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Abstract

Background: Heart failure (HF) remains a leading cause of morbidity and mortality worldwide. Although dapagliflozin, a selective
sodium—glucose cotransporter 2 (SGLT2) inhibitor, has demonstrated significant cardiovascular benefits in large clinical trials, the un-
derlying mechanisms beyond glucose lowering remain incompletely understood. Increasing evidence suggests that gut microbiota and its
metabolites may contribute to HF progression through gut-heart axis interactions. Methods: In this study, a total of 135 individuals with
HF were recruited, comprising 84 patients treated with dapagliflozin (Y group) and 51 receiving conventional therapy (N group). Gut
microbial communities were characterized through 16S rRNA gene sequencing to evaluate compositional structure, diversity metrics, and
taxa differences between groups. Untargeted metabolomic profiling of plasma samples was conducted to identify significantly altered
metabolites and enriched metabolic pathways. Furthermore, the interrelationships between gut bacterial taxa and circulating metabolites
were systematically explored to delineate potential microbiome—metabolome interactions. Results: Dapagliflozin treatment signifi-
cantly altered gut microbial composition (p < 0.05, permutational multivariate analysis of variance [PERMANOVAY)), characterized by
increased Prevotella, Akkermansia, Collinsella, and Fusobacterium, and reduced Bacteroides, Parabacteroides, Subdoligranulum, and Bi-
fidobacterium in the dapagliflozin group, whereas control-enriched taxa included Lachnoclostridium and the Ruminococcus gauvreauii
group. Fourteen plasma metabolites were differentially abundant between groups, including higher levels of O-phospho-L-threonine
and epiandrosterone in the dapagliflozin group, while salicyluric acid and L- (+)-rhamnose were enriched in the control group. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis indicated alterations in amino acid and one-carbon metabolism, as well
as carbohydrate and steroid-related pathways. Correlation analysis revealed that Collinsella was positively associated with fludarabine
phosphate (p < 0.05), whereas Akkermansia and Paraprevotella showed negative correlations with maslinic acid and phospho-L-valine,
respectively (p < 0.01 to p < 0.001). Conclusion: Dapagliflozin modulates gut microbiota composition and circulating metabolic
signatures in HF patients, supporting a potential gut-heart axis mechanism contributing to its cardioprotective effects.
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1. Introduction

Heart failure (HF) is a multifactorial syndrome in
which structural or functional defects of the heart impair
its pumping capacity and increase intracardiac pressures,
triggering progressive hemodynamic alterations and clin-
ical manifestations [1,2]. With the aging population and
the increasing burden of cardiovascular diseases, the global
incidence of HF continues to rise, making it a major pub-
lic health concern. The clinical manifestations of HF are
diverse, ranging from asymptomatic left ventricular dys-
function to severe congestive symptoms such as dyspnea,
fatigue, and fluid retention [3,4]. HF not only severely im-
pacts patients’ quality of life but is also associated with high
mortality, high readmission rates, and a substantial eco-
nomic healthcare burden.

HF is associated with extremely high morbidity and
mortality. One study reported that the 5-year mortality rate
after an HF diagnosis can reach 50%, comparable to many
malignant tumors [5]. HF patients are frequently hospital-
ized, with approximately 50% readmitted within six months
after discharge, creating a significant healthcare burden
[6]. HF also leads to multi-system complications, including
worsening renal function (cardiorenal syndrome), liver ab-
normalities, and cognitive dysfunction [7]. Notably, even
subclinical HF (elevated B-type Natriuretic Peptide [BNP]
without symptoms) is associated with an increased risk of
death, comparable to that of overt HF [5]. Patients with
heart failure frequently experience poor quality of life, and
approximately 30—40% present with depressive or anxiety
disorders, further compounding the disease burden [8].

Heart failure is identified through an integrated
clinical and biochemical assessment, with BNP and its
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N-terminal fragment (NT-proBNP) serving as reliable
biomarkers to differentiate cardiac from non-cardiac causes
of dyspnea [9]. Echocardiography is the cornerstone for
evaluating cardiac structure and function. Emerging tech-
niques such as three-dimensional echocardiography and
strain imaging have improved the detection rate of early car-
diac dysfunction [10]. Cardiac magnetic resonance (CMR)
offers unique advantages in assessing myocardial fibrosis,
inflammation, and specific cardiomyopathies [10,11]. Ad-
ditionally, artificial intelligence-assisted electrocardiogram
(ECG) analysis is beginning to be used for predicting HF
risk and treatment response [12].

The gut microbiota has recently emerged as a key reg-
ulator in cardiovascular health and disease. As an interface
between host and environment, the gut microbiome partici-
pates in metabolic homeostasis, immune regulation, and in-
flammatory responses [13,14]. Studies show that the struc-
ture and function of the gut microbiota are influenced by
multiple factors, including host genetics, diet, environment,
and developmental stage, while also exhibiting significant
stability and plasticity [15,16]. Particularly during species
adaptation to environmental changes (e.g., invasion pres-
sure, high-altitude environments), the vertical transmission
and functional synergy of specific core microbiota become
key mechanisms [17].

In recent years, the association between the gut mi-
crobiota and cardiovascular diseases, particularly HF has
become a research hotspot. HF patients often exhibit gut
microbiota dysbiosis, characterized by a reduction in ben-
eficial bacteria and an overgrowth of potentially harmful
bacteria [18]. This dysbiosis exacerbates HF progression
through multiple mechanisms, including abnormalities in
metabolites [e.g., trimethylamine N-oxide (TMAO), short-
chain fatty acids (SCFAs)], bacterial translocation due to
impaired intestinal barrier integrity, and systemic inflam-
mation and immune activation [19]. Furthermore, the gut
microbiota is closely linked to HF risk factors such as
hypertension, diabetes, and obesity [20]. Microbiota of-
ten exert key effects through metabolites. For instance,
choline and carnitine are metabolized by gut microbes into
trimethylamine (TMA), which is subsequently oxidized in
the liver to TMAO. TMAO can promote atherosclerosis,
platelet activation, and myocardial fibrosis, thereby wors-
ening HF [19]. High TMAO levels are significantly as-
sociated with poor prognosis in HF patients [21]. SCFAs
like butyrate and propionate, produced by microbial fer-
mentation of dietary fiber, possess anti-inflammatory prop-
erties and help maintain intestinal barrier function. HF pa-
tients show a reduction in SCFA-producing bacteria (e.g.,
Roseburia, Faecalibacterium), potentially leading to im-
mune dysregulation and myocardial inflammation [19,22].
The microbiota also regulates bile acid metabolism. Sec-
ondary bile acids modulate cardiac energy metabolism and
inflammation through the farnesoid X receptor (FXR) and
G protein-coupled receptor (TGRS), and their imbalance is
associated with HF [23].

Dapagliflozin, a sodium-glucose cotransporter 2
(SGLT2) inhibitor, was initially developed for treating type
2 diabetes mellitus (T2DM). However, recent studies have
demonstrated its significant clinical benefits in HF treat-
ment, regardless of diabetes status [24,25]. Dapagliflozin
(DAPA) has shown notable cardiovascular protective ef-
fects in several large randomized controlled trials. In the
DAPA-HF trial, dapagliflozin significantly reduced the risk
of the composite endpoint of cardiovascular death or wors-
ening heart failure (hazard ratio [HR] 0.74) in patients
with heart failure with reduced ejection fraction (HFrEF)
[26,27]. The DELIVER trial further confirmed that da-
pagliflozin is also effective in patients with heart failure
with mildly reduced or preserved ejection fraction (HFm-
rEF/HFpEF), reducing the risk of the primary endpoint
by 18% (HR 0.82) [28]. Moreover, the efficacy of da-
pagliflozin was consistent across patients of different ages,
ethnicities, and baseline renal function statuses [29]. No-
tably, the reduction in the risk of hospitalization for heart
failure with dapagliflozin was particularly significant, a
finding validated in both HFrEF and HFpEF patients [28].

Recent research suggests that the benefits of da-
pagliflozin may extend beyond its glucose-lowering effects
and be closely linked to the modulation of the gut micro-
biota [30]. The gut microbiota interacts with host organs
through metabolites, forming bidirectional communication
networks such as the “gut-kidney axis” and “gut-heart
axis”, which influence disease progression [31]. How-
ever, studies investigating the impact of dapagliflozin on
HF through the gut microbiota are still lacking.

In summary, numerous clinical studies have con-
firmed the significant efficacy of dapagliflozin in improv-
ing HF outcomes, but its underlying mechanisms have not
been fully elucidated. Traditional views have primarily fo-
cused on its diuretic, glucose-lowering, and cardiac load-
reducing effects. Systematic research on whether it ex-
erts cardioprotective effects by modulating the gut micro-
biota and host metabolic networks is still lacking. Given
the critical role of the gut-heart axis in the pathogenesis
and progression of HF, this study integrates 16S rRNA
sequencing and untargeted metabolomics technologies to
comprehensively analyze the effects of dapagliflozin on the
gut microbiota composition, plasma metabolic profile, and
microbiota-metabolite interaction patterns in HF patients.
The aim is to reveal the potential molecular mechanisms
beyond its glucose-lowering effects and provide new theo-
retical foundations and intervention strategies for the pre-
cise treatment of heart failure.

2. Materials and Methods
2.1 Study Population

A total of 135 patients with clinically diagnosed HF
were enrolled at The People’s Hospital of Chizhou (ap-
proved No. 2023-KY-18). This investigation was con-
ducted as a retrospective study, in which clinical character-
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istics, fecal microbiota, and plasma metabolomic data were
obtained once for each participant at the time of enrollment.
Patients were divided into two groups: the dapagliflozin
group (Y group, n = 84), who received dapagliflozin in
addition to standard HF therapy, and the control group (N
group, n = 51), who received standard therapy alone. Base-
line demographic and clinical data were collected, includ-
ing age, sex, comorbidities, laboratory parameters, and car-
diac function.

Exclusion criteria were: (1) use of antibiotics or pro-
biotics within the previous 4 weeks; (2) acute infection; (3)
autoimmune disease; (4) malignancy; (5) gastrointestinal
disorders; and (6) other conditions that could interfere with
gut microbiota analysis. All participants provided written
informed consent. This retrospective study was conducted
in accordance with the Declaration of Helsinki, and the
study protocol was approved by the Ethics Committee of
The People’s Hospital of Chizhou.

2.2 Clinical Data Collection

Fasting venous blood samples were collected in the
morning. Routine laboratory tests included hematology,
liver and kidney function, lipid profiles, coagulation pa-
rameters, thyroid function, and inflammatory biomarkers
[C-reactive protein (CRP), procalcitonin (PCT)]. All analy-
ses were performed using standard automated clinical plat-
forms.

2.3 Fecal Sample Collection and DNA Extraction

Fresh stool samples were collected from all partici-
pants using sterile collection tubes under standardized con-
ditions. Each sample was immediately sealed, placed on
ice, and transferred to the laboratory within 2 hours of col-
lection. Upon arrival, fecal specimens were aliquoted (200
mg per tube) and stored at —80 °C until further processing
to preserve microbial DNA integrity.

2.4 168 rRNA Gene Sequencing and Analysis

The V3-V4 hypervariable regions of the bacterial 16S
rRNA gene were amplified using barcoded primers and
Pfu high-fidelity DNA polymerase. Negative controls were
included to monitor contamination. PCR products were
purified using magnetic beads (N411, Vazyme, Nanjing,
China), quantified with the Quant-iT PicoGreen dsDNA
Assay Kit (P7589, Thermo Fisher Scientific, Waltham,
USA), and used for library preparation with the TruSeq
Nano DNA LT Library Prep Kit (NP-101-1001, Illumina,
San Diego, USA). Sequencing was performed on an Illu-
mina NovaSeq 6000 platform with paired-end 2 x 250 bp
reads.

Raw reads were processed using fastp (v0.20.0, Hap-
loX, Shenzhen, Guangdong, China) for adapter trimming,
quality filtering (Q <25), and removal of sequences <50
bp. Amplicon sequence variants (ASVs) were obtained
using the DADA?2 algorithm in QIIME2 (v2023.9, Uni-
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versity of Colorado Boulder, Boulder, Colorado). Rep-
resentative sequences were annotated using the classify-
sklearn plugin against the SILVA (https://www.arb-silva.d
e/, v138) database. Phylogenetic trees were constructed
with MAFFT (https://mafft.cbre.jp/alignment/server/, v7)
multiple sequence alignment and FastTree with midpoint
rooting.

Alpha diversity was assessed by Chaol, Shannon,
Simpson, and Pielou indices. Beta diversity was evalu-
ated using Jaccard, Bray—Curtis, weighted UniFrac, and
unweighted UniFrac distances, and visualized by principal
coordinate analysis (PCoA), non-metric multidimensional
scaling (NMDS), and principal component analysis (PCA).
Group differences were tested using permutational multi-
variate analysis of variance (PERMANOVA) or analysis
of similarities (ANOSIM). Functional prediction was con-
ducted with Tax4Fun2 (https://tax4fun.gobics.de/, v1.1.5),
and group differences were assessed using Kruskal-Wallis
tests with Benjamini—-Hochberg correction. Differential
taxa were identified using linear discriminant analysis ef-
fect size (LEfSe) with a threshold of linear discriminant
analysis (LDA) >2 and p < 0.05.

2.5 Untargeted Metabolomics

Plasma metabolites were extracted by protein precip-
itation with cold methanol, centrifuged at 12,000 g for
10 min, dried under nitrogen, and reconstituted in 50%
methanol. Quality control (QC) samples, prepared by pool-
ing equal aliquots of all study samples, were inserted regu-
larly throughout the analytical sequence to evaluate instru-
ment stability. Peaks with a detection rate <50% or a coef-
ficient of variation >30% were excluded.

Raw Liquid Chromatograph-Mass Spectrometer (LC—
MS) data were imported into the Compound Discoverer
3.2 software (Thermo Fisher Scientific, Waltham, USA)
for peak extraction, retention time alignment, and normal-
ization. Metabolite annotation was performed by match-
ing accurate mass, isotope ratio, and MS/MS fragmenta-
tion patterns against multiple publicly available databases,
including the Human Metabolome Database (HMDB) (ht
tps://hmdb.ca), MassBank, and Metabolite Mass Spectral
Database (METLIN) (https://metlin.scripps.edu/auth-login
.html). The use of multiple databases enhanced both cov-
erage and reliability of identification. HMDB provides
comprehensive reference spectra for endogenous metabo-
lites and detailed biological pathway information, offer-
ing high confidence for compounds of physiological rele-
vance. MassBank contains high-quality, manually curated
spectra and ensures accurate structural matching for small
biomolecules. METLIN, the largest MS/MS spectral repos-
itory, includes a broad range of xenobiotics and derivatives,
making it particularly useful for exploratory or untargeted
metabolomic profiling.

Each database has inherent advantages and limita-
tions: HMDB and MassBank yield higher identification
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specificity for endogenous metabolites but may have lim-
ited compound coverage, while METLIN achieves broader
coverage but contains partially redundant entries and fewer
biologically contextual annotations. To maximize confi-
dence, only features with mass tolerance <5 ppm and MSI
confidence level 1-3 (as defined by the Metabolomics Stan-
dards Initiative) were retained for downstream analysis.

Pathway enrichment and functional categorization of
identified metabolites were subsequently performed using
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database, allowing integration of metabolomic alterations
with key biological processes.

2.6 Statistical Analysis

All statistical analyses were performed using SPSS
26.0 (IBM Corp., Armonk, USA), GraphPad Prism 9.0
(GraphPad Software, San Diego, USA), and R (version
4.2.2). Continuous variables were first tested for normal-
ity using the Shapiro—Wilk test. Variables conforming to a
normal distribution are presented as mean + standard de-
viation (SD) and compared using independent-sample -
tests, whereas non-normally distributed variables are pre-
sented as median (interquartile range, IQR) and compared
using Mann—Whitney U tests. Categorical variables are ex-
pressed as number (percentage) and analyzed using the 2
test or Fisher’s exact test where appropriate.

The Kruskal-Wallis test was employed to compare a-
diversity indices among groups because microbial diversity
data are typically non-normally distributed and contain un-
equal variances. For pairwise comparisons of taxa abun-
dance, the Wilcoxon rank-sum test was used, which is ro-
bust to non-parametric data and outliers.

For global metabolomic pattern recognition, partial
least squares discriminant analysis (PLS-DA) was applied
to identify metabolites that contribute most strongly to the
separation between groups. This supervised multivariate
method maximizes covariance between predictors (metabo-
lite features) and group labels, making it well suited for
high-dimensional datasets with multicollinearity. Model
reliability was evaluated using R? and Q? statistics and
cross-validation.

Differential microbial taxa were determined using the
LEfSe method, which integrates non-parametric statistical
testing with LDA effect size estimation to highlight taxa
that are both statistically significant and biologically mean-
ingful. Differential metabolites were identified with vari-
able importance in projection (VIP) >1, p < 0.05, and
[logz fold change (log:FC)| >0.585 (corresponding to fold
change >1.5). Positive log2FC values indicate higher abun-
dance in the dapagliflozin group, whereas negative values
indicate higher abundance in the control group.

Correlations between gut microbiota and metabolites
were assessed by Spearman’s rank correlation, a non-
parametric approach that does not assume linearity and re-
mains appropriate for compositional microbiome data. Net-

work and heatmap visualizations were constructed using
Cytoscape and the “pheatmap” R package to illustrate key
microbe—metabolite associations.

These analytical choices collectively ensured robust
handling of non-normally distributed, high-dimensional,
and interdependent omics datasets, while minimizing
model bias and overfitting.

3. Results
3.1 Baseline Characteristics of the Study Population

A total of 135 patients with heart failure were en-
rolled and categorized by dapagliflozin exposure: the Da-
pagliflozin group (Y group, n = 84), receiving dapagliflozin
on top of standard therapy, and the control group (N group,
n = 51), receiving standard therapy alone (shown in Ta-
ble 1). Baseline demographics (sex and age) did not differ
between groups. Several laboratory indices were higher in
the Dapagliflozin group, including neutrophil percentage (p
=0.018), platelet count (p = 0.043), cholesterol (p = 0.021),
low-density lipoprotein (p =0.008), and apolipoprotein B (p
=0.010). No between-group differences were observed for
CRP or PCT, routine blood counts, hepatic/renal function,
coagulation markers, thyroid function, or urine protein pos-
itivity. Most continuous variables were non-normally dis-
tributed according to the Shapiro—Wilk test and are there-
fore presented as median (IQR). Normally distributed vari-
ables are expressed as mean £+ SD. Categorical data, in-
cluding urine protein positivity, showed no significant dif-
ferences between groups. Missing urine protein data in a
small number of cases (3 in the control group, 6 in the da-
pagliflozin group) were excluded from analysis.

3.2 Taxonomic Composition and o/B-Diversity of Fecal
Microbiota With Dapagliflozin

At the genus level (Fig. 1A), g Prevotella
was increased in the Dapagliflozin group (12.30%
Vs. 5.84% in Controls), whereas g Bacteroides
was reduced (25.21% wvs. 31.20%). Decreases
were also noted for g Parabacteroides (1.79% vs.

2.78%), g Subdoligranulum (1.63% vs. 2.70%),
and g _ Bifidobacterium (1.87% vs.  2.43%), while
g Fusobacterium increased (2.32% vs. 1.53%).

At the phylum level (Fig. 1B), p_ Firmicutes and
p_ Bacteroidota dominated in both groups. The
Dapagliflozin group showed a modest decrease in
p_ Firmicutes (47.90% vs. 50.62%) with a similar pro-
portion of p__Bacteroidota (42.59% vs. 42.90%). Minor
phyla shifted, with higher p__ Verrucomicrobiota (2.25%
vs. 0.64%), p__Actinobacteriota (4.22% vs. 3.24%), and
p__ Fusobacteriota (2.45% vs. 1.60%) in the Dapagliflozin
group.

Alpha-diversity did not differ between groups across
Chaol (Mann—Whitney U = 2347.5, p = 0.291; t = 1.696,
p =0.092) (Fig. 1C), Shannon (U =2443.0, p =0.135; t =
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Table 1. Baseline clinical and laboratory characteristics of patients in the control group (N) and dapagliflozin group (Y).

Variable Control (N=51)  Dapagliflozin (Y = 84) p value
Sex (male/female) 30/21 51/33 -
Age (years) 76 (70-83) 74 (66-81) 0.061
CRP (mg/L) 1.85(0.70-3.95) 1.60 (0.65-3.20) 0.88
PCT (ng/mL) 0.05 (0.03-0.15) 0.04 (0.02-0.10) 0.79
Red blood cells (x109/L) 3.90 (3.554.35) 4.10 (3.80-4.45) 0.08
White blood cells (x10°/L)  5.20 (4.30-6.30) 5.80 (4.90-7.00) 0.09
Neutrophils (%) 66.0 (59.5-73.5) 70.0 (62.0-78.5) 0.018 *
Hemoglobin (g/L) 116 (103-129) 124 (110-138) 0.19
Hematocrit (%) 37+£5 38+ 6 0.24
Platelets (x 109/L) 149 (120-178) 168 (137-202) 0.043 *
ALT (U/L) 19 (12-34) 18 (11-31) 0.25
AST (U/L) 22 (15-33) 21 (14-29) 0.27
Total bilirubin (umol/L) 12.1 (9.4-16.8) 11.3 (8.8-15.7) 0.31
Urea (mmol/L) 7.4 (5.9-8.8) 7.3 (5.6-8.6) 0.34
Creatinine (umol/L) 97 (70-126) 100 (78-122) 0.57
Uric acid (pmol/L) 425 (312-530) 416 (308-518) 0.95
Fasting glucose (mmol/L) 5014 50£22 0.93
Total cholesterol (mmol/L) 3.4(2.9-3.9) 3.7(3.1-4.2) 0.021 *
Triglycerides (mmol/L) 0.80 (0.50-1.10) 0.97 (0.64-1.19) 0.18
HDL-C (mmol/L) 1.19 + 0.34 1.15+0.33 0.90
LDL-C (mmol/L) 1.6 (1.1-2.0) 2.0 (1.5-2.3) 0.008 *
Apolipoprotein Al (g/L) 1.24 +£0.27 1.22 £ 0.26 0.87
Apolipoprotein B (g/L) 0.61 (0.49-0.72) 0.68 (0.52-0.81) 0.010 *
Total bile acid (umol/L) 4.4 (2.2-6.02) 4.15(2.18-8.15) 0.72
~-GGT (U/L) 33 (18-62) 29 (17-55) 0.80
Fibrinogen (g/L) 2.78 £ 0.77 2.82 £ 1.00 0.47
PT (s) 123 £2.0 125 £33 0.73
APTT (s) 28.7+3.9 282+3.6 0.52
Thrombin Time TT (s) 183+ 1.5 182+ 1.4 0.35
INR 1.06 +0.17 1.08 + 0.34 0.53
D-dimer (mg/L) 0.45 (0.20-0.85) 0.50 (0.25-0.91) 0.78
TSH (mU/L) 1.79 (1.03-2.92) 2.03 (1.18-3.60) 0.46
FT3 (pmol/L) 23+ 1.1 24405 0.64
FT4 (pmol/L) 1.03 +£0.13 1.07 £ 0.19 0.30
Urine protein (neg/pos) 36/12 (a) 62/16 (a) 0.56

*Significant difference between groups (p < 0.05). a: Missing urine protein data for 3 patients

in the control group and 6 patients in the dapagliflozin group were excluded from analysis.

CRP, C-reactive protein; PCT, procalcitonin; ALT, Alanine Aminotransferase; AST, Aspar-
tate Aminotransferase; HDL-C, High-Density Lipoprotein Cholesterol; LDL-C, Low-Density
Lipoprotein Cholesterol; v-GGT, y-Glutamyl Transferase; PT, Prothrombin Time; APTT, Ac-
tivated Partial Thromboplastin Time; INR, International Normalized Ratio; TSH, Thyroid
Stimulating Hormone; FT3, Free Triiodothyronine; FT4, Free Thyroxine.

1.659, p = 0.100) (Fig. 1D), and Simpson (U = 2528.0, p =
0.060; t =1.653, p =0.102) indices (Fig. 1E).

For beta-diversity, at the phylum level the two groups
were nearly indistinguishable; at the genus level, Bray—
Curtis remained similar, whereas the Jaccard metric in-
dicated greater within-group dispersion in Controls, sug-
gesting more heterogeneity in low-abundance or pres-
ence/absence genera. Fig. 1 shows the overall taxonomic
profiles and diversity metrics.
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3.3 LEfSe Analysis of Gut Microbiota

LEfSe identified taxa differentiating the two
groups (LDA >2, p < 0.05). In the Dapagliflozin
group (Y), biomarkers were enriched mainly within
p__Verrucomicrobiota and p__ Actinobacteriota, notably
f Akkermansiaceae and g Akkermansia (LDA =4.007,
p =0.022), g Collinsella (LDA = 3.525, p = 0.015), and
g_ Butyricicoccus (LDA =2.471, p=0.014). In the control
group (N), enriched taxa included g Phocacicola (LDA =
3.172, p = 0.026), g Lachnoclostridium (LDA = 3.647, p
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Fig. 1. Analysis of fecal microbial species classification and alpha and beta diversity indices in heart failure (HF) patients treated

with dapagliflozin. (A) Relative abundance of fecal microbiota at the genus level in the two groups. (B) Distribution of microbial

composition at the phylum level. (C) Comparison of a-diversity using the Chaol index. (D) Comparison of a-diversity using the

Shannon index. (E) Comparison of a-diversity using the Simpson index.

=0.044), and g Ruminococcus_gauvreauii_group (LDA
=2.233, p = 0.042). Overall, LEfSe indicates enrichment
of potentially beneficial taxa (e.g., g Akkermansia,
g Butyricicoccus) with dapagliflozin. Figs. 2,3 present
the LEfSe outputs and ROC fitting based on LEfSe-derived
features.

3.4 Plasma Metabolomics

Non-targeted metabolomics distinguished Y and N
groups to some extent in both positive and negative ion
modes by PCA (Fig. 4A,D). Forest plots highlighted multi-
ple differentially abundant metabolites (VIP >1, p < 0.05)
(Fig. 4B,E). Volcano plots displayed up- and downregulated
features (Fig. 4C,F), implicating pathways related to amino
acid, nucleotide, and energy metabolism.

In negative mode, four representative metabolites
were emphasized (Fig. SA-D): Dulcin increased in Y (VIP
= 3.60, logFC = 1.05, p = 0.027); Phospho-L-serine was
enriched in N (VIP = 1.01, logFC =-0.16, p = 0.022); Sal-
icyluric acid increased in N (VIP = 4.45, logFC=0.45,p =
0.003); and O-Phospho-L-threonine increased in Y (VIP =
2.95, logFC =1.93, p = 0.009).

In positive mode, four representatives were high-
lighted (Fig. 5E,F): L-(+)-Rhamnose increased in N;
Epiandrosterone increased in Y; 5-beta-Androstane
(Fig. 5G) was higher in N; and Peniprequinotone (Fig. 5H)
increased in Y. Collectively, dapagliflozin was asso-
ciated with shifts in carbohydrate, amino acid, steroid

hormone, and microbiota-related metabolites, with Y
showing increases in metabolites such as Salicyluric
acid, O-Phospho-L-threonine, and L-Rhamnose, whereas
N showed enrichment of Phospho-L-serine and 5-beta-
Androstane. Figs. 4,5 illustrate these findings.

3.5 Functional Annotation and Microbe—Metabolite
Correlations

KEGG pathway enrichment analysis of differential
metabolites (Fig. 6A) revealed two major enriched path-
ways: glycine, serine and threonine metabolism (ko00260;
p = 0.019) and one-carbon pool by folate (ko00670; p =
0.040). Representative metabolites involved in these path-
ways included O-phospho-L-threonine, phospho-L-serine,
and tetrahydrofolic acid, suggesting that dapagliflozin mod-
ulates amino-acid and one-carbon metabolic fluxes associ-
ated with energy homeostasis and redox balance.

The correlation heatmap (Fig. 6B) revealed several
significant associations between gut microbial genera and
plasma metabolites (|r] >0.3, FDR-adjusted q <0.05).
In the correlation analysis, Collinsella showed a signif-
icant positive correlation with Fludarabine phosphate (p
< 0.05). In contrast, Akkermansia exhibited a negative
correlation with Maslinic acid (p < 0.01), and Parapre-
votella showed a strong negative correlation with Phospho-
L-valine (p < 0.001), suggesting disturbed amino-acid and
lipid metabolism in the control group.

Collectively, these results indicate that dapagliflozin
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illustrating the phylogenetic distribution of significantly enriched taxa, highlighting biomarkers associated with each treatment group.

LEfSe, linear discriminant analysis effect size.

promotes a coordinated remodeling of gut-metabolite in-
teractions, favoring amino-acid/one-carbon pathways and
suppressing dysmetabolic signatures associated with heart-
failure pathophysiology.

4. Discussion

Based on clinical samples, this study systematically
analyzed the effects of dapagliflozin on the gut microbiota
composition, plasma metabolic profile, and microbiota-
metabolite correlations in patients with HF. The results
demonstrated that dapagliflozin not only improved patients’
clinical biochemical parameters but also remodeled the gut
microbial ecosystem by promoting the enrichment of spe-
cific beneficial bacteria (e.g., Akkermansia, Butyricicoc-
cus), which was accompanied by significant alterations in
the plasma metabolite profile. These findings suggest that
dapagliflozin may exert cardioprotective effects beyond
glucose-lowering in HF management through the “gut-heart
axis” mechanism.

Gut microbiota dysbiosis has been recognized as a sig-
nificant contributing factor in HF, with mechanisms involv-
ing inflammatory activation, abnormal energy metabolism,
and impaired intestinal barrier function [32]. This study
found that after dapagliflozin intervention, the phylum
Verrucomicrobiota was significantly enriched, particularly
the probiotic Akkermansia. Previous studies have indi-
cated that this bacterium enhances intestinal barrier in-
tegrity by degrading the mucus layer and can produce anti-
inflammatory mediators, thereby mitigating systemic in-
flammatory responses [33]. Concurrently, the increase in
butyrate-producing bacteria such as Butyricicoccus sug-
gests that dapagliflozin may enhance the production of SC-
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FAs, which helps maintain immune homeostasis and my-
ocardial energy metabolism [33]. In contrast, the bacteria
enriched in control group patients (e.g., Phocaeicola, Lach-
noclostridium) are often associated with amino acid fer-
mentation and a pro-inflammatory environment, indicating
that dapagliflozin induces a beneficial directional modula-
tion at the microbiota level [34].

Metabolomics results revealed a significant distinc-
tion in the plasma metabolic profiles between the da-
pagliflozin group and the control group, involving multi-
ple pathways such as amino acid, nucleotide, and steroid
metabolism. Notably, the anti-inflammatory metabolite
salicyluric acid and the energy metabolism-related metabo-
lite O-phospho-L-threonine were significantly elevated in
the dapagliflozin group, suggesting that the drug may im-
prove HF status by enhancing anti-inflammatory and en-
ergy metabolism pathways. Meanwhile, metabolites en-
riched in the control group (N-group) patients, such as
phospho-L-serine and 5-beta-androstane, are closely asso-
ciated with disordered amino acid metabolism and imbal-
anced steroid metabolism, which aligns with the clinical
characteristics of energy metabolism dysfunction and hor-
monal abnormalities in HF patients.

KEGG enrichment analysis further revealed that da-
pagliflozin intervention primarily affected pathways in-
cluding amino acid metabolism, one-carbon metabolism,
and steroid degradation. These pathways play crucial roles
in maintaining myocardial energy supply and regulating
cardiac remodeling [35,36], suggesting that dapagliflozin
may improve metabolic homeostasis in HF patients through
metabolic reprogramming.

Microbiota-metabolite correlation analysis indicated
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Fig. 3. Receiver operating characteristic (ROC) curves of differential genera identified by LEfSe analysis in HF patients with

or without dapagliflozin treatment. (A) ROC curve for Ruminococcus gauvreauii group. (B) ROC curve for Akkermansia. (C) ROC
curve for Butyricicoccus. (D) ROC curve for Colidextribacter. (E) ROC curve for Collinsella. (F) ROC curve for Incertae Sedis. (G)
ROC curve for Lachnoclostridium. (H) ROC curve for Paraprevotella.

that Akkermansia was significantly correlated with various
key metabolites, suggesting it might be a key node medi-
ating the “gut-heart axis” effects of dapagliflozin. For in-
stance, Akkermansia showed a negative correlation with the
anti-inflammatory metabolite salicyluric acid but a positive
correlation with Dulcin, a metabolite related to artificial
sweeteners. This implies that this bacterium may indirectly
influence the metabolic status of HF patients by regulating
carbohydrate and energy metabolites. This “microbiota-
metabolite-host” interaction model provides a new perspec-
tive for explaining the multifaceted protective effects of da-
pagliflozin.

Our data point to a convergent mechanism whereby
dapagliflozin is associated with (i) selective enrich-
ment of barrier-supporting/SCFA-linked taxa (Akkerman-
sia, Butyricicoccus) and (ii) circulating metabolite sig-
natures indicative of improved amino-acid/one-carbon
flux and steroid catabolism.  Akkermansia can for-
tify the mucus layer and attenuate endotoxin leakage,

thereby dampening systemic inflammation and neurohor-
monal activation—central drivers of HF progression—
while butyrate-associated pathways favor immune home-
ostasis and mitochondrial efficiency in peripheral tissues.
The parallel rise in O-phospho-L-threonine and salicyluric
acid may reflect activation of threonine—glycine—serine
and folate-dependent one-carbon cycles, which support nu-
cleotide synthesis, redox balance, and cardiomyocyte en-
ergy metabolism. In contrast, control-enriched phospho-L-
serine and 5-beta-androstane are compatible with amino-
acid stress and maladaptive steroid signaling, both linked to
adverse remodeling. Notably, L-rhamnose and epiandros-
terone increases in the dapagliflozin group further suggest
shifts in microbial carbohydrate use and steroid turnover,
consistent with the KEGG enrichment in carbon and steroid
pathways. Taken together, these microbe—metabolite con-
stellations provide a systems-level rationale for how SGLT2
inhibition could intersect the gut-heart axis by reducing
inflammatory tone, stabilizing gut barrier function, and
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re-aligning myocardial substrate utilization, all of which
are pertinent to HF pathogenesis. While these associa-
tions cannot establish causality, the directional coherence—
beneficial taxa tracking with anti-inflammatory/energy-
supportive metabolites and unfavorable taxa aligning with
dysmetabolic markers—strengthens the biological plausi-
bility of a gut-mediated component to dapagliflozin’s car-
diometabolic profile. Future work integrating fluxomics,
targeted SCFA/bile-acid panels, and interventional micro-
biome designs [e.g., diet, pre/probiotics, or Fecal micro-
biota transplantation (FMT)] could test these mechanis-
tic links prospectively. Clinically, dapagliflozin has been
proven in several large-scale randomized controlled trials
to significantly reduce the risk of cardiovascular death and
rehospitalization in HF patients [37]. This study further
supplements its potential microecological and metabolomic
mechanisms, providing clinical evidence for a multidi-
mensional “drug-microbiota-metabolism-host” regulatory
framework. However, this study has several limitations.
First, the limited sample size and single-center design may
affect the generalizability of the results. Second, the cross-
sectional design necessitates that causal relationships be
further validated through longitudinal follow-up and ani-
mal experiments. Additionally, the dynamic changes in
microbiota and metabolic pathways under long-term da-
pagliflozin intervention require more in-depth investiga-
tion.

Our findings are consistent with emerging evidence
that SGLT?2 inhibitors exert broad cardiometabolic effects
beyond glucose lowering [38,39]. For example, Albulushi
et al. [40] directly compared Glucagon-Like Peptide-1
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(GLP-1) receptor agonists and SGLT?2 inhibitors in patients
with HFpEF and diabetes, demonstrating that SGLT2 in-
hibitors confer significant benefits on both metabolic re-
modeling and myocardial function. This aligns with our
observation that dapagliflozin is associated with favorable
shifts in gut microbiota and metabolomic profiles, suggest-
ing that part of its cardioprotective action may involve sys-
temic metabolic reprogramming. Incorporating such evi-
dence strengthens the rationale that dapagliflozin could in-
fluence HF outcomes through multiple, interlinked path-
ways.

The concept of “precision therapy” in HF remains
largely theoretical, but our findings provide preliminary
clues for translation. Identification of specific micro-
bial signatures, such as the enrichment of Akkermansia
and Butyricicoccus, raises the possibility of using these
taxa as non-invasive biomarkers for monitoring therapeu-
tic response. Similarly, metabolite shifts—including eleva-
tions in salicyluric acid and O-phospho-L-threonine—may
serve as surrogate indicators of anti-inflammatory or en-
ergy metabolic pathways activated by dapagliflozin. In the
future, integration of microbiome and metabolomic profil-
ing could contribute to risk stratification, early interven-
tion strategies, and personalization of SGLT?2 inhibitor ther-
apy. Although immediate bedside application is limited,
these mechanistic insights build a rationale for microbiota-
targeted adjuncts (e.g., probiotics, dietary fiber supplemen-
tation) that might synergize with pharmacological treatment
in HF management.
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Clinically, these findings hold meaningful therapeu-
tic implications for the management of HF. By demonstrat-
ing that dapagliflozin reshapes both the gut microbiota and
the circulating metabolome, this study provides biological
evidence that its cardiovascular benefits may partly derive
from modulation of the gut-heart axis. Such remodeling
could translate into improved myocardial energy efficiency,
reduced systemic inflammation, and enhanced neurohor-
monal stability—pathophysiological targets that are inad-
equately addressed by conventional therapies.

Importantly, these microbe—metabolite signatures
may serve as accessible biomarkers for patient stratifi-
cation and treatment monitoring. For example, the en-
richment of Akkermansia and Butyricicoccus or elevations
in metabolites such as salicyluric acid and O-phospho-L-
threonine may indicate a favorable biological response to
dapagliflozin. Incorporating these indicators with estab-
lished clinical parameters (e.g., NT-proBNP, renal function,
and inflammatory indices) could enable an integrated “gut—
metabolic” profiling system to guide therapy decisions.

From a precision-treatment perspective, this work
suggests a feasible translational framework: (1) baseline
microbiome—metabolome profiling to define each patient’s
gut-metabolic phenotype; (2) SGLT2 inhibitor initiation
according to guideline-directed medical therapy; (3) ad-
junctive interventions tailored to the microbial pattern—
such as prebiotic or probiotic supplementation for SCFA
deficiency or Akkermansia depletion; and (4) longitudinal
assessment of microbial and metabolomic dynamics to opti-
mize drug efficacy and minimize adverse events. In the fu-
ture, combining dapagliflozin with microbiota-targeted ap-
proaches may constitute a new direction for individualized,
multi-pathway modulation of HF pathophysiology.

While direct causal verification remains to be estab-
lished, these findings open a clinically relevant avenue to-
ward precision medicine, linking pharmacologic SGLT2
inhibition with microecological homeostasis and systemic
metabolic remodeling. Prospective validation in multicen-
ter, multi-omics trials will be essential to translate these
mechanistic insights into therapeutic algorithms applicable
to daily clinical practice.

Although our study provides novel insights into the
gut—heart axis under dapagliflozin treatment, several limi-
tations should be acknowledged. First, this was a single-
center study conducted in a defined regional population.
Differences in diet, lifestyle, and comorbidities across geo-
graphic and ethnic groups may influence both gut microbial
composition and metabolic profiles, potentially limiting the
generalizability of our findings. Second, the sample size
was modest, which may reduce statistical power for detect-
ing subtle associations and increase the risk of type Il errors.
Therefore, while the observed microbial and metabolomic
alterations are informative, they should be interpreted with
caution. Future multi-center studies with larger, more di-
verse cohorts are needed to validate whether the patterns
identified here are broadly representative of the wider heart
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failure population. Beyond validation, future work should
also address the long-term and mechanistic dimensions of
dapagliflozin’s gut-metabolic effects. Longitudinal stud-
ies incorporating serial sampling are warranted to deter-
mine whether the observed microbiome and metabolomic
remodeling is sustained over months or years, and how
these temporal changes correlate with cardiac function and
clinical outcomes. Integrating time-resolved microbiome—
metabolome data with echocardiographic and biochemical
indicators could reveal predictive signatures of therapeutic
response or resistance.

In parallel, translating these multi-omics insights into
practice will require developing feasible, standardized pan-
els of microbial taxa and circulating metabolites for clini-
cal use. These signatures could support personalized risk
stratification, guide adjunctive nutritional or microbiota-
targeted interventions, and refine precision treatment algo-
rithms for HF. Multi-center interventional trials combining
dapagliflozin with microbiota-modulating strategies—such
as pre/probiotic supplementation or dietary optimization—
represent promising avenues to confirm causality and opti-
mize therapeutic benefit.

Another limitation is that baseline differences in cer-
tain laboratory parameters—such as inflammatory markers
and lipid profiles—were observed between groups. These
disparities may act as potential confounders influencing gut
microbiota composition and metabolomic signatures. We
did not perform statistical adjustment for these variables
due to the modest sample size, and therefore residual con-
founding cannot be excluded. Future studies with larger
cohorts and stratified or multivariable analyses will be re-
quired to disentangle drug effects from baseline clinical
differences. As a cross-sectional study, our analysis cap-
tures associations between dapagliflozin exposure and gut—
metabolite profiles at a single time point, without establish-
ing temporal or causal relationships. Future longitudinal
and interventional studies are needed to verify these asso-
ciations.

Future research could focus on the following direc-
tions: (1) Integrating metagenomics and metabolomics to
delineate a comprehensive “gut-heart axis” network under
dapagliflozin intervention; (2) Utilizing FMT and germ-
free animal models to validate the role of key microbiota
(e.g., Akkermansia) in HF; (3) Exploring combined inter-
vention strategies, such as probiotic or dietary fiber sup-
plementation, to determine if synergistic effects with da-
pagliflozin exist, thereby providing precise microecological
strategies for HF treatment.

5. Conclusion

Based on integrated 16S rRNA sequencing and un-
targeted metabolomics, this study demonstrates that da-
pagliflozin significantly modulates the gut microbiota com-
position and plasma metabolomic profile in patients with
heart failure. Dapagliflozin promoted the enrichment of
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beneficial genera such as Akkermansia and Butyricicoc-
cus, while reducing potentially harmful taxa. Concurrent
shifts in plasma metabolites involved key pathways in-
cluding amino acid metabolism, one-carbon metabolism,
and steroid degradation. Correlation analyses further re-
vealed significant microbiota-metabolite interactions, sup-
porting the possibility that dapagliflozin contributes to car-
dioprotective benefits partly via gut-heart axis modula-
tion These findings provide novel mechanistic insights into
the pleiotropic benefits of dapagliflozin beyond glucose-
lowering and support the potential of microbiota-targeted
strategies in the precision treatment of heart failure.
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