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BACKGROUND: SGLT2 (sodium-glucose cotransporter 2) inhibitors (SGLT2i) can protect the kidneys and heart, but the 
underlying mechanism remains poorly understood. 

METHODS: To gain insights on primary effects of SGLT2i that are not confounded by pathophysiologic processes or are 
secondary to improvement by SGLT2i, we performed an in-depth proteomics, phosphoproteomics, and metabolomics analysis 
by integrating signatures from multiple metabolic organs and body fluids after 1 week of SGLT2i treatment of nondiabetic 
as well as diabetic mice with early and uncomplicated hyperglycemia. 

RESULTS: Kidneys of nondiabetic mice reacted most strongly to SGLT2i in terms of proteomic reconfiguration, including 
evidence for less early proximal tubule glucotoxicity and a broad downregulation of the apical uptake transport machinery 
(including sodium, glucose, urate, purine bases, and amino acids), supported by mouse and human SGLT2 interactome 
studies. SGLT2i affected heart and liver signaling, but more reactive organs included the white adipose tissue, showing 
more lipolysis, and, particularly, the gut microbiome, with a lower relative abundance of bacteria taxa capable of fermenting 
phenylalanine and tryptophan to cardiovascular uremic toxins, resulting in lower plasma levels of these compounds (including 
p-cresol sulfate). SGLT2i was detectable in murine stool samples and its addition to human stool microbiota fermentation 
recapitulated some murine microbiome findings, suggesting direct inhibition of fermentation of aromatic amino acids and 
tryptophan. In mice lacking SGLT2 and in patients with decompensated heart failure or diabetes, the SGLT2i likewise reduced 
circulating p-cresol sulfate, and p-cresol impaired contractility and rhythm in human induced pluripotent stem cell–derived 
engineered heart tissue. 

CONCLUSIONS: SGLT2i reduced microbiome formation of uremic toxins such as p-cresol sulfate and thereby their body 
exposure and need for renal detoxification, which, combined with direct kidney effects of SGLT2i, including less proximal 
tubule glucotoxicity and a broad downregulation of apical transporters (including sodium, amino acid, and urate uptake), 
provides a metabolic foundation for kidney and cardiovascular protection.
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SGLT2 (sodium-glucose cotransporter 2) is pri-
marily expressed in the brush border of the early 
proximal tubule of the kidney, where the trans-

porter is responsible for quantitative reabsorption of 
filtered glucose.1 Inhibitors of SGLT2 (SGLT2i) are an 
effective therapy to treat hyperglycemia in patients with 
type 2 diabetes, and these compounds also protect the 
heart and kidneys from failing. This includes patients 
with chronic or acute heart failure (HF), chronic or acute 
impairment in kidney function, and reduced or preserved 
cardiac ejection fraction, and is independent of hypergly-
cemia (ie, type 2 diabetes) and sex.2–6 As a consequence, 
SGLT2i constitute a pillar of therapy for HF with reduced 
or preserved ejection fraction7,8 and are guideline-
directed in patients with chronic kidney disease irrespec-
tive of the presence of diabetes.9 Whereas an increased 
risk for ketoacidosis is a safety concern for the use of 
SGLT2i in patients with type 1 diabetes, and therefore, 

Clinical Perspective

What Is New?
•	 This is the first comprehensive omics analysis in 

response to an SGLT2 (sodium-glucose cotrans-
porter 2) inhibitor (SGLT2i) with the goal to define 
early physiologic responses that establish a kid-
ney and cardioprotective environment with primary 
studies being performed in a murine model and key 
findings confirmed in patients.

•	 The SGLT2i dapagliflozin inhibits gut microbiome 
formation of uremic toxins, at least in part through 
an off-target effect.

•	 Direct effects of the SGLT2i on the early proximal 
tubule are facilitated by a large SGLT2 interactome, 
which causes downregulation or inhibition of mul-
tiple apical transporters.

What Are the Clinical Implications?
•	 SGLT2i can reduce the deleterious effects of ure-

mic toxins on organs, such as the heart; a proposed 
off-target effect suggests that this occurs indepen-
dent of kidney function.

•	 The direct effect of SGLT2i on the early proximal 
tubule lowers glucotoxicity; effects through interact-
ing transporters cause a broad functional remodel-
ing of that nephron segment.

•	 SGLT2i reduce the early proximal tubule uptake 
not only of sodium and sugar but of many other 
metabolites, which decreases cardiovascular risk 
factors such as hypertension, volume retention, and 
hyperuricemia.

Nonstandard Abbreviations and Acronyms

ACAT3	 acetyl-coenzyme A acetyltransferase 3 
AMPK	� 5ʹ-adenosine monophosphate– 

activated protein kinase
CYCLE	� Characterization of Phenotypes in 

Acute Heart Failure Patients
CYR61	 cysteine-rich 61
DPEP1	 dipeptidase 1
EB	 embryonic bodies
EHT	 engineered heart tissue
FGF	 fibroblast growth factor
FLNA	 filamin A
GDF15	 growth/differentiation factor 15
GLUT2	 glucose transporter 2
GPX3	 glutathione peroxidase 3
HDAC	 histone deacetylase
HF	 heart failure
HGD	 homogentisate 1,2-dioxygenase
HILIC	� hydrophilic liquid interaction 

chromatography

hiPSC	 human induced pluripotent stem cell
HSA	 human serum albumin
ILA	 indole-3-lactic acid
LC	 liquid chromatography
LC-MS	� liquid chromatography mass 

spectrometry
MIOX	 myo-inositol oxygenase
MS	 mass spectrometry
NHE3	 Na+/H+ exchanger 3
NT-proBNP	� N-terminal pro-B-type natriuretic 

peptide
OAT1	 organic anion transporter 1
PCL	 p-cresol
PDZK1IP1	 PDZK1 interacting protein 1
PPP1R1A	� protein phosphatase 1 regulatory 

inhibitor subunit 1
PRKAA1	� protein kinase AMP-activated catalytic 

subunit alpha 1
RPMI	 Roswell Park Memorial Institute
SGLT2	 sodium-glucose cotransporter 2
SGLT2i	� sodium-glucose cotransporter 2 

inhibitors
SLC	 solute carrier
SLC4A4	 solute carrier family 4 member 4
SPP2	 secreted phosphoprotein 2
TFA	 trifluoroacetic acid
TMEM27	 transmembrane protein 27
TMT	 tandem mass tag
TRPM4	� transient receptor potential cation 

channel subfamily M member 4
URAT1	 urate transporter 1
WD	 Western diet
WT	 wild type
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approval in this patient group is limited to a few coun-
tries, similar cardiovascular benefits and mechanisms are 
expected.10–13

Many effects and pleiotropic mechanisms have been 
purported for SGLT2i on the basis of large-scale and 
reductionist approaches, covering enhanced ketogenesis 
and fasting-like metabolic responses, renal and systemic 
hemodynamic effects, on- and off-target effects, direct 
effects on the heart, vasculature, and tubular cells, and 
many more.5,14–16 None of the studies, however, was suc-
cessful in crystalizing a key mechanism of SGLT2i that is 
critical for cardiovascular and renal protection. This may 
be explained by 3 interrelated reasons. First, glucose reab-
sorption is a central function of the kidney. Given the cen-
tral role of glucose metabolism across all tissues, however, 
understanding the functional integration of manipulating 
kidney glucose handling will likely require considering 
signals of metabolic crosstalk. Second, analyses—both 
omics studies and reductionist approaches—have mainly 
been performed at later disease stages, possibly reflect-
ing improved tissue structure and integrity rather than 
primary physiologic and pathophysiologic mechanisms of 
SGLT2i. Third, many SGLT2i studies analyzed transcripts, 
but not proteins and their respective metabolites.

Therefore, this study aimed to shed light on physiologic 
mechanisms of SGLT2i. We hypothesized that substantial 
metabolic organ communication occurs in response to 
SGLT2i, and thus elected an integrated omics approach. 
To this end, we performed integrated metabolomics and 
proteomics analyses in all major metabolic organs, bio-
fluids, and intestinal microbiota in nondiabetic mice and 
in the early phase of uncomplicated hyperglycemia in 
Akita mice, a genetic murine model of type 1 diabetes 
that shows protective effects in response to chronic 
SGLT2i17 (Figure 1A and 1B). Short-term exposure to 
SGLT2i for 1 week was studied with the goal to iden-
tify primary metabolic effects and communications that 
may set up a protective environment rather than studying 
consequences of improved organ function in response to 
long-term treatment. A high-fat Western diet (WD) was 
chosen to mimic the metabolic environment of a Western 
lifestyle. Dapagliflozin was chosen because of its docu-
mented cardioprotective and renoprotective properties in 
patients with and without diabetes.4 We identified several 
unanticipated metabolic signals (Figure 1C). In follow-up 
studies, we exposed human microbial culture to SGLT2i, 
used SGLT2 knockout (KO) mice to probe for off-target 
effects of SGLT2i, and performed translational validations 
in human kidney, patient plasma, and human induced plu-
ripotent stem cell (hiPSC)–derived human engineered 
heart tissues (EHTs; Figure 1D). The generated data pro-
vide new insights on physical SGLT2 interactors and the 
SGLT2i-dependent proteome, metabolome, phosphopro-
teome, and metaproteome, and thereby a potential road-
map to novel and early mechanistic targets of SGLT2i, 
which may also facilitate metabolic drug development.

METHODS
Mouse SGLT2i Treatment Studies
All animal experiments were conducted in accordance 
with the National Institutes of Health Guide for Care and 
Use of Laboratory Animals and approved by the VA San 
Diego Healthcare System Institutional Animal Care and Use 
Committee. Nineteen 8-week-old C57BL/6J male mice (wild 
type [WT]; strain 000664; The Jackson Laboratory) and 16 
diabetic C56BL/6-Ins2Akita/J male mice (Akita; strain 003548; 
The Jackson Laboratory) were randomly allocated for hous-
ing (4 or 5 mice per cage) and acclimatized for 2 weeks in 
the VA San Diego Healthcare System vivarium. The animals 
were then fed WD (42.7% kcal carbohydrate and 42% kcal fat; 
TD.88137; Envigo) for 4 weeks followed by 1 week of WD with 
added dapagliflozin (10 mg/kg diet; WT, n=10; Akita, n=8) or 
a repelleted WD diet (vehicle; WT, n=9; Akita, n=8). All animals 
were housed in the same room with a 12:12-hour light–dark 
cycle and free access to water. Female mice were not enrolled 
because female Akita mice do not develop robust hyperglyce-
mia.18 At the time of sample collection, identities of collected 
samples were concealed by a numeric code.

Urine and Blood Collection and Organ Harvest
Blood glucose and body weight were measured 1 day before 
WD feeding, 1 day before starting the drug treatment, and at 
the end of the study. Spontaneous urine was collected by gen-
tly grabbing the mouse at the same time points as blood glu-
cose and body weight measurement. At the end of study, mice 
were anesthetized by injection of a ketamine (Henry Schein 
Animal Health) and xylazine (Bimeda-MTC Animal Health) 
cocktail (100 mg/kg and 10 mg/kg, respectively; 10 μL/g 
IP) followed by blood collection by retro-orbital plexus punc-
ture. The remaining blood was flushed out by cardiac perfu-
sion of cold saline, and then organs (kidney, liver, heart, skeletal 
muscle, and white adipose tissue) were immediately harvested 
and frozen in liquid nitrogen and stored at −80°C for further 
analyses. In addition, feces from the cecum was collected for 
metaproteome analysis. Blood glucose level was determined 
with a glucometer (Contour; Bayer). Glucose concentration in 
urine was determined using Infinity Glucose Hexokinase Liquid 
Stable Reagent (TR15421; Thermo Fisher Scientific) and nor-
malized to urine creatinine measured by the kinetics of the 
alkaline picrate Jaffe reaction (Infinity; Thermo Scientific). The 
organs from the same animals were used for proteomics, phos-
phoproteomics, and metabolomics, as well as metagenomics 
and metaproteomics, as outlined in the following.

Organ Proteomics and Phosphoproteomics

Protein Extraction
Tissue pieces (20–40 mg) were homogenized in 300 µL 
extraction buffer at 4°C by bead-beating in a bullet blender 
(Storm) for 3 minutes with amplitude 8 (2 steel beads per 
sample). Proteins were extracted in a buffer containing 6 M 
guanidinium hydrochloride, 10 mM HEPES (pH 8.5), 5 mM 
TCEP, and 10 mM chloroacetamide, supplemented with pro-
tease inhibitors (Complete; Roche), phosphatase inhibitors 
(PhosSTOP; Roche), and benzonase (200 U/mL). After boiling 
(10 minutes; 95°C), protein concentrations were determined 
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by bicinchoninic acid assay. Samples were diluted to 1 M 
guanidinium hydrochloride and proteins were digested with 
trypsin at 37°C overnight at an enzyme:protein ratio of 1:50. 
Digestion was stopped by adding trifluoroacetic acid (TFA) to 
a final concentration of 1%. Peptides were desalted by reverse 
phase 5×C18 disks (Empore; Dr Maisch) StageTip solid phase 
extraction. Peptides were dried down and reconstituted in 100 
mM tetraethylammonium bromide (pH 8.5). Peptide concentra-
tions were determined by NanoDrop.

Tandem Mass Tag Labeling
Peptides were labeled with TMTpro 16-plex (Thermo Fisher 
Scientific) according to the manufacturer’s instructions, allow-
ing direct comparisons between dapagliflozin (n=8) and vehicle 
(n=8) per organ (kidney, liver, heart, muscle, white adipose tis-
sue, and gut microbiome) separately for each mouse strain (WT 
and Akita). In total, 12 TMTpro 16-plex labeling reactions, 1 
batch per organ and genotype, were performed. Vehicle and 

dapagliflozin were labeled with tandem mass tag (TMT) label 
reagents (vehicle: 126, 127N, 127C, 128N, 130C, 131N, 
131C, and 132N; dapagliflozin: 128C, 129N, 129C, 130N, 
132C, 133N, 133C, and 134N). TMT labels were reconstituted 
in anhydrous acetonitrile for 5 minutes with occasional vortex-
ing and added to the peptides. Depending on the organ, 10 to 
20 µg peptides were labeled per sample. After 1 hour, labeling 
reactions were quenched with 5 µL 5% hydroxylamine for 15 
minutes. From the combined peptides, 40 µg were set aside for 
proteome analysis; the remainder (120 to 200 µg) was used for 
phosphopeptide enrichment.

Phosphopeptide Enrichment
TMT-labeled peptides (120–200 µg) were desalted on C18 
Sep-Pak columns. Dried-down peptides were reconstituted 
in loading buffer (80% acetonitrile, 1 M glycolic acid, and 
5% TFA). To each sample, 500 µg equilibrated MagReSyn 
Ti-IMAC magnetic beads (ReSyn Biosciences) were added and 

Figure 1. Overview of study design and phenotypes.
A, Overall discovery strategy. Wild-type (WT) and hyperglycemic type 1 diabetic Akita mice were put on a high-fat, high-carbohydrate Western 
diet for 4 weeks, followed by SGLT2i (sodium-glucose cotransporter 2 inhibitor), dapagliflozin (10 mg/kg of Western diet), or vehicle (repelleted 
Western diet) for 1 week. B, Organs and body fluids were snap-frozen and subjected to multi-omics analysis using mass spectrometry. SGLT2 
interactome was determined from kidney. C, Main findings. D, Overview of functional follow-up studies and key findings. GDF15 indicates growth/
differentiation factor 15; RBC, red blood cell; and WAT, white adipose tissue.
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incubated while shaking for 20 minutes. Beads were separated 
on a magnetic stand for 30 seconds. Phosphopeptides were 
washed for 2 minutes in loading buffer, followed by 2 washes 
in 80% acetonitrile, 1% TFA, and a final wash with 10% ace-
tonitrile, 0.2% TFA. Enriched phosphopeptides were eluted in 
3 rounds with 80 µL 1% ammonia for 20 minutes and were 
acidified with TFA. After drying down, peptides were loaded and 
desalted on C18 Stage Tips.

Reverse-Phase High-pH Peptide Fractionation
TMT-labeled peptides for proteome and phosphoproteome 
analysis were dried down, desalted on C18 Stage Tips, and 
stepwise eluted in 25 mM ammonium formate (pH 10) with 
increasing concentrations of acetonitrile (10%, 12.5%, 15%, 
17.5%, 20%, 22.5%, 25%, 50%), resulting in 8 fractions per 
sample. Eluted peptides were dried down and reconstituted in 
0.1% formic acid for mass spectrometry (MS) analysis.

MS Measurements
Tryptic peptides in 0.1% formic acid were analyzed on an 
UltiMate3000 rapid separation liquid chromatography (LC) sys-
tem (Thermo Fisher Scientific) coupled to an Exploris 480 mass 
spectrometer including high-field asymmetric waveform ion 
mobility spectrometry  pro interface (Thermo Fisher Scientific). 
Peptides were separated on a 2-column setup with a trap col-
umn (Acclaim PepMap 100 C18, 3 µm particle size, 2 cm×75 
µm; Thermo Fisher Scientific) at a flow rate of 5 µL/min and an 
analytical column (Aurora 25 cm×75 µm; IonOpticks) at a flow 
rate of 400 nL/min using a 150-minute gradient with mobile 
phase A as 0.1% formic acid in LC-MS–grade water and mobile 
phase B as 0.1% formic acid in LC-MS–grade acetonitrile. The 
peptide gradient was run for 5 minutes at 2% B, followed by 
a linear gradient to 30% B over 120 minutes, at 126 minutes 
switched to 90% B, and finished with a column equilibration 
step from 136 to 150 minutes at 2% B. All MS measurements 
were recorded in data-dependent mode in positive polarity with 
3 high-field asymmetric waveform ion mobility spectrometry 
control voltages: for proteome, −40, −55, −70; and for phos-
phoproteome, −40, −60, −80. Cycle times were 1 second for 
each control voltage. MS1 spectra were recorded in profile 
mode at 120 000 resolution within a scan range of 350 to 1350 
m/z, with normalized automatic gain control target of 300%, RF 
lens of 40%, included charge states of 2 to 6, minimal intensity 
of 5×104, and auto maximum injection time. MS2 spectra were 
recorded in centroid mode at 45 000 resolution with a normal-
ized higher-energy collisional dissociation collision energy of 
32% (35% for phosphoproteome), an isolation window of 0.7 
m/z, a normalized automatic gain control target of 75%, a fixed 
first mass at 110 m/z, and auto maximum injection time.

Data Analysis
Raw files were analyzed with Proteome Discoverer v2.4 
(Thermo Fisher Scientific). Proteome and phosphoproteome 
were analyzed separately, with 1 analysis per organ combining 
WT and Akita. In total, 12 Proteome Discoverer searches were 
performed: 5 for proteome (kidney, liver, heart, muscle, fat), 5 
for phosphoproteome (kidney, liver, heart, muscle, fat), and 2 
for metaproteome (gut microbiome WT, gut microbiome Akita). 
Searches were performed with Sequest HT as search engine 
against a canonical reference murine database downloaded 
from UniProt on September 10, 2021 (55 336 sequences). 

Metaproteome analyses were performed with the same settings 
as proteome analyses except for an additional study-specific 
metagenomics-derived database, which was generated as 
described in the following. Methionine oxidation (+15.995 Da), 
protein N-terminus acetylation (+42.011 Da), protein methio-
nine (+79.996 Da) loss (−131.04 Da), protein methionine loss 
with acetylation (−89.08 Da), and STY phosphorylation (+) for 
phosphoproteome searches only were set as dynamic modifica-
tions. TMT pro-labeled lysine (+304.207 Da), TMT pro-labeled 
peptide N-terminus (+304.207 Da), and cysteine carbamylation 
(+57.021 Da) were set as static modifications. Searches were 
performed with a precursor mass tolerance of 10 ppm and 
fragment tolerance of 0.2 Da. Two or 3 missed cleavages were 
allowed for proteome or phosphoproteome searches, respec-
tively. Peptide and protein identifications were performed with a 
false discovery rate cutoff of 0.01 with a minimal peptide length 
of 6 amino acids. Reporter ion quantification included an inte-
gration tolerance of 20 ppm using the most confident centroid 
as integration method. Downstream analyses were performed in 
R. Statistical analysis was performed with the limma R package19 
using Bayes moderated t test and including multiple testing 
correction by Benjamini-Hochberg, kinase substrate enrich-
ment analysis with the KSEAapp R package,20 gene ontology 
enrichment analysis with STRINGdb and ClusterProfiler,21 and 
phospho motif visualization with ggseqlogo22; upset plots were 
generated with UpsetR23 and ggplot224 for general visualization.

Mouse and Human SGLT2 Interactome Analysis
Snap-frozen kidney cortices of 12-week-old mice (n=4, female, 
biologic replicates, 8 separate coimmunoprecipitations [4 with 
anti-SGLT2 and 4 with isotype control]) were homogenized 
in a tissue grinder using modified RIPA buffer containing 1% 
NP40, 150 mm NaCl, 0.25% sodium deoxycholate, 50 mm 
Tris (pH 7.5) supplemented with protease inhibitors (Complete, 
Roche), phosphatase inhibitors (PhosStop; Roche), and DNaseI 
(200 U/mL). For the human interactome analysis, the study 
was conducted in accordance with the ethical principles stated 
by the Declaration of Helsinki, and the study was approved 
by the local ethics committee of the chamber of physicians 
in Hamburg. Three cortex pieces from 1 human donor with 
nephrectomy were subject to lysis, as mentioned previously. 
Lysates were cleared by centrifugation for 15 minutes at 4°C 
at 18 000×g, and then 2 µg primary antibody was added. After 
30 minutes rotation at room temperature, 100 µL protein A/
protein G magnetic beads (Miltenyi) were added, and lysate 
was kept on rotation at 4°C for 1 hour. Prechilled µ columns 
(Miltenyi) in prechilled magnet (Miltenyi) were equilibrated with 
modified RIPA before adding the lysate. After 3 washes with 
wash buffer 1, containing 50 mM Tris (pH 7.5), 150 mM NaCl, 
5% glycerol, and 0.05% NP40, and 5 washes with wash buffer 
2, containing 50 mM Tris (pH 7.5) and 150 mM NaCl, column-
bound proteins were partially digested for 30 minutes at room 
temperature with 25 µL digestion buffer containing 2 M urea, 
12.5 mM Tris, 7.5 mM ammonium bicarbonate, 1 mM dithioth-
reitol, and 5 ng/µL trypsin. Peptides were eluted twice with 50 
µL 2 M urea, 25 mM Tris, 7.5 mM ammonium bicarbonate, and 
5 mM chloroacetamide, and fully digested overnight at room 
temperature in the dark. After acidification with TFA, peptides 
were desalted by C18 StageTip solid phase extraction,25 dried 
down in a vacuum concentrator (Labconco Centrivac), and 
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reconstituted in 0.1% formic acid before LC-MS measurement. 
The antibodies used were rabbit anti-murine SGLT2 (20802; 
BiCell), specificity for SGLT2 previously confirmed using Sglt2 
KO mice,26 rabbit anti-human SGLT2 (142195; Cell Signaling; 
amino terminus targeted), and, for isotype control, rabbit immu-
noglobulin G (Sigma). Bioinformatics of proteins was performed 
as for regular proteomics data. Human protein atlas27 version 
23 was used and image and gene data were available from 
proteinatlas.org.

Metagenomics and Metaproteomics

DNA Extraction
To generate a project-specific reference database for metapro-
teomics, whole genome sequencing of the gut microbiome was 
performed. DNA was extracted from 4 cecal feces samples of 
the 4 experimental groups (WT vehicle and dapagliflozin, dia-
betic vehicle and dapagliflozin). DNA extraction of samples was 
done using the FastDNA Spin kit for Soil (MP Biomedicals). 
Biomass was homogenized in 1000 μL sodium phosphate 
buffer. Then, 500 μL sample, 480 μL sodium phosphate buf-
fer, and 120 μL MT buffer were added to a Lysing Matrix E 
tube. Bead beating was performed at 6 m/s for 4 cycles of 
40 seconds each. Gel electrophoresis using Tapestation 2200 
and Genomic DNA Screentapes (Agilent) was used to vali-
date product size and purity of a subset of DNA extracts. DNA 
concentration was measured using the Qubit dsDNA HS/BR 
Assay kit (Thermo Fisher Scientific).

Shotgun DNA Sequencing and Bioinformatics
Sequencing libraries were prepared using the NEBNext Ultra 
II DNA library prep kit for Illumina (New England Biolabs) fol-
lowing the manufacturer’s protocol. Library concentrations 
were measured in triplicate using the Qubit dsDNA HS kit 
and library size estimated using TapeStation with D1000 HS 
ScreenTape. The sequencing libraries were pooled in equimolar 
concentrations and diluted to 4 nM. The samples were paired-
end sequenced (2×150 bp) on a NovaSeq 6000 platform 
(Illumina). Fastp software was used to filter Raw Tags to obtain 
high-quality sequencing data (Clean Tags). Host sequences 
were removed by alignment with host genome sequences 
using Bowtie2. Metagenomics-derived proteome database 
generation is described in the following. The proteomics data 
were searched against this generated database as mentioned 
in Data Analysis. Phylogenetic analysis was performed as previ-
ously described.28 Annotation of tryptophan and phenylalanine 
fermenting bacteria was annotated on species level–based 
previous work.29,30 Log2 fold change data were then plotted in 
a cumulative histogram.

Metagenomics-Derived Proteome Database 
Generation
Metaproteomics database assembly was performed by 
BMKGENE (Biomarker Technologies). Raw reads were filtered 
using Trimmomatic with a quality cutoff of 20 and reads shorter 
than 30 bp were discarded. The reads considered from the host 
were removed using DeconSeq version 0.4.331 and bowtie2 with 
the National Center for Biotechnology Information. The remain-
ing high-quality reads of all samples were assembled by multiple 
megahits using Megahit V1.1.2,32 which makes use of succinct 
de Bruijn graphs. Contigs ≥300 bp were selected as the final 

assembly result. Results were evaluated by Quast33 and then 
contigs were used for further gene prediction and annotation.

Nonredundant Gene Set Construction
On the basis of the assembly results, MetaGeneMark ver-
sion 3.26 (http://exon.gatech.edu/meta_gmhmmp.cgi) using 
default measures was used to predict the presence of open 
reading frames. Predicted genes from all samples were 
gathered together to form a large gene set. MMseqs2 ver-
sion 11-e1a1c (https://github.com/soedinglab/mmseqs2) 
was used to construct the nonredundant gene set by setting 
95% identity and 90% coverage of the gene with the longer 
sequences in the clustering.

Gene Abundance Calculation
Bowtie2 version 2.3.4 was used to map clean reads of each 
sample to the nonredundant gene set.34 MarkDuplicates in the 
Picard toolkits version 2.0.11 was used to remove the poly-
merase chain reaction duplicates in the reads, and HTSeq 
v0.9.1 was then used to calculate gene counts.35 Transcripts 
per kilobase of exon model per million mapped reads of the 
gene, calculated as [(gene count/gene length)×106/sum 
(gene count/gene length)], were used to normalize gene abun-
dance. The abundance of genes was compared using the R 
program DESeq2 package.36 The differences were considered 
significant when the false discovery rate was <0.05.

Metaproteomics Sample Preparation
Samples for metaproteomics were obtained from the microbial 
suspension in PBS. Isolated bacteria were obtained by sequen-
tial centrifugation at 4°C. As a first step, the suspension was 
centrifuged at 800×g for 15 minutes to remove cells and par-
ticulate matter and then at 10 000×g for 15 minutes to pellet 
bacteria. Samples were prepared as described previously for 
tissue samples for proteomics.

Untargeted Metabolomics
Metabolite Extraction
A total of 10 mg of perfused kidney tissue was homogenized in 
a glass vial as previously described67 in 800 µL ice-cold metha-
nol/acetonitrile/water (2:2:1; v/v). The homogenized sample 
was then sonicated at 4°C at maximum strength for 10 min-
utes and then kept at −20ºC for 2 hours to allow for complete 
protein precipitation. After that, 750 µL of the homogenized 
solution was transferred to a 1.5 mL Eppendorf vial, and the 
samples were centrifuged at 4ºC for 20 minutes. Supernatants 
were dried down in a speedvac (Labconco Centrivap) at 8°C. 
Then, samples were resuspended in 200 µL of H2O/ACN (1:1; 
v/v) at a volume of 20 µL/mg tissue. The reconstituted solu-
tion was sonicated in the ice bath for 10 minutes, vortexed, and 
spun down at 13 000 rpm for 15 minutes to remove any debris. 
Supernatant was subjected to LC-MS analysis. For quality- 
control purposes, a pooled sample of all experimental samples 
was prepared by using 5 µL metabolite solution from each 
sample. This quality control sample was used to monitor instru-
ment and LC performance throughout the runs.

For plasma samples, 20 µL of plasma were extracted with 
4× volume of ice-cold acetonitrile-methanol 1:1, followed by 
vortexing, incubation at −20ºC in the freezer, and precipita-
tion of proteins by centrifugation at 16 000×g for 20 min-
utes. For urine analysis, urinary creatinine was measured by 

proteinatlas.org
http://exon.gatech.edu/meta_gmhmmp.cgi
https://github.com/soedinglab/mmseqs2
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a commercially available assay (500701; Cayman). Equal 
amounts of urine (diluted according to urinary creatinine) were 
extracted with 4× volume of ice-cold acetonitrile-methanol 1:1, 
followed by vortexing and incubation at −20ºC in the freezer. 
Proteins were precipitated by centrifugation at 16 000×g for 
20 minutes. The supernatant was dried down, and the urine 
was resuspended in 200 µL of acetonitrile:water 1:1.

Untargeted Metabolomics Analysis and MS
Untargeted LC-MS analysis for metabolomics was performed 
on a quadrupole time-of-flight instrument (Impact II; Bruker) as 
previously described.37,38 This was coupled with an ultrahigh- 
performance LC instrument (Bruker Elute; Bruker) or an Agilent 
Infinity 1290 ultrahigh-performance LC device (Agilent). To 
increase metabolome coverage and minimize ion suppression, a 
dual fractionation strategy was performed by using both reverse 
phase and hydrophilic liquid interaction chromatography (HILIC) 
on the same sample. For reverse phase, we used an Acquity BEH 
C18 column (1.0×100 mm, 1.7 μm particle size; Waters). For 
HILIC fractionation, we used an Acquity BEH amide (1.0×100 
mm, 1.7 μm particle size; Waters). Both chromatographies were 
run at 150 μL/min. A binary buffer system of buffer A (0.1% for-
mic acid) and buffer B (0.1% formic acid in acetonitrile) was used. 
The following gradient was used for reverse phase: 99% A for 1 
minute, 1% A over 9 minutes. The following gradient was used for 
HILIC: 1% A for 1 minute, 35% A over 13 minutes, 60% A over 3 
minutes, and held at 60% A for an additional 1 minute.

Calibration was performed by using sodium formate (post-
run mass calibration). Data were acquired with quadrupole time-
of-flight over an m/z range of 50 to 1000 Da in positive ion 
mode and negative ion mode (HILIC only). Electrospray source 
conditions were set as follows: end plate offset, 500 V; dry gas 
temperature, 200°C; drying gas, 6 L/min; nebulizer, 1.6 bar; and 
capillary voltage, 3500 V. The injection volume was 2 μL. For 
molecule identification, putative molecules of interest were frag-
mented using different collision energies (10, 20 eV) or ramp 
collision energies (20–50 eV) in data-dependent mode.

Untargeted Metabolomics Analysis: Data 
Processing, Metabolite Identification
Data were processed using XCMS39 as previously described.38 
Metabolites with a q (false discovery rate) value <0.05 were 
considered. Post hoc corrected t tests were performed. Features 
with >1.5-fold change between the SGLT2i group and control 
were considered significantly changed and subjected to metab-
olite identification. Metabolite entities were confirmed by exact 
mass (±10 ppm), MS2 spectra match using METLIN product 
ions40 and in-source fragments,41 and retention time of authen-
tic standards. Data were analyzed and plotted as described 
previously, using limma R package19 and ggplot2 for data 
visualization.

Cytoscape
Metabolite–proteome interactions were derived from STITCH 
using physical interactions only42 and further visualized in 
Cytoscape.42 Data were imported from metabolite and protein 
differential expression lists and connected by STITCH. The 
String package (installed version 1.6.0 in Cytoscape version 
3.9.2) and stringify command were used to interconnect nodes 
between organs. Data were visualized through annotated 
doughnut-shaped terms. The edges represent protein inter-
actions by stitch algorithm (experiments, databases, medium 

confidence). Proteins and metabolites without connections 
were removed to make the figure more legible.

Targeted Metabolomics
A total of 15 µL of serum samples or creatinine-normalized 
urine samples were extracted with 4× volume of ice-cold 
acetonitrile:methanol 1:1 v/v. Samples were vortexed and incu-
bated at −20°C for 2 hours. Then, samples were spun down 
using a centrifuge at 16 000×g at 4° for 20 minutes. The 
supernatant extracts were transferred in 96-well plates and 
subjected to targeted metabolomics containing a list of uremic 
toxins as defined by Tanaka and colleagues.43

We used a triple-quadrupole (QQQ; Agilent Triple 
Quadrupole 6495C) coupled to an ultrahigh-pressure LC sys-
tem (1290 Infinity; Agilent Technologies). Data acquisition was 
done with Agilent MassHunter Workstation Data Acquisition 
(version 10.1). For metabolite separation, a dual strategy using 
both polar (BEH amide) and aromatic (Phenylhexyl) stationary 
phases was used. For HILIC, a BEH amide column (2.1 µm; 
1.7×100 mm; Waters) was used for separation. A total of 2 
μL was injected. The binary buffer system consisting of buf-
fer A and buffer B was used. The flow rate was 0.4 mL/min. 
Buffer A was 99.9% H2O and 0.1% formic acid with 20 mM 
NH4HCO2. Buffer B was 99.9% acetonitrile and 0.1% formic 
acid. The gradient with A:B ratios was as follows: 0 min, 5:95; 
1.5 min, 5:95; 14 min, 35:65; 17 min, 55:45; 19 min, 55:45; 
19.1 min, 5:95 off. Dynamic multireaction monitoring was used. 
The collision energies and product ions (MS2 or quantifier and 
qualifier ion transitions) were optimized. Electrospray ioniza-
tion source conditions were set as follows: gas temperature, 
120°C; gas flow, 13 L/min; nebulizer, 23 psi; sheath gas tem-
perature, 400°C; sheath gas flow, 12 L/min; cap voltage, 1500 
V (positive mode); and nozzle voltage, 500 V (positive mode). 
For the phenylhexyl separation using reverse phase, we used 
the following binary buffer system: buffer A was 0.1% formic 
acid in water, and buffer B was 0.1% formic acid in acetonitrile. 
We used a phenylhexyl CSH column (1.7 µm, 1.0×100 mm; 
Waters) for separation at a flow rate of 0.15 mL/min. The gradi-
ent was as follows: 0 minutes 99% A, 2.5 minutes 99% A, 8.0 
minutes 80% A, 10.5 minutes 1% A, 12.5 minutes 1% A, 14 
minutes 99% A, 15 minutes 99% A. The QQQ settings were 
as follows: gas temperature, 200°C; gas flow, 15 L/min; nebu-
lizer, 25 psi; sheath gas temperature, 325°C; sheath gas flow, 
9 L/min; cap voltage, 3000 V (positive mode); and nozzle volt-
age, 500 V (positive mode). The data were recorded in dynamic 
multiple reaction monitoring mode with 500 ms cycling time. 
Transition lists and retention times of the metabolites can be 
found in Excel File S10.

Targeted Metabolomics of the Dahl Salt-Sensitive 
Hypertensive Rat Model
Urine and serum were obtained from dapagliflozin- and vehicle-
treated hypertensive animals as described in a previous study 
by Kravtsova et al44 and analyzed as described previously.

Microbiota Fermentation

Donor Recruitment and Fecal Sample Processing
Fresh fecal samples were collected from 3 healthy donors in July 
2022. Anonymous sample collection and further processing 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065517
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are exempt from ethics approval by the National Scientific 
Committee (National Videnskabsetisks Komite). The donors 
were between 25 and 45 years of age, had regular eating pat-
terns and bowel movements, and did not take any food supple-
ments containing prebiotics or probiotics or any medication 
affecting gut transit or digestion during the 3 months preced-
ing the sample donation. All donors provided written consent. 
Each fecal sample was transferred to a sealed bag containing a 
CO2 gas pack (BD GasPak EZ pouch system) immediately, as 
described,45 and was processed within 4 hours after defecation. 
By using fresh samples, a freeze/thaw bias was excluded. A 
fecal slurry (10% m/v) was prepared using anaerobic peptone 
water. All work was conducted in a Baker Ruskinn anaerobic 
bench to keep a strict anaerobic environment.

In vitro Batch Fermentations
To investigate the effect of dapagliflozin addition on microbiota 
composition and metabolic activity, in vitro batch fermentations 
were conducted using modified and anaerobically prepared 
MacFarlane as base medium.46 The medium contained (in 
g/L) 1.0 cellobiose, 1.0 xylan, 1.0 arabinogalactan, 0.5 inulin, 
1.0 soluble starch, 3.0 amicase, 5.0 Bacto Tryptone, 1.5 meat 
extract, 4.5 yeast extract, 4.0 mucin, 0.005 hemin, 0.4 bile salt, 
3.0 KH2PO4, 9.0 NaHCO3, 3.05 MgSO4, 0.5 CaCl2·2H2O, 1.0 
MnCl2·4H2O, 0.025 FeSO4·7H2O, 0.5 ZnSO2·7H2O, 4.5 NaCl, 
and 4.5 KCl resuspended in MilliQ water. Tween 80 (1 mL) was 
added together with short-chain fatty acids for a final concen-
tration of 33 mM acetate, 1 mM isobutyrate, 1 mM isovaler-
ate, 1 mM valerate, and 9 mM propionate. After autoclavation, 
dapagliflozin dissolved in ethanol was added at 100 nM final 
concentration. Media were inoculated in triplicate with 0.1 mL 
of fecal slurry, creating 1% concentration. Samples were placed 
in a shaking incubator at 140 rpm at 37°C. Samples were col-
lected after 0, 24, and 48 hours. Effects were compared with 
baseline for both dapagliflozin and control (vehicle) samples. 

Sglt2 KO Mouse Study
The generation of Sglt2 KO mice on a C57BL6 background has 
been published.47 At 5 weeks of age, male Sglt2 WT and litter-
mate KO mice, maintained on standard rodent diet (Envigo 7001), 
were switched to the same diet containing dapagliflozin (10 mg/
kg diet) or repelleted diet (4 groups of mice). Blood glucose was 
measured in awake mice by tail snip at 9, 13, 17, and 21 weeks 
of age and mean values calculated per mouse. At 21 weeks of 
age, a spontaneous urine sample was collected from awake mice 
to determine urine glucose:creatinine ratios and for the perfor-
mance of urine metabolomics. Blood was subsequently collected 
by retroorbital plexus puncture under isoflurane anesthesia for 
the performance of plasma metabolomics. Over the 48 hours 
before this final sample collection, food intake was determined 
with single housing of the mice in regular cages. All samples were 
collected in nonfasted mice between 9:00 and 11:00 am.

Human Serum Samples

CYCLE Cohort
For this study, data and biosamples of patients enrolled in the 
CYCLE study (Characterization of Phenotypes in Acute Heart 
Failure Patients) were used. All participants provided written 
informed consent and the study was performed in accordance 
with the Declaration of Helsinki and was approved by the local 

ethics committee (PV5983). CYCLE is an ongoing, prospective, 
observational study enrolling participants ≥18 years of age with 
acute decompensated HF, defined as at least 3 out of 6 typi-
cal signs and symptoms of HF (ie, orthopnea, paroxysmal noc-
turnal dyspnea, fatigue, pulmonary rales, peripheral edema, gut 
congestion); onset or worsening of these symptoms within the 
past 7 days; and NT-proBNP (N-terminal pro-B-type natriuretic 
peptide) ≥300 pg/mL. Patients with other medical conditions 
that could result in the previously described signs and symp-
toms as well as patients with malignancies or a life expectancy 
<12 months were excluded. An extensive clinical assessment 
and blood samples were obtained at baseline, after 3 and 5 
days, and at discharge. The blood samples were collected using 
a standardized procedure and were stored at −80°C until mea-
surement. Standardized echocardiography was performed at 
baseline and at discharge, and all participants were followed up 
by the local registry office to obtain mortality data.

GDF15 Measurement
GDF15 (growth/differentiation factor 15) was measured 
in patient serum in the CYCLE study using a commercially 
available ELISA following the manufacturer’s instructions 
(BMS2258; Invitrogen).

Randomized Controlled Trial in Diabetic Patients
The trial was approved by The Central Denmark Region 
Committees on Health Research Ethics (VEK approval 1-10-
72-52-19) and The Danish Medicine Agency (LMS approval 
2019032214).48 The trial was monitored by the local Good 
Clinical Practice Unit at Aarhus and Aalborg University Hospital 
and complied with the Declaration of Helsinki. All participants 
gave written informed consent. Biosamples from 60 patients 
receiving empagliflozin or matching placebo who were enrolled 
in SEMPA (Effect of Empagliflozin and Semaglutide on Cardio-
Renal Target Organ Damage in Patients With Type 2 Diabetes: 
A Randomized Trial) were used (URL: https://www.clinicaltri-
alsregister.eu; Unique identifier: 2019-000781-38). The trial 
was a 32-week, partly placebo-controlled, partly open-label 
prospective study, originally designed to assess the effects of 
semaglutide, empagliflozin, or their combination on kidney oxy-
genation and arterial stiffness.48 The trial included 120 partici-
pants with type 2 diabetes (HbA1c >48 mmol/mol), age ≥50 
years, with a high risk of cardiovascular disease (eg, a history 
of myocardial infarction or stroke or estimated glomerular filtra-
tion rate <60 mL·min·1.73 m2). Key exclusion criteria included 
estimated glomerular filtration rate <45 mL min 1.73 m2 and 
liver disease or a cardiovascular or cerebrovascular event within 
90 days before randomization. Participants were randomly 
assigned to 1.0 mg subcutaneous semaglutide once weekly 
(Ozempic; Novo Nordisk A/S; 30 participants), 10 mg empa-
gliflozin daily (Jardiance; Boehringer Ingelheim International; 
30 participants), combination treatment (30 participants), or 
tablet placebo (30 participants) for 32 weeks. Outcomes were 
assessed at baseline, week 16, and week 32. Blood samples 
were collected using a standardized procedure and stored at 
−80°C until measurement.

hiPSC-Derived Engineered Heart Tissues
Human Induced Pluripotent Stem Cells
The in-house control hiPSC line (UKEi001-A) was registered 
at the European Human Stem Cell Registry (hPSCreg) and 

https://www.clinicaltrialsregister.eu@line 2@
https://www.clinicaltrialsregister.eu@line 2@
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had previously been produced from dermal fibroblasts from 
human punch skin biopsies as described in previously pub-
lished protocols.49 The use of this cell line was approved by the 
Ethical Committee of the University Medical Center Hamburg-
Eppendorf (approval PV4798, 28.10.2014) with written 
informed consent.

Thawing, Passaging, and Culture of hiPSC
Cryopreserved hiPSC were thawed at 37°C for 2 to 3 minutes 
and then drawn up into a pipette containing 5 mL FTDA (DMEM, 
2 mM L-glutamine, 5 mg/L transferrin/selenium, 0.1% human 
serum albumin, 1× lipid mix, 5 mg/L insulin, dorsomorphin, 30 
ng/mL fibroblast growth factor [FGF; 100-18B; Peprotech], 
2.5 ng/mL activin A, 0.5 ng/mL transforming growth factor–β), 
supplied by the ROCK-Inhibitor Y-27632 (1:1000; orb154626; 
Biorbyt). After centrifugation for 3 minutes at 800 rpm, the 
pellet was resuspended in FTDA containing 0.3 µL/mL FGF 
and 10 µM Y-27632. The cells were then cultured on Geltrex-
coated (1:100; 14133-02; Gibco A) 6-well plates and incu-
bated under hypoxic conditions at 37°C, 5% CO2, and 5% O2. 
The cells were fed daily with prewarmed FTDA, supplemented 
with 0.3 µL/mL FGF, and split twice a week when the cell layer 
was >90% confluent. For that purpose, before detachment 
with Accutase solution (supplemented with 10 µM Y; 07922; 
StemCell Technologies) for 5 to 10 minutes at 37°C, the wells 
were washed once with PBS. The cells were detached from 
the wells, transferred to falcons using a 1000-µL pipette, and 
washed twice with prewarmed FTDA supplemented with Y 
and FGF, followed by centrifugation at 800 rpm for 3 minutes. 
After removal of the supernatant, cells were resuspended in 
the same medium, counted, and densities of 50 000 to 70 
000 cells/cm² (ie, 500 000 to 700 000 cells per well or 4.5 to 
6.5×106 cells per T75 flask) were plated. Before enrolling cells 
into experiments, hiPSC were passaged 3 times.

Differentiation of hiPSC to hiPSC-Induced Cardiac 
Myocytes 
The differentiation of hiPSC to cardiac myocytes was per-
formed as previously described.50 In brief, confluent hiPSC, 
expanded in T75 flasks, were preincubated in FTDA supple-
mented with 10 µM Y-27632 for ≥1 hour at 37°C. The flasks 
were washed once with PBS and then dissociated with 0.5 mM 
EDTA in PBS into small cell clusters. The flasks were washed 
with Roswell Park Memorial Institute (RPMI; 21875-034; 
Gibco) and added to the cell suspension. After centrifugation at 
800 rpm for 10 minutes, the pellet was resuspended in stage 0 
medium (DMEM/F12, 2 mM L-glutamine, 5 mg/L transferrin, 
5 µg/L selenium, 0.1% human serum albumin, 1× lipid mix, 5 
mg/L insulin, 50 nM dorsomorphin, 2.5 ng/mL activin A, 0.5 
ng/mL transforming growth factor–β1, 30 ng/mL FGF, 4 mg/
mL polyvinyl alcohol, 10 µM Y-27632) and triturated 3 to 5 
times with a serologic 10-mL pipette. Cells were counted in 
a Neubauer counting chamber and 30×106 cells per 100 mL 
stage 0 medium were transferred to prewarmed spinner flasks. 
The spinner flasks were then placed on a magnetic stirrer in the 
hypoxia incubator (37°C, 5% O2, 5% CO2, 95% relative humid-
ity) under constant stirring at 40 rpm to induce formation of 
embryonic bodies (EBs).

After EB generation overnight in spinner flasks, mesoderm 
was induced in T175 flasks (83.3912.502; Sarstedt) for 3 
days. For that purpose, Pluronic-coated (1% Pluronic in PBS 
[P2443; Sigma]) T175 flasks were washed twice with PBS 

and preincubated with Stage 1 medium (RPMI 1640, 4 mg/
mL polyvinyl alcohol [P8136; Sigma], 5 mg/L transferrin, 5 
µg/L selenium, 10 µM Y-27632, 1× lipid mix [L5146; Sigma], 
250 µM polyacrylic acid, 2.5 ng/mL activin A [338-AC; R&D 
Systems], 4 mM BMP4 in 0.1% BSA [314-BP; R&D Systems], 
FGF 100 µg/mL in PBS/0.1% human serum albumin [05-
720-1B; Biological Industries]). EB suspension from spinner 
flask was then transferred to T175 flask. After sedimenta-
tion of EBs, the supernatant was removed and all EBs were 
pooled in 1 flask; all other flasks were washed with RPMI 1640 
(supplemented with 10 mM HEPES [91.05.4; Roth] and 4 mg/
mL polyvinyl alcohol), followed by an additional washing step. 
Afterward, EB volume was calculated and 160 to 250 µL EB 
volume was distributed in 46 mL stage 1 medium. EBs were 
incubated for 3 days in the hypoxia incubator (37°C, 5% O2, 
5% CO2, 95% relative humidity) with daily half-medium change 
with stage 1 medium.

After mesoderm induction in stage 1, differentiation of 
mesoderm progenitors to cardiac myocytes was performed dur-
ing stage 2. Medium from T175 flasks was removed and flasks 
were washed twice with washing medium. After estimation of 
EB volume, 180 to 250 µL EB volume per flask was incubated 
in 43 mL FDM (RPMI 1640, 0.5% [v/v] Pen/Strep, 5 mg/L 
transferrin, 5 µg/L selenium, 1× lipid mix, 0.05% human serum 
albumin, 250 nM polyacrylic acid, 1 µM XAV, 10 µM Y-27632) 
with daily half-medium changes. After 3 days’ culture, medium 
was replaced by stage 2 medium supplemented with insulin 
(I9278 [Sigma]; RPMI 1640, 0.5 % [v/v] Pen/Strep, 1 µM XAV, 
10 µM Y-27632, 10 mM HEPES, 500 µM 1-thioglycerol [MTG; 
M6146; Sigma], 2% B27 stock [0.156 mg insulin in 1 mL B27; 
I9278-5 mL; Sigma-Aldrich, Merck]) and incubated for another 
4 days in same conditions and daily half-medium exchange. 
Next, medium was replaced by RDM (RPMI 1640, 0.5% 
[v/v] Pen/Strep, 10 µM Y-27632, 10 mM HEPES, 500 µM  
1-thioglycerol [MTG], 2% B27 stock) and EBs were cultured 
for another 12 days as previously mentioned.

Dissociation of hiPSC-Derived Cardiac Myocytes
To receive single cardiac myocytes, 3-dimensional EBs were 
dissociated. Medium was removed from T175 flasks, followed 
by 2 intermittent washing steps for 5 minutes with HBSS with-
out Ca2+ (14175-053; Gibco) and incubation with 12 mL col-
lagenase solution/200 µL EB volume (HBSS without Ca2+, 1 
mg/mL collagenase II [200 units/mg LS004176; Worthington], 
10 mM HEPES, 10 µM Y-27632, 30 µM BTS [N-benzyl-p-
toluene sulfonamide; B3082-25G; TCI]) for up to 3.5 hours at 
37°C, 90% relative humidity, 5% CO2, 20% O2 until EBs started 
to disaggregate. The cells were then triturated by pipetting and 
incubated by the same amount of blocking buffer (RPMI 1640, 
1% Pen/Strep, 6 µL DNase/mL) before centrifugation for 10 
minutes at 100×g. The pellet was resuspended and gently 
triturated in prewarmed basic medium (RPMI 1640, 1% Pen/
Strep). The dissociated hiPSC-derived cardiac myocytes were 
either directly used to generate EHT or frozen in 10% DMSO 
in fetal calf serum.

Generation of EHTs
Fibrin-based human EHTs were generated in agarose casting 
molds with transparent silicone posts as previously described.50,51 
In brief, casting molds were generated in a 24-well plate using 
2% agarose in PBS and spacers. Transparent silicone posts 
were placed into the casting molds and the master mix (1 
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million hiPSC cardiomyocytes, 5.6 µL 2× DMEM, 0.1% 10 mM 
Y-27632); before use, 2.5 µL/EHT fibrinogen (200 mg/mL in 
NaCl 0.9%; F4753 [Sigma]) and NKM added up to 97 µL/
EHT (DMEM [F0415; Biochrom], 1% Pen/Strep, 10% horse 
serum [26050; Gibco], 1% of 200 mM glutamine [Gibco]) was 
prepared. For each EHT, 97 µL master mix was first pipetted 
into 3 µL of 3 U/mL thrombin (BP11101104; Biopur) and 
then into the agarose molds around the posts. The plate was 
then incubated at 37°C, 7% CO2, 40% O2, and 98% relative 
humidity for 1.5 to 2 hours until the fibrin was polymerized and 
EHTs were transferred into a new 24-well plate containing pre-
warmed culture medium (DMEM [Sigma], 1% Pen/Strep, 10% 
horse serum, 10 μg/mL insulin, 33 μg/mL aprotinin [A1153; 
Sigma]). The culture medium was changed 3 times each week 
and supplemented with 200 µM tranexamic acid (857653- 
50G; Sigma) for matrix stabilization. After 7 to 10 days, a beating  
pattern could be observed macroscopically, allowing video- 
optical contraction analysis.

Incubation of EHTs With Metabolites
On day 13 after the generation of the EHTs, the culture medium 
was deprived to 4% horse serum, followed by further depriva-
tion of serum to serum-free medium (DMEM, 1% Pen/Strep, 
10 µg/mL insulin, 33 µg/mL aprotinin, 2 mM L-glutamine, 5 
ng/mL triiodothyronine T3 [IRMM469; Sigma], 50 ng/mL 
hydrocortisone [H0888; Sigma]) on day 14 of EHT culture. 
On day 15, 5 to 6 EHTs per group of hiPSC-derived cardiac 
myocytes were treated daily with 300 µM or 3 mM of either 
p-cresol (PCL) or indole-3-lactic acid (ILA) in DMSO, or DMSO 
as appropriate control for 5 days. As force in the 3-mM PCL 
group declined within hours of first treatment, after 72 hours, 
PCL was replaced with DMSO to investigate a potential func-
tional rescue.

For proteomics analyses, 4 to 6 EHTs per group were 
treated continuously for 5 days starting from day 15 with 300 
µM of PCL, ILA, cinnemoylglycine, 2-hydroxycinnamic acid, 
transcinnamic acid, or DMSO as vehicle control.

Video-optical analysis of EHTs for different parameters such 
as contractile force, frequency, and relaxation time to 80% were 
investigated as previously described.51 For functional analyses 
of the treated EHTs, short-term electrical pacing was applied 
as previously described.52 Biphasic pulses (4 ms per direction) 
at 2 V (electrical field strength 2 V/cm) and a frequency of 0.5 
to 4 Hz with increasing increments of 0.5 Hz were applied. For 
analysis and representation of the data, Excel and Graph Pad 
Prism 6.0 were used.

Proteomic Analysis of EHT Tissue
Samples were prepared as described previously in the 
Proteomics section. C18 stage tip desalted peptides (unla-
beled, unfractionated) dissolved in 0.1% formic acid were 
measured by LC-MS as described previously with some modi-
fications. The peptide gradient used was 5 minutes at 2% B, 
reaching 8% B at 10 minutes, followed by a linear gradient 
to 25% B over 80 minutes, followed by a linear gradient to 
35% B over 10 minutes, at 101 minutes switched to 90% 
B, and finished with a column equilibration step from 110 to 
120 minutes at 2% B. All MS measurements for EHT samples 
were recorded in data-independent acquisition mode in posi-
tive polarity with high-field asymmetric waveform ion mobility 
spectrometry control voltages −45 and −65. MS1 spectra were 

recorded in profile mode at 120 000 resolution within a scan 
range of 380 to 1500 m/z, with normalized automatic gain 
control target of 300%, RF lens of 40%, and auto maximum 
injection time. MS2 spectra were recorded at 30 000 for 400 
to 1000 Da with nonoverlapping isolation windows of 15 Da 
and normalized HCD collision energy of 28%. MS RAW files 
were analyzed by Spectronaut version 17 (Biognosys) using 
directDIA+ with the predefined factory settings. Trypsin/P was 
selected as digestion enzyme allowing for 2 missed cleavages, 
for peptides in the range of 7 to 57 amino acids. Cysteine car-
bamylation was set as fixed modification, methionine oxidation 
and protein N-terminal acetylation as variable modifications. 
For Pulsar searches, identification for PSM, peptide, and pro-
tein group were set to false discovery rate 0.01. Data were 
searched against a UniProt Homo sapiens reviewed database 
(downloaded March 4, 2023; 20 422 entries).

Western Blotting
Membrane fraction of whole kidney was prepared as previously 
described47 and protein concentration was determined using 
a Protein Assay Kit (Bio-Rad Laboratories). A total of 25 µg 
of protein per each lane was electrophoresed using a 7.5% 
Criterion TGX precast gel system (Bio-Rad Laboratories) and 
transferred to polyvinylidene fluoride membrane. After blocking 
with 5% nonfat dried milk in TBS-T buffer, the membrane was 
incubated with primary antibodies for overnight at 4oC and then 
with horseradish peroxidase–conjugated secondary antibod-
ies for 1 hour at room temperature. The membrane incubated 
with enhanced chemiluminescence reagent was imaged on a 
Chemidoc Imaging System (Bio-Rad Laboratories), and images 
were analyzed with Image Lab Software, version 6.0.1 (Bio-
Rad Laboratories). Primary antibodies used in the study were 
anti-OAT1 (organic anion transporter 1) antibody (rabbit poly-
clonal, 1:1000 [26574-1-AP; Proteintech]) and anti–β-actin 
antibody (mouse monoclonal, 1:1000 [3700; Cell Signaling 
Technology]). Secondary antibodies were anti-mouse immu-
noglobulin G horseradish peroxidase–linked antibody (1:3000 
[7076; Cell Signaling Technology]) and anti-rabbit immunoglob-
ulin G horseradish peroxidase–linked antibody (1:3000 [7074; 
Cell Signaling Technology]). Statistical analysis was performed 
by using 2-sided t test.

Data Integration

Interactive Data Exploration
The presented data were made explorable as an interactive 
web shiny application. To this end, result tables were read 
into R to create a summarized experiment by the R package 
SummarizedExperiment (version 1.26.1). The R packages 
iSEE53 (version 2.8.0) and iSEEu54 (version 1.8.0) were used 
to publish shiny applications for the phosphoproteome and 
proteome, respectively. Gene Ontology term enrichment results 
were registered as feature sets that map to included proteins. 
In the phosphoproteome application, proteins were registered 
as feature sets that combine all phosphosites of the protein.

Data Sharing
All proteomics data are deposited in the PRIDE 
ProteomeXchange data repository,55,56 accessible through 
http://www.ebi.ac.uk/pride using the following credentials: 
project name, Metabolic reconfiguration through SGLT2 

http://www.ebi.ac.uk/pride
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inhibition improves metabolic waste excretion; project acces-
sion, PXD036817; project DOI, 10.6019/PXD036817; 
username, reviewer_pxd036817@ebi.ac.uk; and password, 
Wal8896C. The metaproteomics database is deposited under 
https://figshare.com/s/288394c518595ca0d1b2, reserved 
under doi 10.6084/m9.figshare.24160935.

RESULTS
Overview on the Strategy of Matched 
Integrative Interorgan-omics Discovery and 
Translation
One week after initiation of dapagliflozin or vehicle, we per-
formed deep multi-omics profiling combining proteomics, 
phosphoproteomics, metabolomics, and metaproteomics 
approaches from the same animals across major metabol-
ic organs (Figure 1A and 1B). Plasma glucose levels were 
decreased by dapagliflozin in Akita mice, but not in non-
diabetic WT mice. Glucosuria was induced by dapagliflozin 
in WT mice, but no obvious further increase was observed 
for Akita mice (Figure S1A). Less glucose filtration in re-
sponse to SGLT2i prevents net increase in glucosuria in 
Akita.17 Body weight did not change in any group by the 
short treatment (Figure S1A). Proteomics analysis quanti-
fied a total of 9501 proteins (8421 genes) and 10 744 
phosphorylation sites in the kidney, liver, heart, muscle, and 
white adipose tissue (Excel Files S1 and S5). Of these, 
most of the significant SGLT2i-induced changes were ob-
served in the kidney (Figure S1B). All the proteome data 
from all tissues in all organs are also explorable in a shiny 
server–based application at https://kidneyapp.shinyapps.
io/SGLT2i_proteome.

SGLT2 Inhibition Reconfigures the Kidney 
Proteome
We quantified 6676 proteins in kidney cortex, with 6107 
proteins for WT and 6207 proteins for Akita mice (Excel 
File S1). The analysis showed that the effect of SGLT2i on 
the kidney proteome was stronger in WT than in diabetic 
mice: In WT mice, 455 proteins were increased and 485 
proteins were decreased by SGLT2i (Figure 2A). SGLT2i 
treatment changed fewer proteins in diabetic mice (29 
increased and 53 decreased). Both groups showed sig-
nificant alterations in kidney mitochondrial protein abun-
dance, but only WT mice showed a robust upregulation 
in inner mitochondrial membrane proteins (Figure S2A). 
Moreover, only WT mice reacted to SGLT2i with down-
regulation of kidney proteins localized to the apical or 
basolateral membrane (Figure 2B) or proteins involved 
in mRNA splicing. Following up on the observed stronger 
changes in WT mice, Gene Ontology term enrichment (Ex-
cel File S2 and Figure S2A and S2B) indicated consis-
tent alterations in transmembrane transport across a va-
riety of functionally interconnected proteins (Figure S2B), 

with most transporters being downregulated by SGLT2i 
in WT mice. Clustering of differentially expressed proteins 
in WT mice on the basis of nephron segment–resolved 
RNA-sequencing data57 revealed that a large fraction of 
segment-specific protein changes by SGLT2i were local-
ized to proximal tubule segments S1, S2, and S3 (clusters 
1, 7, and 9; Excel File S3), consistent with a primary site of 
action in S1/2 proximal tubule.14 Among the 34 changed 
membrane transporters of the solute carrier group (SLC) 
in WT kidney, 27 were downregulated. Half of the SLCs 
displayed segment-specific expression for proximal tubule 
S1 and S2/3 segments (Figure 2C). The associated func-
tions of the downregulated SLCs as well as their segment-
specific expression according to the clustering in a protein 
metabolite interaction network are shown in Figure S2C.

SGLT2 Interacts With Multiple Apical Proximal 
Tubule Metabolite Transporters
To determine whether the changed proteins interact di-
rectly with SGLT2, we performed interactome analysis of 
the SGLT2 transporter from native mouse kidneys. Using 
affinity purification with MS from native mouse kidney 
(Excel File S4), we found that SGLT2 interacted with 
sodium- and hydrogen transporter–regulating proteins 
(including Pdzk1ip1 [MAP17], Pdzk1 [NHERF3], and 
Slc9a3r2 [NHERF2]), as previously predicted by bioin-
formatics,58 but also with several metabolite transporters. 
Transporter substrates included creatine (Slc6a8), vita-
min C (Slc23a1), urate (Slc22a12, Abcg2, Slc17a3), lac-
tate and ketone bodies (Slc5a12), thiamine (Slc19a3), 
organic anion and drug detoxification (Slc17a3, Slc47a1 
[MATE1]), and amino acids (Slc3a1, Slc6a20b, Tmem27; 
Figure 2D), many of which are linked to sodium co-
transport. Four interacting proteins (urate transporter 
Slc22a12, amino acid transport modulator TMEM27, 
NHE3-interacting MAP17, and organic anion secretory 
transporter Slc17a3) were also significantly decreased 
by SGLT2i in WT mice in the proteome analysis. Other 
SGLT2-interacting proteins included TMEM9 (which 
facilitates assembly of lysosomal proton-transporting 
V-type ATPase and enhances lysosomal acidification 
and trafficking59), Atp6v1a (which has a role in acidifi-
cation of eukaryotic intracellular organelles), Smim24, 
Stx3 (which has a role in cell polarity), Psen1, Mfsd7c 
(which switches mitochondrial ATP synthesis to thermo-
genesis in response to heme60), Lamtor5 (which has a 
role in mTOR signaling), and Gprc5c (which has a role 
in cellular effects of retinoic acid). To further confirm the 
relevance in human, we immunopurified SGLT2 from hu-
man kidney using a different antibody than in mice, fol-
lowed by interactome analysis (Excel File S4). Consistent 
with the mouse results, the human SGLT2 interactome 
was associated with organic substance transport (24 
proteins) and revealed copurification of SGLT2 with pro-
teins related to NHE-RF, as well as urate and amino acid 
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transporters. Whereas several proteins were identical in 
human and mouse SGLT2 interactome (Excel File S4), 
some were functionally similar (Slc47a1 in mouse and 
SLC47A2 in human are both drug excretion transport-
ers; Slc22a12 in mouse and SLC2A9 in human are both 
urate transporters). Most of these protein transporters 
are immunolocalized to proximal tubule cells in the hu-
man kidney in the Human Protein Atlas (Figure 2E).

Thus, SGLT2i-dependent proteome and SGLT2 kid-
ney interactome suggest that SGLT2i induces reconfigu-
ration of early proximal tubule transport, consistent with 
the idea that SGLT2i interferes with the early proximal 
tubule transport of many substrates beyond glucose.1

SGLT2 Inhibition Changes the Global 
Phosphoproteome Landscape Including 
Metabolically Regulated Proteins
Phosphoproteomic investigation quantified a total of 
10 744 phosphorylation sites across organs (Excel File 
S5). The entire phosphoproteome dataset is explorable 

(https://kidneyapp.shinyapps.io/SGLT2i_phosphopro-
teome). Altered protein phosphorylation by SGLT2i was 
primarily found in the WT kidney, similar to the findings of 
the proteome analysis. This included 343 phosphoryla-
tion sites, 165 with increased phosphorylation, and 178 
with decreased phosphorylation (Figure S3A and Excel 
File S5). Functional enrichment analysis showed effects 
on GTPases, cytoskeleton, and RNA splicing in the kid-
ney (Figure S3B and S3C and Excel File S2). Closer 
analysis of amino acid sequences surrounding phos-
phorylation sites revealed distinct alterations in WT mice 
(Figure S3D) but also in diabetic mice.

Comparing all analyzed organs, SGLT2i increased 
basophilic phosphorylation sites in the liver and white 
adipose tissue, whereas the heart showed a unique 
pattern of a decreased basophilic phosphorylation 
pattern (Figure S3D). In the nondiabetic and diabetic 
kidney, kinase-substrate enrichment analysis indicated 
that SGLT2i downregulated PRKAA1 (protein kinase 
AMP-activated catalytic subunit alpha 1; Figure S3E), 
a nutrient-controlled kinase primarily expressed in the 

Figure 2. Integrated proteome/
interactome analysis indicates broad 
remodeling of kidney metabolite 
transport by SGLT2i.
A, Volcano plot quantification of proteomics 
analysis of kidney cortex. Overlapping 
significant proteins (false discovery rate 
<0.05) between wild-type (WT) and Akita 
mice upon SGLT2i (sodium-glucose 
cotransporter 2 inhibitor) treatment 
are labeled with their gene name. B, 
Enrichment of Gene Ontology Biological 
Process (GOBP) terms in WT kidney 
cortex (kidney cortex proteome was used 
as background). C, Nephron localization 
of altered transmembrane transporters of 
the solute carrier group (SLC). D, Mass 
spectrometry–based interactome analysis 
of mouse SGLT2i. SGLT2 interacts with 
membrane transporters that mediate the 
reabsorption or secretion of sodium, amino 
acids, urate, protons, anions, and multiple 
other compounds. E, Human tissue atlas of 
selected putative human SGLT2 interactors 
(source: The Human Proteome Atlas; 
https://www.proteinatlas.org).
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distal nephron.57 Moreover, SGLT2i reduced kidney sub-
strates of mTOR in nondiabetic mice and SGK1 in dia-
betic mice.61 Downregulation of mTORC1 mRNA has 
been found in response to SGLT2i along the tubular 
system in youth-onset type 2 diabetes.62 mTOR down-
regulation may reflect reduced glucotoxicity in S1/2 
segments but energy-consuming upregulation of com-
pensatory transport in downstream tubule segments. 
In contrast to the kidney, kinase substrate enrichment 
analysis suggested an increased RPS6 kinase activity 
by SGLT2i in liver (and to a lesser extent in heart), and 
a decreased activation of cGMP-dependent protein 
kinase (PRKG1) in the heart (Figure S3E). The most 
substantial proteome and phosphoproteome changes 
in liver and white adipose tissue are shown in Figure 
S4A and S4B. Closer examination of the SGLT2i- 
targeted phosphorylation sets in the heart revealed that 
a large fraction of altered regulatory phosphorylation 
sites were metabolically regulated sites and proteins, 
such as AMPK (5ʹ-adenosine monophosphate–acti-
vated protein kinase), HDAC (histone deacetylase), 
Raptor, and other metabolic sensors in heart (Figure 
S3F). Many of the changes in the heart occurred in 
diabetic but also in nondiabetic mice, indicating effects 
in part independent of blood glucose levels. Overall, 
metabolic signaling dominated the phosphorylation 
landscape in the kidney and other organs, without sin-
gling out a single kinase.

SGLT2i-Dependent Metabolome Unravels 
Metabolite Signals Primarily in Plasma and 
Urine But Also in Other Organs
To determine whether the altered signaling profiles 
could, in part, be explained by metabolic signaling other 
than glucose, we performed untargeted metabolomics 
analysis in selected organs and biofluids. In total, 186 
unique metabolites changed (322 summed for all or-
gans), with 136 for WT mice and 96 for diabetic mice 
(corresponding to 201 for WT and 144 for Akita mice 
when summed for all organs). We found that SGLT2i 
chiefly acted on the abundance of metabolites in urine 
and plasma (Figure 3A), and the diversity of molecules 
was more extensive in nondiabetic versus diabetic mice. 
Consistent with initial phenotyping of the mice (Figure 
S1A), SGLT2i enhanced sugars (glucose) in the urine 
in WT mice without changing plasma levels, whereas 
SGLT2i in hyperglycemic Akita mice lowered plasma 
sugars (glucose) without a robust increase in glucos-
uria. SGLT2 administration broadly perturbed amino 
acid metabolism. SGLT2i decreased lipids in plasma in 
WT mice, but in liver, heart, and red blood cells in Akita 
mice. Reduced triacylglyceride and phosphoglyceride 
species were found in white adipose tissue in WT, and 
a decrease in creatine:creatine-phosphate ratios was 
observed in skeletal muscles particularly of diabetic 

animals (Figure S4C and S4D). An extensive catalogue 
of metabolic changes can be found in Excel File S6 and 
Figure S5.

Downregulation in Kidney Transporters Can 
Contribute to SGLT2i Effects on Metabolites in 
Plasma, Urine, and Other Organs
SGLT2i changed the kidney proteome and phospho-
proteome (Figure 2A through 2C and Figure S3A 
through S3C), and SGLT2 orchestrates other metabolite 
transporters (Figure 2D and 2E). Its inhibition induced 
prominent alterations in plasma and urine metabolites  
(Figure 3A). Thus, we hypothesized that renal proteomic 
reconfiguration could be partly responsible for the ob-
served metabolite alterations. Several processes can al-
ter the circulating metabolite composition of body fluids 
(Figure 3B). Changes in urinary excretion could occur if 
the body production or tubular transport is altered. In WT 
mice, 27 SLCs were decreased by SGLT2i in the kidney. 
Combining these with urinary metabolite profiles (each 
normalized to urinary creatinine) yielded a small number 
of potential links (Figure 3C). With a focus on metabo-
lites increased by SGLT2i in urine and including the me-
tabolite profiles of other organs in the analysis, SGLT2i 
effects could contribute to metabolite alterations in other 
organs (Figure 3C).

SGLT2i Reduced Plasma Levels of Gut-Derived 
Organic Anions (Uremic Toxins) Despite Lower 
Renal Secretory Transporter Expression
Next, we analyzed plasma over urine concentrations of 
metabolites that can reflect primary effects on kidney 
transport. As expected, the plasma:urine ratio for glu-
cose and multiple other sugar metabolites decreased 
(Figure 3D), likely because of reduced tubular reab-
sorption. Metabolites with increased plasma:urine ra-
tios were lysine metabolites, including diaminopimelic 
acid (a unique component of the cell wall of Gram-
negative bacteria and a precursor of lysine), trimethyl 
lysine, pipecolic acid, and amino adipic acid (last oxida-
tion product of lysine), a protective metabolite against 
obesity and diabetes in murine models.63 Many of the 
compounds with increased plasma:urine ratios in re-
sponse to SGLT2i are substrates of the proximal tu-
bule organic anion transporter OAT1 (Figure 3D): this 
included acetyl cysteine,64 citrulline,65 gluconate,66 and 
methionine,67 indicating that kidney secretion of these 
compounds may be reduced. This was corroborated by 
the finding of the proteome analysis that SGLT2i re-
duced OAT1 and OAT3 expression in WT, confirmed 
by immunoblot analysis of kidney membrane fractions 
(Figure 3E). At the same time, we observed that SGLT2i 
reduced plasma levels of so-called retained or uremic 
toxins (Figure 3A). To substantiate this finding, we per-
formed a targeted analysis of serum metabolites that 
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are known to be retained in kidney disease and are 
chiefly produced by the gut microbiome.43 SGLT2i de-
creased many of these uremic toxins in plasma of WT 
mice, including PCL, ILA, anthranilic acid, vanillic acid, 
and 3-indoxylsulfate (Figure 3F). In an independent 
nondiabetic animal model (hypertensive Dahl SS rats), 

the plasma:urine ratio of PCL sulfate and ILA was like-
wise markedly decreased by SGLT2i (Figure S4E). As 
noted previously, this cannot be explained by a down-
regulation of the kidney secretory capacity for uremic 
toxins (OAT1/OAT3) and suggested alteration of the 
formation of these compounds by SGLT2i.

Figure 3. Untargeted metabolome analysis reveals SGLT2i-induced alterations in amino acid and organic anion metabolism.
A, Overview of untargeted metabolomics results in wild-type (WT) and diabetic Akita mice. Significant metabolites from >30 000 quantified 
features with breakdown of altered metabolites by organ and genotype. B, The metabolite pool is sensitive to changes in production as well as 
kidney secretion and reabsorption. C, Illustration of interorgan communication by linking solute carrier group (SLCs) downregulated in the kidney 
to enhanced urinary metabolites and depleted metabolites in other organs. D, SGLT2 (sodium-glucose cotransporter 2)–dependent changes 
in plasma:urine ratios indicate increased urinary excretion of glucose and glucose metabolites, and less secretion of substrates of the kidney 
organic anion transporters (see text for details). Urine metabolites were normalized to creatinine. E, Immunoblot analysis of OAT1 (organic anion 
transporter 1) in SGLT2i-treated WT mice shows reduction of OAT1 (Slc22a6; normalized to b-actin; 2-sided t test), consistent with proteomics 
results. F, Targeted analysis of microbiota-derived organic anions (uremic toxins) in the plasma of WT and diabetic Akita mice. RBC indicates red 
blood cell.
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SGLT2i Reshapes Intestinal Microbiota 
Fermentation of Amino Acids to Uremic Toxins

Many uremic toxins are produced by microbiota, and 
SGLT2i altered metabolites from uremic toxins, pre-
dominantly from phenylalanine and tryptophan. Thus, 
we hypothesized that SGLT2i affected the microbiota 
to alter production of these metabolites. To test this hy-
pothesis, we analyzed matched cecal microbiomes using  

metagenomics-assisted metaproteomics (Figure S6A). In 
total, 6899 species were found by metagenomics. Trans-
lating this to the proteome, we quantified 14 621 pro-
teins from these species (8249 for WT, 10 847 for Akita 
mice) with more robust effects of SGLT2i in WT versus 
Akita mice (Excel File S7 and Figure S1B). The phylo-
genetic overview summarizes the reconfiguration of the 
microbiota by SGLT2i in WT mice from phylum to family 
level (Figure 4A). On the genus level, SGLT2i prompted 

Figure 4. Metaproteomics analysis demonstrates reshaping and attenuation of the microbiome fermentation of amino acids to 
uremic toxins by SGLT2i.
A, Taxonomic analysis of metaproteome of gut microbiota with SGLT2i (sodium-glucose cotransporter 2 inhibitor) on family level. B, Cumulative 
histogram analysis of cresol- and phenol-producing bacteria species on metaproteome level, as well as tryptophan-metabolizing bacteria. 
C, Murine fecal metabolomics results of key metabolites. D, Targeted metabolomics of human fecal microbiota fermentation (48 hours) in 
the presence or absence of SGLT2i dapagliflozin (100 nM). Metabolites with >0.5-fold change (48 hours fermentation versus control) and 
P<0.05 between both conditions are labeled with an open circle (3 donors, with 3 fermentations each). IAA indicates indoleacrylic acid; and IL, 
indolelactate.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065517
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065517
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065517


ORIGINAL RESEARCH 
ARTICLE

Circulation. 2024;149:860–884. DOI: 10.1161/CIRCULATIONAHA.123.065517� March 12, 2024 875

Billing et al Metabolic Communication by SGLT2 Inhibition

an increase in Akkermansia and Lachnoclostridium and 
a decrease in Acetatifactor and Bilophila (Figure S6B). 
Diversity analysis of the metaproteome revealed higher 
alpha diversity for diabetic mice after treatment, and beta 
diversity was significantly different for control and treat-
ed animals for both WT and diabetic mice (Figure S6C 
and S6D). Metaproteome analysis also covered proteins 
typical for the digestive tract, with most of them being 
downregulated by SGLT2i (34 down, 3 up; Excel File 
S7). As in the kidney, several of the decreased proteins 
were involved in nutrient transport, including Slc15a1 
for oligopeptides, urate/xenobiotic secretory transporter 
Abcg2, and Slc27a4 for fatty acid import.

Because many of the plasma solutes altered by 
SGLT2i in WT mice were metabolites of aromatic amino 
acids, we analyzed the abundance of the bacteria that 
can metabolize these amino acids on the proteomics 
level. For indole-generating bacteria, we found a reduc-
tion of species that express tryptophanases to generate 
indole from tryptophan (indoleacrylic acid; Figure 4B). 
We also found a reduction of cresol and phenol builders, 
using aromatic amino acids such as phenylalanine as a 
substrate (Figure 4B). Examination of the stool metabo-
lome revealed that dapagliflozin was present in the stool 
(Figure 4C). Metabolites from tryptophan and phenylala-
nine fermentation were decreased in these stool samples 
from dapagliflozin-treated mice (Figure 4C). To probe for 
a direct effect of dapagliflozin in the stool, we added the 
SGLT2i to human stool. After anaerobic fermentation, we 
found reduced indolelactic acid, a tryptophan metabolite, 
and cinnamoylglycine (Figure 4D); that is, compounds 
related to those reduced in plasma by SGLT2i in WT 
mice (Figure 3F). Addition of SGLT2i to human stool fer-
mentation also reversed the disappearance of the parent 
molecule of these toxins, particularly the aromatic amino 
acids tryptophan, tyrosine, and phenylalanine (Figure 4D). 
This suggests that the physiologic effects of SGLT2i on 
the microbiota to generate fewer uremic toxins may also 
involve direct effects of SGLT2i on the microbiota.

Net Reduction of Uremic Toxin Metabolites by 
SGLT2i Is Independent of SGLT2
We then examined whether the reduced metabolites 
are independent of the presence of the SGLT2 protein, 
and whether these effects remain over a longer period. 
To distinguish the pure SGLT2 effect from an off-target 
effect, and in the absence of hyperglycemic confound-
ers, we used the SGLT2 KO mouse model (Sglt2 KO).47 
This mouse has a deletion of the Slc5a2 gene in exons 1 
through 5, rendering the SGLT2 protein nonfunctional. We 
treated both Sglt2 KO and WT mice with SGLT2i (dapa-
gliflozin) for 16 weeks on a normal diet, analyzed plasma 
and urine, and performed plasma targeted analysis using 
the panel of retained metabolites (Figure 5A). Sglt2 KO 
mice had lower blood glucose, higher glucose excretion, 

and higher food intake (Figure 5B and Figure S6E). In the 
KO mice, SGLT2i did not affect any of these measures. 
We calculated plasma:urine ratios (normalized to creati-
nine) to understand overall body handling in response to 
SGLT2i. The ratios for many metabolites were similarly 
changed in Sglt2 KO versus WT mice as they were by 
dapagliflozin versus vehicle treatment of WT mice (Fig-
ure 5C left panel), suggesting consequences of SGLT2 
inhibition. Among others, this included a decline in the 
ratio for glucose, reflecting an increase in urine glucose 
elimination. As expected, absence of SGLT2 blocked the 
effect of dapagliflozin on glucose excretion (Figure 5C 
right panel). On the other hand, dapagliflozin significantly 
changed the ratio for a number of metabolites in Sglt2 
KO mice, indicating an off-target effect (Figure 5D and 
Excel File S8). Ranking changes in the plasma:urine ra-
tios revealed that dapagliflozin reduced the ratios in Sglt2 
KO mice for multiple aromatic acid metabolites, including 
cresols and hippurates, followed by tryptophan metabo-
lites. The plasma-level analysis identified 5 metabolites 
significantly changed by SGLT2i in the Sglt2 KO envi-
ronment, including PCL sulfate and a modified hippuric 
acid (Figure 5E and 5F). This experiment suggests that 
SGLT2i treatment has off-target effects, including on cre-
sols, hippurates, and tryptophan metabolites.

Metabolic Organ Communication Effects of 
SGLT2i Are Relevant in Humans
Given that the kidney SGLT2 interactome as well as the 
microbial response to SGLT2i were similar in mice and 
humans, we wondered whether SGLT2i would affect 
circulating solutes with cardiovascular relevance simi-
larly in longitudinal data. Targeted metabolome analysis 
was performed on plasma samples derived from patients 
from 2 independent studies, targeting 80 organic anions 
and uremic toxins. In the first cohort of >40 patients, we 
analyzed the effect in a real-world setting of decompen-
sated HF (Figure 6A). We found that SGLT2i significant-
ly reduced or blunted the increase in plasma of several 
organic anions in patients with HF, but only when SGLT2i 
was added during the hospitalization (Figure 6B and 6C). 
This included several tryptophan metabolites, such as 
ILA, kynurenic acid, and acetyl-tryptophan, as well as the 
phenylalanine metabolites phenylacetyl glutamine and 
PCL sulfate. We also analyzed longitudinal data from a 
randomized controlled trial with SGLT2i (empagliflozin) 
in diabetic patients (Figure 6D). We found a reduction 
in plasma of dimethyluric acid and trimethyluric acid, a 
reduction of PCL, and blunted increase of indole metab-
olites, compared with baseline and compared with pla-
cebo (Figure 6E and 6F). The majority of the decreased 
solutes in both clinical studies was derived from purine 
metabolism and gut aromatic amino acid metabolism, 
consistent with the metabolic organ communication ob-
served in mice.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065517
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065517@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065517@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065517@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065517@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065517
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065517


OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

March 12, 2024� Circulation. 2024;149:860–884. DOI: 10.1161/CIRCULATIONAHA.123.065517876

Billing et al Metabolic Communication by SGLT2 Inhibition

SGLT2i-Dependent Metabolite p-Cresol 
Induces Stress Signals in Human EHT

A consistent global trend was observed between dif-
ferent circulating metabolites in human, mouse (includ-
ing Sglt2 KO mice), and rat studies (Figure 7A), with 
PCL sulfate or PCL consistently decreased by SGLT2i 
in all systems observed. To analyze this compound’s 
effect on human tissue, we exposed hiPSC EHTs to 
PCL. EHTs are 3-dimensional cultures of induced 
pluripotent stem cell–derived cardiac myocytes that 
can be phenotyped in terms of force, frequency, and 
rhythmic measures. We found that PCL altered relax-
ation time of cardiac myocytes at previously reported 
concentrations in patients (300 μM)68,69 (Figure 7B). 
Tenfold higher concentrations (low mM range) within 
hours significantly decreased the force and frequency 
(Figure 7C and Figure S7A), also when EHTs were 
frequency-controlled (Figure S7B). The effect of PCL 
on EHTs was partially reversible and rescued by wash-
ing out the compound (Figure 7C and Video S1). In-
dolelactic acid had no measurable effect on contractile 

measures in EHTs derived from 4 or 5 differentiation 
rounds (Figure S7C).

To further elucidate the mechanism, we performed pro-
teomics analysis of EHT tissues treated with 300 μM of 
PCL, indole lactic acid, and 3 other aromatic metabolites 
(Figure 7D and Excel File S9). The most robust changes 
were observed in response to PCL (Figure 7D and Excel 
File S9). Proteins increasing across several metabolites 
included the heart disease–associated channel TRPM4 
(transient receptor potential cation channel subfamily M 
member 4),70,71 the mechanosensor FLNA (filamin A), 
and the growth factor CCN1 (CYR61 [cysteine-rich 61]); 
reduced proteins included PPP1R1A (protein phospha-
tase 1 regulatory inhibitor subunit 1), the downregulation 
of which has been reported as hallmark in human HF.72 A 
unique feature of PCL-altered proteome was a reduction 
of cardiac sarcomere-associated proteins (Figure S7D), 
as well as a strong induction of the stress signal GDF15 
(Figure 7E). Considering modulation of this pathway in 
patients with HF, we examined GDF15 levels. We found 
that circulating GDF15 was reduced in patients receiving 
SGLT2i for HF therapy (Figure 7F).

Figure 5. Using Sglt2 KO mice to probe for metabolic off-target effects of SGLT2i.
A, Study design. B, Quantification of glucosuria. C, Quantification of plasma:urine ratios in dapagliflozin-treated mice and Sglt2 knockout (KO) 
mice as compared with untreated wild-type (WT) mice. D, Rank of changes in plasma:urine ratios with SGLT2i (sodium-glucose cotransporter 2 
inhibitor; all P<0.05). E, Analysis of off-target effects on mouse plasma, defined as significant changes in the presence of SGLT2i in Sglt2 KO 
mice. F, Quantification of p-cresol sulfate abundance in response to SGLT2i in both WT and Sglt2 KO mice. B and F, 2-way ANOVA to probe 
for a significant effect of Sglt2 genotype (Sglt2), dapagliflozin (dapa), or the interaction between the 2 factors (Pinteraction). If the interaction was 
statistically significant, then a pairwise multiple comparison procedure (Holm-Sidak method) identified the significant effects. *P<0.05 versus 
vehicle; #P<0.05 versus WT.
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DISCUSSION
By performing a systematic analysis of SGLT2i treatment 
in vivo, we report a physiologic framework for cardiorenal 
benefits, involving reconfiguration by SGLT2i of the kid-
ney (Figure 8A and Figure S8) and systemic metabolic 
communication (Figure 8B). Several SGLT2-dependent 
and off-target effects of SGLT2i on the kidney, heart, 
vessels, and other organs have been identified.14,73,74 
Our study illuminates a central role of the microbiome 
and metabolic and early proximal tubule reconfiguration. 
Whereas several studies have explored the long-term 
effects on other tissues,75–77 we focused on relatively 
healthy mice at early time points to avoid dominating 
secondary omics signals from fibrosis, serum responses, 
and tissue decay that hamper mechanistic interpretation 
of omics data.78 SGLT2i had larger effects on metabo-
lism and kidney reconfiguration in nondiabetic mice than 

in hyperglycemic Akita mice. This may in part reflect the 
greater effect of SGLT2i on glucosuria, calorie loss, and 
intracellular glucose of proximal tubules in nondiabetic 
animals.17

Two overarching mechanisms for renal protection 
emerge from our data. First, enzymes involved in the 
handling of glucose, oxidative stress, and cellular detoxi-
fication were decreased by SGLT2i, including MIOX 
(myo-inositol oxygenase) and GPX3 (glutathione per-
oxidase 3), both of which are primarily expressed in the 
early proximal tubule.57 Increase in MIOX has been impli-
cated in oxidative stress and mitochondrial injury in the 
diabetic kidney,79 and its deficiency shields kidneys from 
tubulointerstitial injury by reducing glucose-induced oxi-
dant and endoplasmic reticulum stress.80 Dapagliflozin 
also decreased GPX3, a secreted protein that binds spe-
cifically to basement membranes of mouse renal cortex 
tubule cells and detoxifies H2O2.

81 Other early proximal 

Figure 6. SGLT2i-induced reduction in uremic toxins translates to humans.
A and D, Design of decompensated heart failure (HF) cohort and randomized controlled trial in patients with diabetes. B and C, Decompensated 
HF: heatmaps of SGLT2i (sodium-glucose cotransporter 2 inhibitor)–induced log2 fold changes for comparisons at discharge (B) and between 
admission and discharge (C). D, Randomized control trial of patients with diabetes: heatmaps of SGLT2i-induced log2 fold changes for SGLT2i 
versus placebo (E) and treatment versus baseline (F). SGLT2i treatment reduces uremic toxins originating from aromatic amino acid fermentation.
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tubule-specific protein changes are consistent with kid-
ney protection, among these ACAT3 (acetyl-coenzyme 
A acetyltransferase 3), HGD (homogentisate 1,2- 
dioxygenase), SPP2 (secreted phosphoprotein 2), 
DPEP1 (dipeptidase 1), SLC4A4 (solute carrier family 4 
member 4), and GLUT2 (glucose transporter 2)82 (Fig-
ure 8A; for more detail, see Excel File S1). Thus, evidence 
is presented on the protein level that SGLT2i reduces glu-
cotoxicity and oxidative stress in the early proximal tubule.

SGLT2i affected more transporters and their sub-
strates than anticipated. It is known that SGLT2i inhib-
its early proximal reabsorption not only of glucose but 
also in part of NaCl, bicarbonate, and fluid.83 As a con-
sequence, SGLT2i can improve kidney cortex oxygen-
ation84 and kidney outcome.85 The acute natriuretic and 
chronic blood pressure–lowering effects of SGLT2i 
have been linked to partial inhibition of the coexpressed 

Na+/H+ exchanger NHE3 (Na+/H+ exchanger 3).86,87 In 
interactome studies, we found that PDZK1IP1 (PDZK1 
interacting protein 1; MAP17) interacts with SGLT2i, 
consistent with its activating role,88 alongside NHE 
regulating factors NHE-RF3 (Pdzk1) and NHE-RF2 
(Slc9a3r2).89 Moreover, SGLT2i altered phosphorylation 
of these proteins (reduced Pdzk1ip1 S152 and S155 and 
NHE3 [Slc9a3] S550; increased NHE3 [Slc9a3] S588 
and S789). In addition, we found that SGLT2 interacts 
with apical metabolite transporters in the early proximal 
tubule, including organic anions and cations, urate, cre-
atine, lactate, thiamine, vitamin C, and neutral amino acids 
(Figures 2D and 2E and 8A). SGLT2i reduces several of 
these transporters. SGLT2 also interacts with and dapa-
gliflozin reduced the expression of the ancillary protein 
TMEM27 (transmembrane protein 27; collectrin), a traf-
ficking regulator for anionic (Slc1a1), neutral (Slc6a19), 

Figure 7. Effects of SGLT2i-modulated 
uremic toxin, p-cresol, on human 
engineered heart tissue.
A, Summary of metabolite changes in 
response to SGLT2i (sodium-glucose 
cotransporter 2 inhibitor) in mouse, rat, 
and human. B, Human engineered heart 
tissue (EHT) was exposed to either 
DMSO (black) or 300 µM p-cresol (PCL; 
green) for 5 days. Bar charts show force 
(mN), and relaxation time from peak 
to 80% relaxation (RT 80%; seconds) 
in spontaneously contracting EHTs. C, 
Time course of spontaneous force 1 day 
before exposure to 3 mM PCL (−1; green) 
or DMSO (black) until 5 days of daily 
treatment. After 3 days of treatment, PCL 
was replaced by DMSO (green arrows) for 
another 48 hours’ incubation (n=16–22 
per group, derived from 4 [300 µM] and 
5 [3 mM] independent rounds of cardiac 
differentiation unpaired, parametric T test 
[** = P<0.01 and **** = P<0.0001]). D and 
E, Proteomic effects of incubation of EHT 
with p-cresol (300 µM) or other SGLT2i-
modulated metabolites for 5 days. F, 
GDF15 (growth/differentiation factor 15) 
in patients with heart failure (HF) with new 
SGLT2i treatment (patients from Figure 
6A). FDR indicates false discovery rate; 
HTN, hypertension; and WT, wild type.
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Figure 8. Integrated views on the reconfiguration by SGLT2i of the early proximal tubule and systemic metabolic 
communication.
A, Summary of findings and metabolic communication of SGLT2i (sodium-glucose cotransporter 2 inhibitor) in an early proximal tubule centric 
view in wild-type (WT) mice. Proteins with red lining were upregulated and proteins with blue lining were downregulated by SGLT2i. Proteins 
showing green filling have been shown to interact with SGLT2 in affinity purification analysis (see also Figure 2D). For further discussion, see 
text and Figure S8. B, Summary of findings and metabolic communication of SGLT2i on a systemic level in WT mice. C, Chemical structures of 
SGLT2 inhibitors dapagliflozin and empagliflozin and p-cresol. ACAT3 indicates acetyl-coenzyme A acetyltransferase 3; AGE, advanced glycation 
end products; AMPK, 5ʹ-adenosine monophosphate–activated protein kinase; CKD, chronic kidney disease; ER, endoplasmic reticulum; GLUT2, 
glucose transporter 2; HGD, homogentisate 1,2-dioxygenase; NHE3, Na+/H+ exchanger 3; OAT1, organic anion transporter 1; PDZK1IP1, 
PDZK1 interacting protein 1; SLC, solute carrier; TMEM27, transmembrane protein 27; and WAT, white adipose tissue.
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and cationic (Slc7a9) amino acid transporters. Some of 
these amino acids, such as phenylalanine, were consis-
tently lost in the urine by SGLT2i. The apical transport-
ers are coordinated to maintain tubular reabsorption in 
response to the daily changes in glomerular filtration rate 
and, thus, the tubular load of many substrates.1 Whereas 
this coupling makes physiologic sense, we show here 
that this makes a broad range of apical transporters sen-
sitive to SGLT2i, so that SGLT2i not only lowers glucose 
uptake but more broadly reduces the oxygen-consuming 
transport burden of the early proximal tubule. The early 
proximal blockages would also protect the kidney by 
causing a more equal transport distribution along the 
nephron, potentially leading to a more favorable stress 
tolerance82 (Figure S8).

Two novel overarching mechanisms for cardiovascu-
lar protection by SGLT2i emerge from the study, both 
related to metabolic communication with the kidney. First, 
SGLT2i altered the excretion of many metabolites with 
cardiovascular relevance, such as purine metabolites. For 
instance, uric acid is a cardiovascular risk factor.90 Urico-
suric effects of SGLT2i have been described in humans 
and mice with a potential role of the urate transporter 
URAT1 (urate transporter 1).91,92 This clinically relevant 
finding is mechanistically underpinned here by show-
ing for the first time evidence for direct interaction of 
SGLT2i with URAT1 (Slc22a12), as well as reduced pro-
tein expression of URAT1 and reduced phosphorylation 
at S534 by SGLT2i. Urate, similar to many other organic 
anions, is transported through a machinery of more pro-
miscuous transporters that perform tubular secretion. 
Results from 2 rodent models revealed that some organic 
anions accumulated in the blood in response to SGLT2i, 
indicating reduced tubular secretion (Figure 3 and Figure 
S4E). The organic anion transporters OAT1 and OAT3 
(Slc22a8 and Slc22a6) mediate the basolateral uptake 
step in the proximal tubule for the overall secretion of 
organic anions, largely in exchange for α-ketoglutarate. 
Proteome quantification revealed reduced OAT1/3 pro-
tein expression by dapagliflozin in WT mice, as confirmed 
by Western blotting for OAT1 (Figure 3E). Moreover, 
OAT1/3 downregulation has potential for cardiovascu-
lar benefits. Accumulated OAT1/3 substrates included 
various anionic lysine metabolites with a potential link 
to cardiovascular disease,38 as well as acetyl-cysteine, 
which has antioxidant and anti-inflammatory properties 
in chronic kidney disease,93 and citrulline, the supple-
mentation of which can lower blood pressure.94 OAT3 
KO in mice is associated with lower blood pressure.95 
SGLT2i decreased levels of circulating anions labeled 
as uremic toxins. Downregulation of OAT1/3—the major 
kidney excretion pathway for toxins and anions—would 
be expected to increase circulating levels of microbiota-
derived uremic toxins, as observed for other anions, but 
the opposite effect was observed. The most likely expla-
nation lies in the proposed gut–kidney axis as part of 

the remote sensing theory.96 Proximal tubule cells sense 
elevated levels of endogenous, gut microbiome–derived, 
metabolites, such as indoxyl sulfate (by means of the 
aryl-hydrocarbon receptor and epidermal growth fac-
tor receptor axis), which then induces their own renal 
secretion by upregulating OAT1.97 Reduced microbiome 
formation of these metabolites in response to SGLT2i 
would decrease OAT1/OAT3. This decrease, in turn, is 
expected to reduce the basolateral uptake and exposure 
of organic anions including nephro-toxic substances.26

Second, SGLT2i altered the microbiome in WT mice 
on the proteome level, mostly in a beneficial direction 
(Figure 4). The observed increases in Akkermansia, for 
instance, have previously been associated with responses 
to ketone bodies and amelioration of cardiovascular 
health problems such as hypertension.98 Increases in 
Desulfovibrio and reductions in Clostridiae are antago-
nized by the SGLT2 inhibitor on the proteome level and 
have been suggested to be causative for obesity in mice 
and humans.99 Moreover, SGLT2i reduced the microbiotic 
formation or circulating levels of multiple organic anions 
that are uremic toxins, among these PCL/PCL sulfate 
and ILA, including in patients (Figure 6). This class of 
compounds conveys renal and cardiovascular risk. Thus, 
evidence is presented that SGLT2i decreases microbi-
otic formation of uremic toxins; this potentially includes 
direct inhibitory effects on the microbiotic fermentation 
of amino acids (phenylalanine, tryptophan) as observed 
in human stool (Figure 4D). Animal studies confirm that 
this effect is at least in part independent of the pres-
ence of SGLT2, indicating an off-target effect (Figure 5): 
plasma levels of PCL sulfate are strongly reduced by 
SGLT2i in mice lacking SGLT2 (Figure 5C), and several 
other gut-derived tryptophan metabolites show a nega-
tive change in plasma:urine ratios (Figure 5D and 5E). 
Supporting the notion that SGLT2i also lower relevant 
cardiovascular toxic metabolites in humans, we found 
that circulating PCL100 and ILA101 levels were decreased 
in multiple patient populations newly treated with SGLT2i 
(Figure 6). Moreover, PCL directly and reversibly affected 
human EHT function and increased the stress-signal 
GDF15 in this preparation, whereas SGLT2i lowered 
circulating GDF15 levels in patients with HF (Figure 7). 
GDF15 is a heart-derived biomolecule,102 a cardiovas-
cular biomarker candidate,103 and is sufficient to cause 
cardiac atrophy.104 Although our study was not designed 
to assess its biomarker potential, its potential instruction 
through circulating retained metabolites emphasizes its 
central role in body homeostasis and organ communica-
tion.102 In essence, SGLT2i could affect the microbiome 
formation of uremic toxins as an unanticipated off-target 
mechanism with protective potential on the heart and 
kidney. It is tempting to speculate that the aromatic part 
of the SGLT2i molecules examined here—which exhib-
its certain structural similarities to cresol (Figure 8C)—is 
responsible for this off-target effect.
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SGLT2 inhibitors establish a favorable metabolic envi-
ronment and functional state in the early proximal tubule, 
offering potential kidney and heart protection. Mecha-
nisms are in part off-target and include the inhibition of 
gut microbiome–mediated uremic toxin formation. This is 
complemented by direct effects of SGLT2i on the early 
proximal tubule, which reduces glucotoxicity and—facili-
tated by a functionally coupled SGLT2 interactome—
causes broad downregulation or inhibition of multiple 
apical transporters. These actions contribute to reduced 
kidney transport burden and oxygen consumption, and 
support natriuresis and urate excretion. Thus, SGLT2 
inhibitors have the potential to positively influence blood 
pressure, volume retention, and hyperuricemia, ultimately 
benefiting cardiovascular health. The presented resource 
opens opportunities for a deeper understanding of 
SGLT2 inhibitor effects on metabolic, kidney, and heart 
function, and thus cardiovascular health.
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