exposure. Additionally, the results
offer potential strategies for prevention and mitigation of
NPs-induced cardiac damage through modulation of gut-
cardiac crosstalk.

Results

Characterization of NPs

The 80 nm PS-NPs exhibited a regular, uniform spheri-
cal morphology, as observed through scanning electron
microscopy (SEM) (Fig. 1A). These findings suggest that
the NPs possess good stability and dispersion. The zeta
potential of the NPs was measured to be -33.30+0.79 mV
(Fig. 1B), while their hydrodynamic size was determined
to be 83.54+0.72 nm (Fig. 1C).

NPs reduced heart function in mice
The method of respiratory exposure to PS-NPs used in
this study is illustrated in Fig. 1D. The NPs group showed
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no significant changes in body weight compared with the
control group (Fig. S1A). Additionally, the organ coeffi-
cients for the heart decreased in a dose-dependent man-
ner (Fig. S1B). Echocardiography was employed to assess
the anatomical structure and functional status of the
heart and major vessels, thereby reflecting overall heart
function. PS-NPs exposure resulted in reduced CO and
SV, which indicates that the cardiac function of the mice
was impaired (Fig. 1E and F). These findings collectively
highlight the adverse effects of PS-NPs on heart per-
formance. Exposure to NPs resulted in an incremental
increase in the markers of myocardial injury cardiac tro-
ponin T (cTnT), creatine kinase MB form (CK-MB), cre-
atine kinase (CK), and Myoglobin (MYO/MB) at all three
dose groups (Fig. 1G). Electron microscopy was used to
visualize the location of NPs and cardiac ultrastructure
(Fig. 1H). The control myocardial tissue was structurally
normal, and the mitochondria were normally distributed,
uniformly arranged, and dense. After treatment with
3 mg/kg NPs, local myocardial fibers were broken and
missing, and the mitochondria were obviously swollen
and vacuolated. The pathologic changes in cardiac struc-
ture were further evaluated using HE staining and Mas-
son staining (Fig. 1I). The myocardial tissue of the control
group was well arranged and dense. Exposure to NPs
exhibited myocardial clefts and fiber breaks, and such
changes were more pronounced with increasing doses
of NPs. Masson staining suggested that exposure to NPs
could lead to an increased deposition of collagen fibers.
The levels of the fibrosis markers a-smooth muscle actin
(a-SMA) and extracellular matrix protein 1 (ECM1) both
increased with dose (Fig. 1J).

NPs can cause colon injury, gut microbiota disorder, and
SCFAs reduction in mice

Gut microbiome and its metabolites are closely related
to a variety of cardiovascular diseases [33]. We further
investigated the effects of 3 mg/kg NPs on mouse colon
and gut microbiota, as well as SCFAs. Histopathological
examination of colon tissue was performed using hema-
toxylin and eosin (H&E) and alcian blue-periodic acid-
schiff (AB-PAS) staining. After 60 d of NPs exposure, a
reduction in the number of columnar and goblet cells
was observed, along with loose and irregularly arranged
lamina propria glands. Additionally, extensive infiltration
of inflammatory cells and a decrease in mucus secretion
were noted (Fig. 2A and Fig. S2). To further investigate
colonic barrier damage, we employed Evans blue staining
and evaluated the expression of tight junction proteins
(Occludin, Claudin-1, and zonula occludens-1 (ZO-1))
to characterize intestinal permeability. Our results dem-
onstrated that NPs exposure caused significant colonic
barrier damage (Fig. 2B), accompanied by a marked
reduction in both gene and protein expression levels of
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Fig. 1 Characterization of NPs and its effect on cardiac function in mice. (A) The image of NPs. (B) Zeta potentials of NPs. (C) The hydrodynamic size of
NPs. (D) Schematic diagram of the experimental procedure. (E-F) The effects of NPs at different doses on cardiac function were examined by echocardiog-
raphy. (G) Effect of different doses of NPs on the expression of myocardial injury markers. (H) Effect of NPs on cardiac ultrastructure. (I-J) NPs exposure to
cardiac tissue damage and collagen deposition. ®p < 0.05, compared with the 0 mg/kg group; °p < 0.05, compared with the 0.6 mg/kg group; °p < 0.05,
compared with the 3 mg/kg group, n>3
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Fig. 2 NPs (3 mg/kg) led to injury of the colon, disturbance of the intestinal flora, and disorder of short-chain fatty acids (SCFAs). (A) Effect of NPs on
colonic tissue. (B-D) Effect of NPs on colon barrier in mice. (E) PCoA score plots of intestinal flora. (F) Alpha diversity index results between groups. (G)
NPs causes differences in gut microbiota. (H) PCA score plot with principal component boxplot of SCFAs. (I) Expression clustering heatmap of SCFAs. (J)
Correlation of SCFAs with cardiac function and fibrosis index. **p <0.01, *p<0.05, n > 3

Occludin, Claudin-1, and ZO-1 (Fig. 2C-D). These find-
ings indicate that NPs exposure compromises intestinal
integrity, contributing to increased gut permeability.
Next, we found that NPs can cause changes in the gut
microbiota of mice (Fig. 2E), including the diversity
of microbiota (Fig. 2F) and species of the microbiota
(Fig. 2G).

SCFAs, produced by the metabolism of intestinal
microbiota, play a crucial role in various pathophysiolog-
ical processes of the cardiovascular system [34]. To assess
the impact of NPs exposure on SCFAs, we measured the

levels of several SCFAs in the cecal contents of mice. Our
results showed that the levels of propionic acid, isobu-
tyric acid, isovaleric acid, and valeric acid were signifi-
cantly reduced following NPs exposure (Fig. 2H-I and
Fig. S3). To further investigate the relationship between
SCFAs and cardiac injury, we conducted a correla-
tion analysis between the altered SCFAs and markers of
cardiac injury, including cardiac function and fibrosis
indexes. A strong correlation was observed, with propi-
onic acid showing the strongest association with cardiac
damage (Fig. 2J). These results suggest that NPs exposure
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Fig. 3 Transcriptomic analysis of heart and colon revealed key molecules of cardiotoxicity in NPs. (A-C) Hierarchical clustering and distribution of differ-
ential genes in cardiac tissue. (D) Differential genes and pathways in cardiac tissue. (E-F) Distribution of differential genes in colon tissue. (G) Heart-related
pathways from differential gene cluster analysis of colon tissue. (H) Differential genes and pathways in colon tissue. (I) A same pathway and its related
differential genes were analyzed in heart and colon tissues. (J) FbpT gene expression in heart tissue. 2p < 0.05, compared with the 0 mg/kg group; °p <
0.05, compared with the 0.6 mg/kg group; °p < 0.05, compared with the 3 mg/kg group, n=4

disrupts gut microbiota balance and SCFA production,
especially propionate, which may be a key molecule in
the observed cardiac dysfunction.

Fructose-1,6-bisphosphatase 1 (FBP1) is a potential key
molecule in heart damage caused by NPs

In order to explore the specific mechanism of 3 mg/
kg NPs induced cardiac injury, we performed tran-
scriptomic analysis of heart tissue and colon tissue. The
analysis of differentially expressed genes in the hearts of
the two groups showed 17 up-regulated pathways and 4
down-regulated pathways (Fig. 3A-D). In addition, NPs
induced differentially expressed genes in mouse colon tis-
sue (Fig. 3E-F). 8 pathways related to heart were obtained
by cluster analysis of colon tissue differential genes
(Fig. 3G). KEGG enrichment analysis was performed on
differentially expressed genes in colon tissues, and 24
signaling pathways were obtained (Fig. 3H). After com-
prehensive analysis of differential expression pathways in
the heart and colon, we found that AMPK pathway was
significantly enriched in both tissues. Notably, Fbp1I is the
only identical differential gene in both heart and colon
tissue (Fig. 3I). FbpI mRNA expression decreased in both
colon and heart after NPs exposure (Fig. S4 and Fig. 3]).
The above results suggest that FBP1 may be a molecular
target for understanding the underlying mechanisms of
cardiac dysfunction after NPs exposure and may provide
therapeutic targets to mitigate cardiac injury.

Relationship between FBP1 and propionic acid in
cardiotoxicity induced by NPs

In our study, we observed that with the increase in the
dose of NPs, the expression of the FBP1 protein in heart
tissue gradually declined (Fig. 4A-C). To investigate the
role and potential mechanism of Propionic acid in the
cardiotoxicity induced by NPs, molecular docking of
FBP1 with Propionic acid was carried out. The results
showed that the binding energy was -2.44 (Fig. 4D),
suggesting that FBP1 might be a crucial target influenc-
ing cardiac function following the reduction of Propi-
onic acid due to NPs exposure. Nevertheless, the specific
regulatory relationship between FBP1 and propionic acid
remains to be elucidated.

Propionic acid May ameliorate NPs-induced cardiac injury
by regulating FBP1

In our in vitro experiments using AC16 cardiomyocytes,
we evaluated heart-related indicators and the expression

of FBP1 following supplementation with sodium propio-
nate (ProNa) (Fig. 5A). The concentrations of nanoparti-
cles (NPs) and ProNa were selected based on cell viability
assays, with optimal doses of 100 pg/mL for NPs and
0.5 mM for ProNa (Fig. 5B-C). ProNa supplementation
was found to attenuate the expression of genes associ-
ated with myocardial fibrosis induced by NPs, including
tenascin C (Tnc), collagen type I alpha 2 chain (Colla2),
and actin alpha 2, smooth muscle (Acta2) (Fig. 5D). Fur-
thermore, ProNa alleviated NPs-induced alterations in
cardiac function-related indicators, such as MYO/MB,
CK-MB, and cTnT (Fig. 5E-F). Notably, NPs significantly
reduced both the mRNA and protein expression of FBP1
in AC16 cells. However, supplementation with ProNa
effectively mitigated this reduction, restoring FBP1
expression levels (Fig. 5G-K). These findings suggest that
propionic acid may play a protective role in counteract-
ing NPs-induced cardiac dysfunction by modulating
FBP1 expression and reducing myocardial fibrosis.

Activation of FBP1 is an effective measure to reduce heart
damage caused by NPs

AMP-activated protein kinase (AMPK) plays a critical
role in suppressing gluconeogenesis during energy stress,
indirectly regulating the activity of FBP1 [35]. In this
study, BML-275 (FBP1 activator) was used to investigate
the protective role of FBP1 activation in NPs-induced
cardiotoxicity (Fig. 6A). The optimal dose of BML-275,
determined through cell viability assays, was found to
be 10 uM (Fig. 6B). Our results revealed that BML-275
intervention effectively mitigated the NPs-induced
reduction in both mRNA and protein levels of FBP1
(Fig. 6C-E). Additionally, BML-275 was able to attenu-
ate the expression of fibrosis-related genes, including
Tnc, Colla2, and Acta2. Moreover, BML-275 improved
the elevated levels of myocardial injury markers, such as
MYO/MB, CK-MB, and cTnT (Fig. 6F-H). These results
suggest that activating FBP1 expression mitigated myo-
cardial fibrosis and cardiac dysfunction induced by NPs
exposure. Therefore, FBP1 may be a potential therapeutic
target to address NPs-induced cardiotoxicity.

Discussion

Plastic pollution, particularly long-term exposure to
MNPLs, has emerged as a significant threat to global
ecosystems and human health. Current evidence indi-
cates that MNPLs exert toxic effects on both the heart
and colon, often accompanied by disruptions in the gut
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microbiota. However, the precise role of the microbiome
in MNPLs-induced cardiac injury remains poorly under-
stood. In this study, we investigated the impact of NPs on
cardiac function and explored the potential involvement
of the gut-heart axis in NPs-induced cardiac injury. Fur-
thermore, we found that NPs exposure led to gut micro-
biota dysbiosis and altered SCFAs profiles, indicating
that disturbances in the gut microbiome may contribute
to NPs-induced cardiac damage.

Age and work environment are recognized as crucial
factors influencing MPs intake, as indicated in [36]. To
simulate the exposure of different exposed populations,

we designed a 5-fold concentration gradient based on
the calculated doses that mimic environmental exposure.
Accumulating evidence showed that MNPLs can cause
cardiotoxicity in experimental animals under different
exposure modes. (1) Ingestion of MNPLs in the digestive
tract can cause apoptosis of cardiac cells [15], damage
of myocardial structure [16], and decline of cardiac sys-
tolic function [17] in mice. It can also cause the increase
of myocardial enzyme level [18], myocardial structural
damage and apoptosis, and myocardial collagen hyper-
plasia [19] in rats. It can also cause myocardial scorch
death, inflammatory cell infiltration and mitochondrial
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Fig. 5 Alleviating effect of Sodium propionate (ProNa) on cardiotoxicity induced by NPs. (A) Schematic diagram of ProNa intervention experiment. (B)
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disease in chickens [20]. Oral administration of MNPLs
can cause decreased heart rate [37], pericardial edema
[21, 22], and decreased cardiac function [38] in zebrafish.
(2) Intraperitoneal injection of MNPLs can cause dam-
age to myocardial structure in mice [39]. (3) Inhalation
of MNPLs can cause cardiac hypertrophy in mice [40].
MNPLSs may also pose a significant risk to the cardiovas-
cular system. Notably, there are few studies on cardio-
toxicity induced by respiratory ingestion of MNPLs, and
the underlying mechanisms are unclear and need to be
urgently addressed.

Gut microbiota participates in the maintenance of
host health by producing a variety of metabolites [41].
These microbial metabolites, such as SCFAs, bile acids,
and tryptophan derivatives, are essential for regulat-
ing numerous physiological processes [42]. SCFAs, for
instance, are produced from the fermentation of dietary
fibers and contribute to energy homeostasis, immune
modulation, and the maintenance of gut barrier integ-
rity [43]. The balance of these metabolites is crucial for

preventing inflammation, metabolic disorders, and other
chronic diseases [44]. Environmental pollutants, such
as heavy metals, airborne particulate matter, pesticides,
and plastic particles, can significantly impact the compo-
sition of the gut microbiota [45]. These pollutants enter
the body through various routes, disrupting the normal
microbial balance. Studies have found that inhalation
of PM,; can cause gut microbiota [46] and SCFAs dis-
order [47], and cause cardiac toxicity [48]. Similarly, as a
small particle size, NPs may also affect cardiac function
through the same pathway, and the specific mechanism
needs to be further studied. Our research has found that
exposure to environmental doses of NPs can cause gut
microbiota disturbance and decrease SCFAs, includ-
ing propionic acid, isobutyric acid, isovaleric acid, and
valeric acid. Through correlation analysis with cardiac
function and fibrosis related indicators, we found that
propionic acid was more strongly correlated with car-
diac injury. Propionic acid can lower serum low den-
sity lipoprotein and total cholesterol in patients with
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Fig. 6 Role of FbpT in cardiotoxicity induced by NPs. (A) Schematic diagram of BML-275 intervention experiment. (B) Cell viability at different concen-
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hypercholesterolemia [27]. An animal study found that
propionate plays an important role in improving cardio-
vascular health by reducing atherosclerosis and hyper-
tensive heart remodeling [49]. This study found that

NPs exposure reduced propionic acid levels in the cecal
contents of mice. In conclusion, propionic acid may be
involved in the process of NPs causing heart damage, but
the specific process remains to be studied.
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Through transcriptomic analysis of heart and colon tis-
sue, this study identified the key pathway of NPs induced
cardiac injury. One of the key findings was that FBP1
in the AMPK pathway emerged as a critical regulator
of the gut-heart axis during NPs-induced heart injury.
FBP1 is a pivotal enzyme in gluconeogenesis, respon-
sible for maintaining glucose homeostasis, particularly
under conditions of energy stress. AMPK plays a central
role in inhibiting gluconeogenesis during energy stress,
indirectly regulating FBP1 activity [35]. By modulating
FBP1, AMPK ensures the proper balance between energy
demand and supply in the heart. Our study demonstrated
that NPs exposure alters the FBP1, contributing to car-
diac dysfunction. These findings highlight FBP1 as a key
molecule in understanding the molecular mechanisms of
NPs-induced cardiac damage and point to the FBP1 as a
potential therapeutic target for mitigating cardiovascu-
lar disease risk associated with environmental nanopar-
ticles. Propionic acid, a SCFAs primarily produced by gut
microbiota, plays a significant role in gluconeogenesis.
Once absorbed by the liver, propionic acid is converted
into propionyl-CoA, which is subsequently transformed
into succinyl-CoA, an intermediate of the tricarboxylic
acid (TCA) cycle. Succinyl-CoA then enters the gluco-
neogenic pathway, contributing to glucose production
from non-carbohydrate substrates. It may have a posi-
tively influence host metabolism [50]. Herefore, propi-
onic acid may promote gluconeogenesis through the
activation of FBP1, thereby helping to maintain glucose
homeostasis. In our study, molecular docking analy-
sis revealed that propionic acid directly interacts with
FBP1. The supplementation of propionic acid was found
to reverse the decline in FBP1 expression induced by
NPs, and subsequently restored cardiac function-related
markers. Furthermore, activation of FBP1 was associated
with improvements in cardiac function indicators. These
results suggest that propionic acid may attenuate NPs-
induced cardiac injury by activating FBP1, thereby high-
lighting a potential protective mechanism that involves
the regulation of cardiac gluconeogenesis.

Conclusions

In summary, our study provides new insights into the
cardiotoxic effects of NPs and underscores the impor-
tance of the gut-heart axis in mediating these effects. The
results suggest that propionic acid disturbance caused by
intestinal dysbiosis may be a key process in NPs-induced
cardiac dysfunction through increased FBP1 expres-
sion. Supplementing propionic acid or activating FBP1
in vitro is an effective measure to alleviate heart damage
caused by NPs. Future studies should focus on further
elucidating the molecular mechanisms underlying the
gut-cardiac interactions in the context of NPs exposure
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and exploring potential strategies to restore gut microbial
balance as a means of preventing cardiovascular damage.

Materials and methods

Materials and reagents

The 80 nm PS-NPs particles used in this study were pur-
chased from the Baseline Chromatographic Technol-
ogy Development Center (Tianjin, China). Firstly, the
morphology of NPs was observed by scanning electron
microscopy (Hitachi S-4800, Japan). The hydrodynamic
size and zeta potential of NPs were further measured by
Nano ZSP Expert Colloid & Protein (Malvern, UK) at 25
C.

Animal and treatments

Six weeks old C57BL/6] male mice (Vital River Labora-
tory Animal Technology, China) were kept in standard
specific pathogen free (SPF) environment with tempera-
ture of (22+2) ‘C, humidity of 50-60%, light/dark cycle
of 12 h for 7 days. Mice were randomly divided into four
groups (n=8). Subsequently, mice received intratracheal
instillations of 50 pL phosphate-buffered saline (PBS)
containing 0 (Control group), 0.6, 3, or 15 mg/kg (NPs
group) of PS-NPs in every 5 d (specific methods of intra-
tracheal instillations and the procedure for calculating
the exposure dose are provided in the Supporting Infor-
mation) [51]. The treatments were administered for 60 d,
after which the mice were euthanized for further analysis.
All experiments in this study were approved by the Capi-
tal Medical University Animal Care and Use Committee
(AEEI-2020-168).

Cell culture and experimental design

Human cardiomyocytes (AC16) were cultured in
DMEM/F12 (Gibco, USA) supplemented with 10% fetal
bovine serum (Gibco, USA) and 1% penicillin-strepto-
mycin solution (Biosharp, China). The cells were treated
with 0, 50, 100, 200, and 400 pg/mL PS-NPs for 24 h. Cell
cultures were performed at 37 °C in a sterilized incubator
with 5% CO.,.

The optimal exposure doses of Sodium propionate
(ProNa, Shanghai yuanye Bio-Technology Co., Ltd,
China; 0, 0.25, 0.5, 1, and 2 mM) [52] and BML-275
(MCE, China; 0, 5, 10, 20, and 40 pM) [53] were deter-
mined based on cell viability assays. Experimental
groups were established as follows: Control group, PA
or BML-275 group, NPs group, and ProNa+NPs or
BML-275+NPs group. In the ProNa+NPs and BML-
275+ NPs groups, ProNa or BML-275 was administered
2 h prior to nanoparticle exposure, and cells were sub-
sequently exposed to NPs for 24 h. After treatment, the
protein expression of the cells was observed by immuno-
fluorescence method or the total RNA and protein were
extracted from the cells of each group.
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Echocardiography

Cardiac output (CO) serves as a measure of the heart’s
ejection function [54], while stroke volume (SV) repre-
sents the terminal event of the cardiac cycle and serves
as an indicator for detecting abnormal cardiac physiolog-
ical mechanisms that may lead to a state of shock [55].
Ejection fraction (EF), defined as the percentage of blood
volume ejected with each cardiac cycle, is commonly
used to assess cardiac performance [56]. Fractional
shortening (FS) estimates the systolic function of the left
ventricle and is an index for evaluating the heart’s hemo-
dynamic status. Cardiac function in mice was evaluated
using echocardiography performed with the Vevo 2100
ultrasound system (FUJIFILM Visual Sonics Inc., USA),
equipped with a 30 MHz phased array transducer. The
following indicators of cardiac function were measured:
CO, EF, SV, and FS. These parameters were calculated as
the average values over five consecutive cardiac cycles.
All qualitative and quantitative analyses were conducted
offline using analytic software (Visual Sonics).

Histological analyses

To analyze the histopathological changes in the heart
and colon after NPs exposure, we performed the same
analysis as our previous study [31, 54]. Fresh heart and
colon tissues from mice in each group were isolated and
fixed, embedded in paraffin, made into 4 um thick sec-
tions, and then stained with hematoxylin-eosin (H&E),
Cresyl violet (Nissl), and Alcian blue-periodic acid Schiff
(AB-PAS). High-resolution images were obtained by pan-
oramic scan (3DHISTECH, Hungary). The distribution
of myocardial fibers, the distribution of colon tissue cells
and the expression of mucus layer were observed for his-
topathological evaluation.

ELISA

The levels of ¢cInT, CK-MB, CK, MYO/MB, a-SMA, and
ECM1 in the heart of mice and ¢InT, CK-MB, and MYO/
MB in AC16 cells were measured by respective mouse
ELISA kits (Jiangsu Jingmei Biological Technology Co.,
Ltd., China) according to the manufacturer’s instructions.

Transmission electron microscopy

Heart tissues (1 mm?®) were fixed with 2.5% glutaralde-
hyde at 4 C. After penetrating embedding, ultrathin
Sects. (60-80 nm) were made, stained (2% uranyl acetate
and 2.6% lead citrate), and then observed by transmis-
sion electron microscopy (Hitachi HT7800, Japan; reso-
lution=1 nm, accelerating voltage=4.0 kV) and images
were collected.

RNA-seq
Total RNA was extracted from mouse heart and colon tis-
sues using Trizol reagent, following previously described
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methods [57]. The rest of the procedure was the same as
in our previous experiment [31]. Briefly, mRNA was puri-
fied from total RNA using poly-T oligo-attached. Hierar-
chical clustering of differentially expressed mRNAs was
performed (R package pheatmap, vension: 1.0.12). Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrich-
ment of differentially expressed genes was performed
(FDR<0.05, FC>1.2), and the significance was set at
p<0.05.

SCFAs concentrations

In this experiment, seven types of SCFAs were accurately
measured and dissolved in ethyl ether (purity=99.7%,
supplied by China National Pharmaceutical Group Cor-
poration) to achieve a concentration of 1 mg/mL. A
series of concentration - standard samples were diluted
to obtain the standard curve. Thirty milligrams of cecal
contents were weighed into a centrifuge tube, and 300 uL
of ultra-pure water was added. The mixture was homoge-
nized for 2 min (min). Subsequently, it was centrifuged at
4 "C and 18,000 g for 20 min. Then, 200 pL of the super-
natant was transferred, and 50 uL of concentrated sul-
furic acid diluted with 50% water was added. After that,
200 pL of an ether solution (containing an internal stan-
dard of 5 pg/mL) was added. The mixture was vortexed
for 1 min, sonicated for 1 min, and then centrifuged at
12,000 rpm at 4 C for 20 min. Finally, it was allowed
to stand at 4 ‘C for 10 min. The supernatant diethyl
ether layer was treated with anhydrous sodium sulfate
(purity 299%, purchased from Sigma company). Ulti-
mately, the concentrations of SCFAs were measured on
a gas chromatography-time-of-flight mass spectrometer
(GC/TOEMS) platform (Pegasus HT, Leco Corp, USA).

16 s ribosomal RNA (rRNA) sequencing

The detailed protocols were mentioned in our previ-
ous study [31, 58]. Principal coordinate analysis (PCoA)
and one-way analysis of variance (ANOVA) were used
to evaluate the species complexity and compare the
abundance and diversity of gut microbiota, respectively.
Differential abundance taxa were assessed by combin-
ing linear discriminant analysis (LDA) with effect size
(LEfSe).

Measurement of gut barrier permeability

Evans blue dye was utilized as a marker for assessing
albumin extravasation in order to evaluate barrier func-
tion. The detailed protocols were mentioned in our pre-
vious study [59]. Briefly, a 2% Evans blue dye solution
was prepared. The solution was then administered via
the tail vein of the experimental mice. The injection was
performed with precision to ensure an accurate dose
delivery. After injection, the dye was allowed to circulate
within the mouse’s bloodstream for exactly 15 min. This
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time interval was determined based on prior research
and pilot experiments to ensure sufficient distribution of
the dye to relevant tissues. Subsequently, a transcardial
perfusion with PBS was initiated. The process was closely
monitored, and the perfusion was continued until the
effluent from the right atrium appeared completely col-
orless. This visual cue was used as an indication of suc-
cessful clearance of the dye from the circulation, ensuring
that any observed Evans blue staining in the tissues was
due to extravasation rather than remaining dye in the
blood vessels. Following the perfusion, the gut tissues of
mice in each experimental group were carefully excised.
The gut tissues of mice in each group were photographed
and observed.

Immunohistochemistry

The immunohistochemistry analysis was conducted as
previously described [31]. Heart tissue sections were
incubated overnight at 4°C with primary antibodies tar-
geting Occludin, Claudin-1, ZO-1, and FBP1 at a dilu-
tion of 1:500 (Santa, USA). Following incubation with
the primary antibodies, the sections were treated with
horseradish peroxidase (HRP)-conjugated secondary
antibodies and developed using 3,3’-diaminobenzidine
(DAB) substrate (Sigma-Aldrich, USA) to visualize the
staining. Images of the stained sections were captured
using a panoramic scanner (3DHISTECH, Hungary).

Cell counting kit-8 (CCK-8)

The AC16 cells were seeded in 96-well culture plates (37
C, 5% CO,). After plating the cells for 24 h, they were
treated with PS-NPs (0, 50, 100, 200, and 400 pg/mL),
ProNa (0, 0.25, 0.5, 1, and 2 mM), or BML-275 (0, 5, 10,
20, and 40 uM) for 24 h and incubated at 37 C for 2 h.

Quantitative reverse transcription polymerase chain
reaction (RT-qPCR) analysis

Total RNA was isolated from heart tissue, colon tissue,
and AC16 cells using Trizol reagent. Complementary
DNA (cDNA) was synthesized from the extracted total
RNA samples of mice utilizing a cDNA reverse transcrip-
tion kit (Allmeek, China). RT-qPCR was subsequently
conducted employing the 2xPerfectHS SYBR QPCR
Mixture kit (Allmeek, China) on a Bio-Rad (CFX96™
optical module). The primer sequence is shown in sup-
plementary Table S1.

Western blot

Heart tissues or AC16 cells were homogenized using a
protein extraction reagent (Nanjing KeyGen Biotech,
China). Equal amounts of total protein were used for
the detection of FBP1 (1:1000, Santa, USA) and GAPDH
(1:5000, CST, USA) through incubation with the respec-
tive primary antibodies overnight (4 ‘C). The membranes
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were then incubated with horseradish peroxidase-conju-
gated secondary antibodies (1:2000, CST, USA) at 37 C
for 1 h. Protein bands were visualized using an enhanced
chemiluminescence (ECL) reagent (Millipore, USA) and
quantified using Image] software (NIH, USA).

Immunofluorescence

The expression of FBP1 in heart tissue was evaluated
using immunofluorescence staining. Briefly, tissue sec-
tions were dewaxed and rehydrated, followed by block-
ing with 3% bovine serum albumin at 37 ‘C for 30 min.
The sections were then incubated overnight at 4 C with
monoclonal antibodies against FBP1 (1:500, Santa, USA).
To detect the primary antibodies, Dylight 488-conjugated
anti-mouse secondary antibodies (1:100, Abcam, USA)
were applied at room temperature for 1 h.

For AC16 cells, cell slides were placed in culture plates,
and once the cells covered approximately 80% of the slide
area, corresponding treatments were applied. Cells were
fixed with 4% paraformaldehyde for 20 min and permea-
bilized using 0.5% Triton X-100. After permeabilization,
the cells were blocked with 5% goat serum (Solarbio,
China) for 1 h. Cells were then incubated overnight at 4
‘C with FBP1 primary antibodies (1:100, Santa Cruz Bio-
technology, USA). This was followed by incubation with
Dylight 488-conjugated anti-mouse secondary antibodies
(1:100, Abcam, USA) at room temperature for 1 h.

Nuclei were counterstained with DAPI (Beyotime,
China). Imaging were also conducted using a panoramic
scanner (3DHISTECH, Hungary).

Molecular Docking

The crystal structure of propionic acid was obtained from
PubChem  (https://pubchem.ncbi.nlm.nih.gov/), and
the crystal structure of FBP1 was downloaded from the
RCSB Protein Data Bank (https://www.rcsb.org/). Both
structures were prepared for docking using Autodock
Tools 1.5.7. The preparation process included removing
ligands and water molecules, as well as adding hydrogen
atoms. The prepared files were saved in pdbqt format.
For molecular docking, the compounds were imported
into Autodock Tools 1.5.7, where all flexible bonds were
set to be rotatable by default. Docking simulations were
carried out using Autodock Tools 1.5.7, and the docking
results were visualized using PyMOL 2.6.

Statistical analysis

All data are presented as meanz+standard deviation
(SD). The homogeneity of variances was evaluated using
Bartlett’s test, and the normality of the data was assessed
with the Shapiro-Wilk test. For comparisons between two
groups, a two-tailed unpaired Student’s t-test was used.
For multiple group comparisons, one-way analysis of
variance (ANOVA) was conducted, followed by Tukey’s
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multiple comparison test with Bonferroni correction. In
cases where data did not meet the normality assumption,
the Games-Howell test was employed for multiple group
comparisons. Spearman correlation was used to analyze
the correlation between differential SCFAs and cardiac
injury related indicators. All statistical analyses were per-
formed using SPSS version 26.0, Origin 2024, or Graph-
Pad Prism version 8.3.
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