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ABSTRACT
ISS
BACKGROUND Sodium-glucose cotransporter 2 (SGLT2) inhibitors exert a distinctive pattern of direct biological

effects on the heart and kidney under experimental conditions, but the meaningfulness of these signatures for patients

with heart failure has not been fully defined.

OBJECTIVES We performed the first mechanistic validation study of large-scale proteomics in a double-blind

randomized trial of any treatment in patients with heart failure.

METHODS In a discovery cohort from the EMPEROR (Empagliflozin Outcome Trial in Patients With Chronic Heart Failure

and Reduced Ejection Fraction) program, we studied the effect of randomized treatment with placebo or empagliflozin on

1,283 circulating proteins in 1,134 patients with heart failure with a reduced or preserved ejection fraction. In a validation

cohort, we expanded the number to 2,155 assessed proteins, which were measured in 1,120 EMPEROR participants who

had not been studied previously.

RESULTS In the validation cohort, 25 proteins were the most differentially enriched by empagliflozin (ie, $15%

between-group difference and false discovery rate <1% at 12 weeks with known effects on the heart or kidney):

1) 13 proteins promote autophagy and other cellular quality-control functions (IGFBP1, OTUB1, DNAJB1, DNAJC9,

RBP2, IST1, HSPA8, H-FABP, FABP6, ATPIFI, TfR1, EPO, IGBP1); 2) 12 proteins enhance mitochondrial health and ATP

production (UMtCK, TBCA, L-FABP, H-FABP, FABP5, FABP6, RBP2, IST1, HSPA8, ATPIFI, TfR1, EPO); 3) 7 proteins

augment cellular iron mobilization or erythropoiesis (TfR1, EPO, IGBP1, ERMAP, UROD, ATPIF1, SNCA); 4) 3 proteins

influence renal tubular sodium handling; and 5) 9 proteins have restorative effects in the heart or kidneys, with

many proteins exerting effects in >1 domain. These biological signatures replicated those observed in our discovery

cohort. When the threshold for a meaningful between-group difference was lowered to $10%, there were

58 additional differentially enriched proteins with actions on the heart and kidney, but the biological signatures

remained the same.

CONCLUSIONS The replication of mechanistic signatures across discovery and validation cohorts closely aligns with

the experimental effects of SGLT2 inhibitors. Thus, the actions of SGLT2 inhibitors—to promote autophagy, restore

mitochondrial health and production of ATP, promote iron mobilization and erythropoiesis, influence renal tubular ion

reabsorption, and normalize cardiac and renal structure and function—are likely to be relevant to patients with heart

failure. (EMPagliflozin outcomE tRial in Patients With chrOnic heaRt Failure With Preserved Ejection Fraction [EMPEROR-

Preserved], NCT03057951; EMPagliflozin outcomE tRial in Patients With chrOnic heaRt Failure With Reduced Ejection

Fraction [EMPEROR-Reduced], NCT03057977) (JACC. 2024;-:-–-) © 2024 The Authors. Published by Elsevier on

behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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S odium-glucose cotransporter 2 (SGLT2)
inhibitors reduce the risk of cardiovas-
cular death and hospitalization for

heart failure in patients with heart failure,
both with reduced and preserved ejection
fraction.1 Potential mechanisms of action
have been elucidated in both experimental
models and in the clinical setting. Experi-
mentally, SGLT2 inhibitors have been shown
to reduce oxidative and other cellular
stresses, mute inflammation, and fibrosis
and enhance the cellular housekeeping pro-
cess known as autophagy.2,3 SGLT2 inhibitors also
restore mitochondrial health and biogenesis while
enhancing fatty acid oxidation: actions that augment
the production of adenosine triphosphate (ATP).4

Clinically, the administration of SGLT2 inhibitors is
accompanied by a transient natriuresis, augmented
erythrocytosis and iron mobilization, and restoration
of cardiac structure and function.5-7

In a discovery analysis of the EMPEROR (Empagli-
flozin Outcome Trial in Patients With Chronic
Heart Failure With Reduced or Preserved Ejection
Fraction) program,8 we studied the effect of empa-
gliflozin on 1,283 circulating proteins in 1,134 patients
with heart failure with reduced or preserved ejection
fraction. The most common biological actions of
differentially enriched proteins in the heart were to
promote autophagic flux; to reduce oxidative stress,
inhibit inflammation and fibrosis, and enhance
mitochondrial health; and to promote repair and
regenerative capacity. The actions of differentially
enriched proteins in the kidney involved enhanced
autophagy; suppression of renal inflammation and
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fibrosis; and modulation of renal tubular sodium
reabsorption.

In the current validation analysis, we expanded the
number of assessed proteins to 2,155; furthermore, we
performed the measurements in 1,120 patients from
the EMPEROR program who had not been included in
our discovery cohort. These extended assessments
provided an opportunity not only to confirm or refute
our previous findings but also to identify additional
differentially enriched proteins that might support
previously identified mechanistic proteomic signa-
tures or would reflect effects of SGLT2 inhibitors that
have demonstrated either in the experimental or
clinical setting. To our knowledge, the current ana-
lyses represent the first study to reaffirm the mecha-
nistic proteomics signature in response to any
treatment for heart failure in a validation cohort
studied under the same conditions as the discovery
cohort.

METHODS

STUDY POPULATION AND BIOSAMPLING PROCEDURES.

A total of 9,718 patients were enrolled in the
EMPEROR-Reduced (n ¼ 3,730) and EMPEROR-
Preserved (n ¼ 5,988) trials. Participation in the
sampling for biobanking of plasma, serum, DNA, and
urine was voluntary. Biosamples were collected only
after a separate informed consent had been signed, in
accordance with local ethical and regulatory re-
quirements and approval of Institutional Review
Boards. The principles and methodology for bio-
banking in EMPEROR trials are described in the
Supplemental Methods 1. In the EMPEROR-Reduced
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trial, 1,963 patients consented to provide biosamples,
of which 1,463 had samples available at baseline and
at least at 1 on-treatment follow-up visit (after
12 weeks or 52 weeks). In the EMPEROR-Preserved
trial, of the 3,831 patients who consented for bio-
sampling, 3,067 had samples available at baseline and
at 1 or more additional follow-up visits.

In our previous discovery cohort, we analyzed the
proteomic signatures in 1,134 patients (Cohort 1) us-
ing the Olink Explore 1536 platform (Thermo Fisher
Scientific), and in the current validation study, we
analyzed blood samples using the Olink Explore 3072
platform in 1,120 patients not included in our previ-
ous report (validation Cohort 2). Plasma samples of
582 patients (of 863) in the EMPEROR-Reduced trial
and of 538 (of 2,528) in the EMPEROR-Preserved trial
who were not included in our previous report were
randomly selected for analysis, stratifying for treat-
ment assignment and data availability. In both co-
horts, measurements of circulating proteins were
performed using proximity extension assay technol-
ogy with a dual-recognition DNA-coupled readout, in
which oligonucleotide-labeled antibody probe pairs
are allowed to bind to their respective targets.9

Overlapping assays (eg, interleukins and tumor ne-
crosis factor family proteins) were included as a
quality control. The platform provides log2 normal-
ized protein enrichment values with relative quanti-
fication. Bridging samples (that are common to the 2
cohorts) are assayed to harmonize normalized units
across the 2 sets of data.

The assays were performed blinded to the treat-
ment allocation. All proteins measured in the Olink
Explore 1536 platform were also assayed in the Olink
Explore 3072 platform. Missing values were observed
when samples failed quality control (as specified by
the manufacturer) and were not imputed. Proteins
with >33% of baseline samples below the reliable
limit of detection were excluded from the analysis,
and thus a total of 2,155 proteins (of 2,945 evaluated)
proteins were assessed in validation Cohort 2.

STATISTICAL ANALYSES. Changes from baseline at
12 and 52 weeks were measured in both the placebo
and empagliflozin groups, and between-group dif-
ferences were calculated at both time points. Because
of the multiplicity of analyses, we did not rely on
conventional P values but instead estimated a false
discovery rate adjusted P value (FDRq) <1% (adjusted
P < 0.01), using a Benjamini-Hochberg correction.10

In addition, we determined that a between-group
difference was of interest if it was $10% (equivalent
to a jlog2 fold changej > 0.1375) or $15% (equivalent to
a jlog2 fold changej >0.2016), both with a FDRq <1%
(FDR-adjusted P < 0.01). These thresholds are the
same as those used in our previous report.8 These
criteria were used to define the identification of a
differentially enriched protein as a result of treat-
ment with empagliflozin.

Changes in proteins over time were assessed using
mixed models for repeated measurements (MMRM),
which compared the change in plasma concentrations
for each protein from baseline to 12 and to 52 weeks
between treatment groups (empagliflozin vs placebo),
while adjusting for the protocol-prespecified baseline
covariates (ie, age, sex, geographic region, diabetes,
left ventricular ejection fraction, estimated glomer-
ular filtration rate [eGFR]), and the baseline protein
level. Analysis of pooled EMPEROR data included the
study indicator as an additional covariate. Further-
more, unless otherwise specified, all changes were
adjusted for changes in eGFR at 12 weeks,8 as SGLT2
inhibitors may reduce glomerular filtration early in
treatment, and this reduction may influence the renal
clearance of circulating proteins. In the MMRM
models, differences between effects at weeks 12 and
52 were investigated by a treatment-by-visit interac-
tion term, and differences in patients in the
EMPEROR-Reduced and EMPEROR-Preserved trials
were assessed by a treatment-by-study interaction
term, both with a FDRq <1%.

RESULTS

PATIENT CHARACTERISTICS. The demographic and
clinical features of the 1,134 patients in discovery
Cohort 1 were similar to the 1,120 patients in the
validation Cohort 2 (Supplemental Table 1).

FINDINGS OF DIFFERENTIALLY ENRICHED PROTEINS.

Prote ins showing between-group di f ference
‡10% with FDRq <1% at 12 weeks . After 12 weeks
of randomized treatment in our validation Cohort 2,
117 proteins were increased by $10% in the empagli-
flozin group (compared with the placebo group)
after adjustment for change in eGFR (jlog2 fold
changej >0.1375) and with a FDRq <1% (FDR adjusted
P < 0.01) (Supplemental Table 2). The effects in pa-
tients with a reduced and a preserved ejection frac-
tion were not significantly different from each other,
all FDRq >1%.

By contrast, based on a more limited number of
proteins analyzed in our discovery Cohort 1, we had
identified only 32 proteins that showed a $10%
treatment difference with a FDRq <1% (FDR adjusted
P < 0.01) at 12 weeks, and only 16 proteins that
showed a $10% treatment effect with a FDRq <1% at
12 weeks, after adjustment for the change in eGFR.8

https://doi.org/10.1016/j.jacc.2024.07.013
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TABLE 1 Reproducibility of the Magnitude of Between-Group Protein Enrichment Among 72 Proteins That Were Deemed to Be

Differentially Enriched in Either in the Discovery Cohort 1 or in the Validation Cohort 2 and Were Measured in Both Cohorts

UniProt ID

|Log2 Fold Change| (95% CI)

Discovery Cohort 1
(Olink 1536 Platform)

Validation Cohort 2
(Olink 3072 Platform)

Mitochondrial ATPase inhibitor Q9UII2 0.16 (–0.02 to 0.34) 0.31 (0.13-0.49)

Retinol-binding protein 2 P50120 0.15 (0.05-0.24)* 0.30 (0.21-0.39)

DnaJ homolog subfamily B member 1 P25685 0.20 (0.02-0.38) 0.26 (0.10-0.42)

Fatty acid-binding protein, liver P01748 0.13 (0.01-0.26) 0.25 (0.14-0.36)

Creatine kinase U-type, mitochondrial P12532 0.22 (0.11-0.33)*† 0.25 (0.12-0.37)

C-C motif chemokine 5 P13501 0.24 (0.08-0.41) 0.25 (0.10-0.41)

C-C motif chemokine 28 Q9NRJ3 0.07 (–0.01 to 0.15) 0.23 (0.14-0.33)

Fatty acid-binding protein 5 Q01469 0.16 (0.05-0.27) 0.23 (0.12-0.33)

Transferrin receptor protein 1 P02786 0.25 (0.18-0.32)*† 0.22 (0.16-0.28)

Carbonic anhydrase 2 P00918 0.26 (0.12-0.40)* 0.22 (0.09-0.35)

Insulin-like growth factor binding protein 1 P08833 0.25 (0.13-0.38)*† 0.22 (0.09-0.36)

Gastrotropin P51161 0.11 (0.02-0.20) 0.21 (0.12-0.29)

Erythropoietin P01588 0.24 (0.10-0.37)* 0.21 (0.09-0.33)

Protein-glutamine g-glutamyltransferase 2 P21980 0.25 (0.12-0.38)* 0.21 (0.06-0.35)

Serine protease inhibitor Kazal-type 4 O60575 0.11 (0.04-0.18) 0.20 (0.13-0.26)

Ghrelin Q9UBU3 0.09 (0.00-0.18) 0.20 (0.11-0.29)

Oncostatin-M P13725 0.15 (0.04-0.26) 0.20 (0.08-0.32)

Thymosin beta-10 P63313 0.19 (0.08-0.31)* 0.20 (0.08-0.31)

Uromodulin P07911 0.18 (0.12-0.23)*† 0.19 (0.14-0.24)

CEA-related cell adhesion molecule 8 P31997 0.06 (–0.02 to 0.15) 0.19 (0.10-0.29)

C-X-C motif chemokine 6 P80162 0.13 (0.02-0.24) 0.19 (0.08-0.30)

Trefoil factor 1 P04155 0.12 (0.03-0.21) 0.18 (0.11-0.25)

Programmed cell death protein 5 O14737 0.11 (0.00-0.22) 0.18 (0.09-0.27)

Cell surface A33 antigen Q99795 0.19 (0.06-0.32) 0.18 (0.07-0.29)

Serine protease inhibitor Kazal-type 1 P00995 0.16 (0.10-0.23)*† 0.17 (0.12-0.22)

Regenerating islet-derived protein 3-alpha Q06141 0.10 (0.02-0.17) 0.17 (0.10-0.23)

Promotilin P12872 0.16 (0.08-0.25)* 0.17 (0.09-0.25)

Lithostathine-1-alpha P05451 0.08 (0.01-0.16) 0.17 (0.09-0.24)

Proteinase-activated receptor 1 P25116 0.13 (0.03-0.23) 0.17 (0.08-0.26)

Acyl-CoA-binding protein P07108 0.17 (0.05-0.28) 0.17 (0.07-0.26)

Kynurenine-oxoglutarate transaminase 1 Q16773 0.08 (–0.03 to 0.19) 0.17 (0.06-0.28)

NADH dehydrogenase [ubiquinone] iron-sulfur
protein 6, mitochondrial

O75380 0.03 (–0.09 to 0.16) 0.17 (0.07-0.27)

Dickkopf-related protein 4 Q9UBT3 0.12 (0.05-0.18) 0.16 (0.10-0.23)

Guanylin Q02747 0.17 (0.11-0.23)*† 0.16 (0.10-0.22)

Lymphocyte antigen 6D Q14210 0.10 (0.04-0.16) 0.16 (0.10-0.21)

Adipocyte fatty acid-binding protein P15090 0.17 (0.09-0.25)*† 0.16 (0.09-0.23)

Midkine P21741 0.18 (0.09-0.27)*† 0.16 (0.09-0.23)

C-C motif chemokine 7 P80098 0.11 (0.04-0.18) 0.16 (0.09-0.23)

Stanniocalcin-1 P52823 0.11 (0.04-0.18) 0.16 (0.09-0.22)

Galectin-4 P56470 0.10 (0.03-0.18) 0.16 (0.09-0.22)

Renin P00797 0.12 (0.02-0.22) 0.16 (0.07-0.25)

TP53-regulated inhibitor of apoptosis 1 O43715 0.04 (–0.06 to 0.4) 0.16 (0.07-0.25)

Matrix metalloproteinase-9 P14780 0.14 (0.03-0.24) 0.16 (0.07-0.26)

Phosphatidylethanolamine-binding protein 1 P30086 0.17 (0.05-0.29) 0.16 (0.07-0.25)

Copper transport protein ATOX1 O00244 0.10 (0.01-0.19) 0.16 (0.07-0.24)

2’-deoxynucleoside 5’-phosphate
N-hydrolase 1

O43598 0.14 (0.03-0.25) 0.16 (0.06-0.26)

Stromal cell-derived factor 1 P48061 0.10 (0.04-0.15) 0.15 (0.10-0.21)

Angiopoietin-related protein 4 Q9BY76 0.16 (0.09-0.22)*† 0.15 (0.09-0.21)

Calcitonin P01258 0.10 (0.03-0.18) 0.15 (0.08-0.22)

Elafin P19957 0.11 (0.04-0.18)* 0.15 (0.08-0.21)

Continued on the next page
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TABLE 1 Continued

UniProt ID

|Log2 Fold Change| (95% CI)

Discovery Cohort 1
(Olink 1536 Platform)

Validation Cohort 2
(Olink 3072 Platform)

Epithelial cell adhesion molecule P16422 0.20 (0.10-0.29)*† 0.15 (0.07-0.23)

TNF ligand superfamily member 14 O43557 0.06 (–0.03 to 0.15) 0.15 (0.06-0.24)

C-C motif chemokine 22 O00626 0.12 (0.02-0.21) 0.15 (0.06-0.23)

26S proteasome non-ATPase regulatory subunit 9 O00233 0.12 (0.03-0.21) 0.15 (0.06-0.25)

Intercellular adhesion molecule 4 Q14773 0.13 (0.07-0.18) 0.14 (0.10-0.19)

Cerebral dopamine neurotrophic factor Q49AH0 0.09 (0.04-0.14) 0.14 (0.09-0.19)

Insulin-like growth factor binding protein 4 P22692 0.17 (0.09-0.25)*† 0.14 (0.08-0.20)

Trefoil factor 2 Q03403 0.09 (0.01-0.17) 0.14 (0.07-0.21)

C-C motif chemokine 18 P55774 0.19 (0.10-0.28)*† 0.14 (0.06-0.22)

Follistatin P19883 0.19 (0.12-0.26)*† 0.13 (0.07-0.20)

Cystatin-F O76096 0.15 (0.06-0.24)* 0.13 (0.06-0.21)

Retinoic acid receptor responder protein 2 Q99969 0.17 (0.08-0.27)*† 0.13 (0.05-0.20)

Scavenger receptor cysteine-rich domain-containing
group B protein

Q8WTU2 0.18 (0.09-0.27)*† 0.13 (0.05-0.20)

Phospholipase A2 P14555 0.16 (0.07-0.26)* 0.13 (0.04-0.22)

Neural proliferation differentiation and control protein 1 Q9NQX5 0.11 (0.06-0.17)* 0.12 (0.07-0.17)

Cystatin-M Q15828 0.11 (0.05-0.17)* 0.12 (0.06-0.18)

C-C motif chemokine 16 O15467 0.13 (0.06-0.21)* 0.12 (0.05-0.18)

Connective tissue growth factor/nephroblastoma
overexpressed family member 5

O76076 0.14 (0.07-0.21)* 0.11 (0.05-0.19)

C-C motif chemokine 27 Q9Y4X3 0.17 (0.07-0.27)* 0.11 (0.04-0.18)

Angiopoietin-related protein 2 Q9UKU9 0.14 (0.06-0.21)* 0.10 (0.03-0.17)

Beta-Ala-His dipeptidase Q96KN2 0.19 (0.11-0.27)*† 0.06 (–0.01 to 0.14)

Osteopontin P10451 0.13 (0.06-0.20)* 0.06 (–0.04 to 0.15)

There were 32 proteins that were identified as being differentially enriched in our discovery Cohort 1, based on a between-group difference $10% and a false discovery rate
adjusted P value (FDRq) <1%, unadjusted for the change in estimated glomerular filtration rate (eGFR), as described in our original report.8 *These are designated above by an
asterisk (*). †However, when adjusted for changes in eGFR, 5 proteins with borderline values (cystatin-M, C-C motif chemokine 16, osteopontin, neural proliferation differ-
entiation and control protein 1, and elafin) no longer showed a between-group difference of $10%, and additionally, only 16 proteins showed a $10% between-group dif-
ference and a FDRq <1%, adjusted for the change in eGFR; these are designated by a dagger (†). In the current validation Cohort 2, 117 proteins were identified to be
differentially enriched, based on a between-group difference of$10% and a FDRq <1%, adjusted for the change in eGFR at 12 weeks; these are shown in Supplemental Table 2.
Table 1 (above) lists the 72 proteins that fulfilled the definition of differential enrichment for Cohort 1 or for Cohort 2, as described above, and were measured in both cohorts.
These 72 proteins exhibited a similar magnitude of differential enrichment in both cohorts; the estimates for only 3 proteins (mitochondrial ATPase inhibitor, retinol-binding
protein 2, and C-C motif chemokine 28) differed by a |log2 fold change| of at least 0.1375, corresponding to a $10% between-cohort difference. Proteins are ordered based on
magnitude of differential enrichment in Cohort 2.

CEA ¼ carcinoembryonic antigen; NADH ¼ nicotinamide adenine dinucleotide; TNF ¼ tumor necrosis factor.
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Importantly, of these 16 proteins in our discovery
Cohort 1, 12 proteins (75%) also showed a $10%
between-group treatment effect (adjusted for the
change in eGFR) and with FDRq <1% (FDR adjusted
P < 0.01), in our validation Cohort 2 (Table 1).

To further elucidate the assay reproducibility
across the 2 platforms, we examined the concor-
dance for the 72 proteins that fulfilled our definition
of differential enrichment in our original discovery
Cohort 18 or in our validation Cohort 2, and were
measured both in cohorts (Table 1). In general, these
72 proteins exhibited a similar magnitude of dif-
ferential enrichment in both cohorts; the estimates
for only 3 proteins (4%)—mitochondrial ATPase in-
hibitor (ATPIFI), retinol-binding protein 2 and C-C
motif chemokine 28—differed by a jlog2 fold changej
of at least 0.1375, corresponding to an
absolute $10% difference between our discovery
and validation cohorts.
Proteins showing between-group difference ‡15% with
FDRq <1% at 12 weeks. Because of the shedding and
secretion of proteins varies and stoichiometric re-
lationships are not known, the selection of a
threshold difference is arbitrary, and thus we also
explored a $15% between-group difference with a
FDRq <1% (FDR-adjusted P < 0.01) at 12 weeks in our
original discovery Cohort 1.8 In Cohort 1, using the
limited Olink Explore 1536 platform, only 9 proteins
had exhibited a $15% between-group increase with a
FDRq <1%, and only 3 proteins exhibited a $15%
between-group increase with a FDRq <1% after
adjustment for the change in eGFR.8

By contrast, in our current validation Cohort 2, 28
proteins showed a $15% between-group increase at

https://doi.org/10.1016/j.jacc.2024.07.013


TABLE 2 Differentially Enriched Proteins at 12 Weeks, $15% Between-Group Difference With FDRq <1%, Adjusted for Change in eGFR at

12 Weeks (Validation Cohort 2)

Protein UniProt ID
Empagliflozin vs Placebo

[log2 fold change (95% CI)]
False Discovery

Rate (%)

Alpha-synuclein P37840 0.45 (0.21, 0.69) 0.20

Mitochondrial ATPase inhibitor Q9UII2 0.31 (0.13, 0.49) 0.60

Retinol-binding protein 2 P50120 0.30 (0.21, 0.39) <0.01

IST1 homolog associated with ESCRT-III P53990 0.28 (0.11, 0.45) 0.70

Tubulin-specific chaperone A O75347 0.27 (0.12, 0.42) 0.47

DnaJ homolog subfamily C member 9 Q8WXX5 0.26 (0.11, 0.41) 0.58

Cystatin-SN P01037 0.26 (0.16, 0.36) <0.01

DnaJ homolog subfamily B member 1 P25685 0.26 (0.10, 0.42) 0.98

C-C motif chemokine 5 P13501 0.25 (0.10, 0.41) 0.85

Fatty acid-binding protein, liver P07148 0.25 (0.14, 0.36) 0.03

Creatine kinase U-type, mitochondrial P12532 0.25 (0.12, 0.37) 0.13

Ubiquitin thioesterase OTU1 Q5VVQ6 0.24 (0.12, 0.36) 0.18

Uncharacterized protein C9orf40 Q8IXQ3 0.24 (0.11, 0.38) 0.38

C-C motif chemokine 28 Q9NRJ3 0.23 (0.14, 0.33) 0.01

Chromogranin-A P10645 0.23 (0.13, 0.34) 0.04

Acylphosphatase-1 P07311 0.23 (0.11, 0.35) 0.17

Hsc70-interacting protein P50502 0.23 (0.11, 0.35) 0.19

Fatty acid-binding protein, heart P05413 0.23 (0.15, 0.31) 0.01

Fatty acid-binding protein 5 Q01469 0.23 (0.12, 0.33) 0.04

Insulin-like growth factor-binding protein 1 P08833 0.22 (0.09, 0.36) 0.83

Carbonic anhydrase 2 P00918 0.22 (0.09, 0.35) 0.65

Immunoglobulin-binding protein 1 P78318 0.22 (0.10, 0.34) 0.39

Transferrin receptor protein 1 P02786 0.22 (0.16, 0.28) <0.01

Myeloid-derived growth factor Q969H8 0.22 (0.09, 0.35) 0.71

Erythroid membrane-associated protein Q96PL5 0.21 (0.15, 0.28) <0.01

Erythropoietin P01588 0.21 (0.09, 0.33) 0.33

Uroporphyrinogen decarboxylase P06132 0.21 (0.08, 0.34) 0.84

Gastrotropin P51161 0.21 (0.12, 0.29) 0.01
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12 weeks with a FDRq <1% adjusted for the change in
eGFR (Table 2), and, of these 28 proteins, 15 (54%)
proteins had not been measured in our discovery
Cohort 1. All 3 proteins that showed a between-group
difference $15% with a FDRq <1% (adjusted for the
change in eGFR) in our discovery Cohort 1 fulfilled
these same criteria in our validation Cohort 2. These
proteins were mitochondrial creatine kinase U-type,
insulin-like growth factor binding protein 1, and
transferrin receptor protein 1.
Proteins showing between-group difference ‡10% with
FDRq <1% at 52 weeks. In the validation Cohort 2, the
changes seen at 52 weeks were generally consistent
with those observed at 12 weeks (all treatment-by-
visit interaction FDRq >1%; FDR-adjusted P > 0.01),
although z40% of cohort participants did not pro-
vide paired data at 52 weeks, and—in general—the
magnitude of the between-group differences became
smaller after 1 year. In our discovery cohort, we
observed a between-visit interaction only for kidney
injury molecule 1,8 but this was not confirmed in the
validation Cohort 2. In validation Cohort 2, 2 proteins
fulfilled criteria for between-group differential
enrichment at the $10% threshold at 52 weeks: uro-
modulin (11% increase, FDRq ¼ 0.08%) and cadherin-
related family member 2 (11% decrease,
FDRq ¼ 0.35%).
BIOLOGICAL ACTIONS OF DIFFERENTIALLY ENRICHED

PROTEINS. To elucidate the biological profile of
differentially enriched proteins, we performed an
exhaustive PubMed-based individual documentation
of the described cardiac and renal actions of each
protein in lieu of the conventional algorithm-driven
ontology classification based on oncology pathway-
based assumptions. We had used this same approach
to describe the action of differentially-enriched pro-
teins in discovery Cohort 1.8 To allow for a thorough
characterization of the biological effects of a reason-
able number of proteins in our validation Cohort 2, we
initially focused on the 30 proteins that showed
a $15% between-group difference with a FDRq <1% at
12 weeks or a $10% between-group difference with a
FDRq <1% at 52 weeks, both adjusted for the change in
eGFR (Table 3).

Of these 30 proteins, 25 proteins have functions in
the heart and kidney.11-93 Table 3 allocates these



TABLE 3 Biological Functions of Differentially-Enriched Proteins ($15% Between-Group Difference at 12 Weeks With FDRq <1% or $10% Between-

Group Difference at 52 Weeks With FDRq <1%) With Reported Effects on the Heart and Kidneys (Validation Cohort 2)

Protein Cellular Effects Effect on the Heart or Kidneys

Promotion of Autophagy and Cellular Quality Control in Heart and Kidney

Insulin-like growth factor-binding
protein 1 (IGFBP1)

IGFBP1 binds to and inhibits effect of insulin-like
growth factor 1 (IGF1).

IGF1 promotes heart failure and chronic kidney disease by
inhibiting autophagy.11 Increases in IGFBP1 interfere
with actions of IGF1, thus promoting
autophagy. IGFBP1 also directly inhibits
cardiomyocyte and renal tubular apoptosis.12,13

IST1 factor associated with endosomal
sorting complex required for transport
component III (ESCRT-III) [IST1
homolog]

ESCRT-III binds to ubiquinated injured organelles to
deliver them to lysosomes and thus promote
clearance by autophagy.

When stimulated by Beclin-1, it binds to damaged
mitochondria to promote clearance by mitophagy.
Suppression of ESCRT-III leads to accumulation of
stressed mitochondria, apoptosis of cardiomyocytes,
and cardiomyopathy.14-16 ESCRT mediates fatty acid
transfer into mitochondria.17 ESCRT-III–mediated
endocytosis regulates ion transport channels in the
renal tubules.18

OTU domain-containing ubiquitin
aldehyde-binding protein 1 (OTUB1)

OTUB1 is a hydrolase that removes conjugated ubiquitin
from proteins, thereby preventing degradation.

Deubiquitination by OTUB1 suppresses Akt-mTOR
signaling, thereby enhancing autophagy and energy
meabolism.19,20 OTUB1 attenuates development of
diabetic cardiomyopathy and renal ischemia-
reperfusion injury.21,22

Heat shock cognate 70-interacting
protein (HSPA8, CHIP, Stub1)

The carboxy terminus of HSPA8 is a U-box E3
ubiquitin ligase, which plays a crucial role in
protein quality control by regulating chaperone-
mediated autophagy and mitophagy.23

HSPA8 activates AMPK and autophagic flux to prevent
inflammation, fibrosis, apoptosis, and pathologic
hypertrophy in infarction and pressure overload
models.24-26 It exerts nephroprotective effects by
preventing renal tubular pyroptosis and
ferroptosis27,28 and mediates transfer of enzymes into
mitochondria for generation of energy.29

DnaJ homolog subfamily B member
1 (DNAJB1)

Molecular chaperone stimulates the ATPase activity
of heat shock protein 70 to prevent aggregation
and to enhance clearance of misfolded proteins
through promotion of chaperone-mediated
autophagy.30

Generally assumed that upregulation of DNAJB1 is an
adaptive response; upregulated in cardiomyocytes in
response to anticancer proteosome inhibitors31 and in
the kidney in hypertensive nephropathy.32

DnaJ homolog subfamily C member 9
(DNAJC9)

Molecular chaperone stimulates the ATPase activity of
heat shock protein 70 to prevent misfolded
histones to maintain chromatin integrity.33,34

Generally assumed that upregulation of DNAJC9 is an
adaptive response; upregulated in experimental
pulmonary hypertension with normalization following
carvedilol treatment.35

Immunoglobulin-binding protein 1 (a4
subunit of protein phosphatase 2A
[Pp2a], IGBP1)

IGBP1 protects phosphatase Pp2a, thereby
promoting autophagy and preventing apoptosis
in a broad range of tissues.

Pp2a promotes autophagic clearance of damaged
mitochondria in renal tubules.36 Dephosphorylating
action mediates its effects to attenuate ventricular
hypertrophy.37,38 It is an erythropoietin-responsive
protein that promotes erythroblast proliferation.39

Continued on the next page
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proteins into categories based on their primary car-
diac or renal action, recognizing that these groupings
may overlap. These categories include: 1) proteins
involved in autophagic cellular quality control: that
is, insulin-like growth factor-binding protein 1
(IGFBP1), endosomal sorting complex required for
transport component III (ESCRT-III), ovarian tumor
domain–containing ubiquitin aldehyde-binding pro-
tein 1 (OTUB1), heat shock cognate 70-interacting
protein 8 (HSPA8), DnaJ homolog subfamily B mem-
ber 1 (DNAJB1), DnaJ homolog subfamily C member 9
(DNAJC9), and immunoglobulin-binding protein 1
(IGBP1); 2) proteins involved in mitochondrial energy
homeostasis: that is, mitochondrial creatine kinase U-
type (uMtCK), tubulin-specific chaperone A (TBCA),
mitochondrial ATPase inhibitor (ATPIF1), liver fatty
acid-binding protein (L-FABP [also known as FABP1]),
heart fatty acid-binding protein (H-FABP [also known
as FABP3]), fatty acid-binding protein 5 (FABP5), fatty
acid-binding protein 6 (FABP6), and retinol-binding
protein 2 (RBP2); 3) proteins involved in augmented
iron mobilization and erythropoiesis: that is, trans-
ferrin receptor protein 1 (TfR1), erythropoietin (EPO),
erythroid membrane-associated protein (ERMAP),
uroporphyrinogen decarboxylase (UROD), and alpha-
synuclein (SNCA); 4) proteins that mediate ion
(primarily sodium) reabsorptive responses in renal
tubules: that is, uromodulin (UMOD), carbonic anhy-
drase 2 (CA2) and acylphosphatase-1 (ACYP1); and 5)
proteins that exert other restorative effects on cardiac
structure and function: myeloid-derived growth fac-
tor (MYDGF) and chromogranin-A (CgA).

When overlap functions are considered, of the 25
differentially-enriched proteins with effects on the
heart and kidney, it is noteworthy that: 1) 13 proteins
promote autophagy or other cellular quality control
functions (IGFBP1, OTUB1, DNAJB1, DNAJC9, RBP2,
ESCRT-III, HSPA8, H-FABP, FABP6, ATPIFI, TfR1,



TABLE 3 Continued

Protein Cellular Effects Effect on the Heart or Kidneys

Restoration of Mitochondrial Energy Homeostasis

Mitochondrial creatine kinase U-type
(uMtCK)

uMTCK couples ATP production via oxidative
phosphorylation to phosphocreatine in the cytosol.

uMtCK mediates the transfer of high energy phosphate
from mitochondria to cytosol. Compensatory increase
following oxidative stress exerts cardioprotective
effects40,41 and contributes to energy homeostasis in
the renal tubules.42

Tubulin-specific chaperone A (TBCA) TBCA facilitates assembly of b-tubulin cytoskeletal
protein, which (in conjunction with uMtCK)
determines mitochondrial stability and efficient
energy transfer.43,44

b-tubulin interactions with mitochondria are disrupted in
cardiac ischemia-reperfusion injury and volume
overload, contributing to loss of ATP
homeostasis.45,46

Mitochondrial ATPase inhibitor (ATPIF1) ATPIFI prevents wasteful hydrolysis of ATP.47

It promotes mitophagy and healthy mitochondrial
function.48

ATPIFI acts to preserve ATP and myocardial function
during ischemia.47 It is essential for heme synthesis
and maturation of erythroblasts.49 Silencing or
overexpression of ATPIFI impairs cardiac adaptation to
stress.

Liver fatty acid-binding protein
(L-FABP, FABP1)

Transports long-chain fatty acids from cell membrane
to mitochondria. Activated by PPAR-a signaling.

Effect on the heart and kidneys has not been elucidated.

Heart fatty acid-binding protein
(H-FABP, FABP3)

Transports long-chain fatty acids from cell membrane
to mitochondria. Activated by PPAR-a signaling.

Enhances uptake and use of long-chain fatty acids by
cardiomyocytes.50 Binds acylcarnitines, the
deleterious lipid byproduct that is injurious to
mitochondria.51 Deficiency of H-FABP leads to toxic
lipid accumulation and compromises fatty acid
oxidation and ATP production.50,51 Also acts as
autophagy receptor substrate.52

Fatty acid-binding protein 5 (FABP5) Transports long-chain fatty acids from cell membrane
to mitochondria Activated by PPAR-a signaling.

Enhances uptake and use of long-chain fatty acids. FABP5
deficiency aggravates cardiac hypertrophy, fibrosis,
and dysfunction, and it causes severe impairment to
mitochondria in the heart with increased oxidative
stress and reduced mitochondrial respiration.53

Gastrotropin, fatty acid binding protein
6 (FABP6)

Transports long-chain fatty acids from cell membrane
to mitochondria. Activated by PPAR-a signaling.
Promotes autophagic flux.54

FABP6 expression increased in cardiomyocytes under
stress.55

Retinol-binding protein 2 (RBP2) Member of fatty acid-binding protein family, which
coordinates transport of retinol, primarily in
gastrointestinal tract

Retinoic acid levels decline in heart failure.56 RBP2
facilitates dietary uptake of retinols, thereby
promoting cardiomyocyte mitophagy and mitigating
cardiomyocyte apoptosis.57,58 Retinols prevent renal
injury by promoting autophagy.59

Effects on Iron Metabolism and Erythropoiesis

Transferrin receptor protein 1 (TfR1) TfR1 promotes uptake of iron into cardiomyocytes
(for ATP production) and erythroblasts (for
erythropoiesis). Enhances the transmembrane
electron transport needed for sirtuin-1 upregulation.

TfR1 knockout leads to mitochondrial dysfunction,
downregulation of cardiac autophagy proteins and
cardiomyopathy, which can be prevented by sirtuin-1
activation.60 TfR1 provides NADþ, which is needed for
sirtuin activation and mitochondrial health.61

Erythropoietin (EPO) EPO is the primary stimulus for erythropoiesis. EPO
also acts directly on the heart and kidneys to exert
cytoprotective effects, mediated by AMPK and
sirtuin 1.6

EPO acts to promote autophagy and mitigate
mitochondrial ATP depletion, apoptosis, inflammation,
fibrosis, and adverse remodeling in the heart.62,63 EPO
is a downstream effector of Klotho-induced renal
cytoprotection, reducing oxidative stress in renal
tubules.64,65

Erythroid membrane-associated protein
(ERMAP)

Cell-surface protein is expressed almost exclusively in
erythroid precursor cells and expressed during
enhanced eyrthropoiesis.66

Effect on the heart and kidneys has not been elucidated.

Uroporphyrinogen decarboxylase (UROD) Ferrous iron-inducible enzyme, essential for synthesis
of heme.67,68

Suppression is associated with increase in oxidative stress
in the kidney69

Alpha-synuclein (SNCA) Iron provokes oligomerization of alpha-synuclein,
binding to peroxidized lipids to cause iron-dependent
mitochondrial dysfunction and synchronized cell
death70

SNCA has been implicated in development and
progression of ferroptosis-mediated
cardiomyopathy.71 Conversely, it may interfere with
PI3K-Akt signaling to prevent renal fibrosis.72

Restorative Effects on Cardiac and Renal Structure and Function

Myeloid-derived growth factor (MYDGF) Produced by monocytes and macrophages, MYDGF
mediates crosstalk between bone marrow and
the heart.

MYDGF inhibits cardiac hypertrophy and augments
SERCA2a to attenuate pressure-overload induced
heart failure.73 Induces cardiomyocyte proliferation
to improve postinfarction cardiac function.74,75

Silencing and upregulation modulate exacerbates
podocyte survival in nephropathy.76,77

Chromogranin-A (CgA) CgA is secreted in cardiac neuroendocrine granules to limit
effects of sympathetic overactivity.78,79 CgA is a
precursor to catestatin, which exerts cardioprotective
effects.80

Chromogranin-A and catestatin reduces mitochondrial
generation of reactive oxygen species, attenuates
hypertrophy, and prevents apoptosis in ardiomyocytes
under stress.78-80 May mediate antihypertensive
effects of drugs.81

Continued on the next page
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TABLE 3 Continued

Protein Cellular Effects Effect on the Heart or Kidneys

Counter-Regulatory Sodium Reabsorption in the Renal Tubules

Acylphosphatase-1 (ACYP1) ACYP1 enhances activity of renal tubular Naþ-Kþ-
ATPase.82 It also hydrolyzes the phosphoenzyme
intermediate of SERCA2a, displacing phospholamdan,
thus enhancing activity of sarcoplasmic reticulum
Ca2þ pump.83

Effect of ACYP1 to stimulate renal tubular Naþ-Kþ-
ATPase promotes sodium reabsorption as a
counterregulatory response to the action of SGLT2
inhibitors in the proximal renal tubule.84 Effect of
ACYP1 on SERCA2a leads to enhanced cardiac
contractility.85

Uromodulin (UMOD) UMOD is a major regulator renal tubular sodium transport,
and it acts to suppress renal inflammation.

UMOD promotes sodium reabsorption in the thick
ascending limb of the loop of Henle.86 Acts as a trap
for proinflammatory renal cytokines; loss-of-function
mutations lead to mitochondrial dysfunction and
chronic kidney disease.87,88

Carbonic anhydrase 2 (CA2) CA2 is a major regulator of renal tubular sodium,
bicarbonate, and water homeostasis.

CA2 binds to and enhances the activity of NHE3 in the
proximal renal tubule.89 CA2 may offset increases in
urinary excretion of sodium and bicarbonate resulting
from SGLT2 inhibition.

Other Differentially Expressed Proteins

Cystatin-SN (CST1) Cysteine protease inhibitor involved in regulation of
cellular proliferation

Effect on the heart and kidneys has not been elucidated.

C-C motif chemokine 5 (CCL5, RANTES) Proinflammatory cytokine acting through PI3K-Akt
signaling; it is also a negative regulator of GPR75,
the receptor for the vasoconstrictor,
20-hydroxyeicosatetraecnoic acid.

CCL5 upregulation increases infarct size and promotes
heart failure following myocardial infarction.90 CCL5-
mediated negative regulation of GPR75 function acts
to ameliorate obesity and hypertension.91

C-C motif chemokine 28 (CCL28) CCL28 interacts with its receptor CCR10 to promote
inflammation in epithelial cells and inhibit
angiogenesis.92

Effect on the heart and kidneys has not been elucidated.

Cadherin-related family member 2
(CDHR2)

Calcium-dependent cell-cell adhesion molecule is
localized at the distal ends of microvilli, where it
forms an intermicrovillar adhesion complex.93

Effect on the heart and kidneys has not been elucidated.

A total of 30 proteins showed a $15% between-group difference with a FDRq <1% at 12 weeks or a $10% between-group difference with a FDRq <1% at 52 weeks, both adjusted for the
change in eGFR. “Uncharacterized protein C9orf40” is not included in this listing, and thus the Table describes 29 proteins.

Akt ¼ protein kinase B; AMPK ¼ adenosine monophosphate protein kinase; ATP ¼ adenosine triphosphate; CHIP ¼ carboxy terminus of Hsp70-interacting protein HSPA8, acting as E3
ubiquitin-protein ligase (Stub1 as gene designation); CCL5 ¼ regulated on activation, normal T cell expressed and secreted, also known as C-C motif chemokine 5; CCL28 ¼ C-C motif
chemokine 28; CCR10 ¼ C-C motif chemokine receptor 10; CST1 ¼ cystatin-SN; GPR75 ¼ global and endothelial G-protein coupled receptor 75; NAD ¼ nicotinamide adenine dinucleotide;
NHE3 ¼ sodium-hydrogen exchanger 3; PI3K ¼ phosphoinositide-3-kinase; Pp2a ¼ a4 subunit of protein phosphatase 2A; PPAR-a ¼ peroxisome proliferator-activated receptor-alpha;
mTOR ¼ mammalian target of rapamycin; RANTES ¼ regulated on activation, normal T cell expressed and secreted, also known as C-C motif chemokine 5; SERCA2a ¼ sarcoplasmic/endo-
plasmic reticulum Ca2þ-ATPase-2a.
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EPO, IGBP1); 2) 12 proteins enhance mitochondrial
health and ATP production directly or by promoting
substrate use (UMtCK, TBCA, L-FABP, H-FABP,
FABP5, FABP6, RBP2, ESCRT-III, HSPA8, ATPIFI,
TfR1, EPO); 3) 7 proteins augment iron mobilization or
erythropoiesis (TfR1, EPO, IGBP1, ERMAP, UROD,
ATPIF1, SNCA); 4) 3 proteins influence renal tubular
sodium handling (UMOD, CA2, and ACYP1); and 5) 9
proteins mitigate injury and have restorative effects
in the heart or kidneys (IGFBP1, OTUB1, HSPA8,
IGBP1, EPO, MYDGF, UMOD, CgA, and ACYP1). These
biological functional intersections are shown in
Figure 1.

To determine if our selection of a $15% between-
group difference threshold influenced the character-
ization of the proteomic signatures of SGLT2
inhibition, we examined the biological effects of
differentially enriched proteins with a between-group
difference: that is, $10% but <15% increase jlog2 fold
changej of >0.1375 and <0.2016 with empagliflozin
(adjusted for the change in eGFR) and with a
FDRq <1%; we had also used this threshold in our
original discovery cohort.8 Of the 58 proteins showing
a between-group difference within this range and
having demonstrated effects on the heart or kidneys
(Supplemental Table 3), 18 proteins are known to
promote cargo targeting, autophagic flux, and cellular
quality control; 6 proteins enhance mitochondrial
health and production of ATP; 32 proteins are
involved in the modulation of cardiac and renal
structure and function; 5 proteins exert effects on
renal tubular ion transport; and 7 proteins contribute
to or reflect enhanced iron mobilization and eryth-
ropoiesis, with many proteins exerting more than 1
function. This pattern closely resembled the mecha-
nistic signatures of the differentially enriched pro-
teins that showed a $15% between-group difference
(Table 3).

DISCUSSION

Many studies have reported on the effect of a broad
range of treatments on circulating levels of proteins
in patients with heart failure, with results that

https://doi.org/10.1016/j.jacc.2024.07.013


FIGURE 1 Mechanistic Categorization of Most Differentially Expressed Proteins With Known Effects on the Heart and Kidneys

These proteins showed a $15% between-group increase at 12 weeks with a FDRq <1% adjusted for the change in eGFR or $10% between-group increase at 52 weeks

with a FDRq <1% adjusted for the change in eGFR and had known effects on the heart and kidney. Effects on autophagic flux and mitochondrial health and ATP

production reflect the findings of studies in the heart or kidney. Effects on iron homeostasis reflect the findings of studies in the bone marrow or heart. Proteins exerting

effects in more than 1 domain are shown in areas of overlap. ACYP1 ¼ acylphosphatase-1; ATP ¼ adenosine triphosphate; ATPIF1 ¼ mitochondrial ATPase inhibitor;

CA2 ¼ carbonic anhydrase 2; CgA ¼ chromogranin-A; DNAJB1 ¼ DnaJ homolog subfamily B member 1; DNAJC9 ¼ DnaJ homolog subfamily C member 9; eGFR

estimated glomerular filtration rate; EPO ¼ erythropoietin; ERMAP ¼ erythroid membrane-associated protein; ESCRT-III ¼ endosomal sorting complex required for

transport component III; FABP5 ¼ fatty acid-binding protein 5; FABP6 ¼ fatty acid-binding protein 6; IGFBP1 ¼ insulin-like growth factor-binding protein 1H-

FABP ¼ heart fatty acid-binding protein; HSPA8 ¼ heat shock cognate 70-interacting protein; IGBP1 ¼ immunoglobulin-binding protein 1; IST1 ¼ increased sodium

tolerance homolog 1 associated with endosomal sorting complex required for transport component III; L-FABP ¼ liver fatty acid-binding protein; MYDGF ¼ myeloid-

derived growth factor; OTUB1 ¼ OTU domain-containing ubiquitin aldehyde-binding protein 1; RBP2 ¼ retinol-binding protein 2; SNCA ¼ alpha-synuclein;

TBCA ¼ tubulin-specific chaperone A; TfR1 ¼ transferrin receptor protein 1; UMOD ¼ uromodulin; uMtCK ¼ mitochondrial creatine kinase U-type;

UROD ¼ uroporphyrinogen decarboxylase.
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typically show little consistency across reports. The
lack of consistency can be explained by differences in
patient populations, sample size, and analytic tech-
nologies; in the number and identity of the proteins
being measured; and in the lack of a placebo-control
group. Furthermore, most previous studies of prote-
omics in heart failure have applied commercially
available algorithms to characterize the biological
actions of proteins, but most proteins have pleio-
tropic effects, and current interpretative ontology
programs rely primarily on the assessment of the
effect of a protein in experimental models of cancer
or neurologic disorders but not in models of
cardiovascular or kidney disease. Most importantly,
no previous study has measured a large set of pro-
teins using the same analytic methodology, in both a
discovery and validation cohort derived from a com-
mon group of patients, to determine if the principal
conclusions concerning the mechanisms of action of a
drug based on the discovery cohort could be verified.

We evaluated the effect of the SGLT2 inhibitor
empagliflozin on a large number of blood-borne pro-
teins in >2,200 patients enrolled in the EMPEROR
trial program. Patients were randomly assigned to
treatment with placebo or empagliflozin, and hence
we could measure baseline-anchored between-group
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differences in an unbiased and blinded manner. We
had previously reported our findings of 1,283 proteins
analyzed in a discovery cohort of 1,134 patients
enrolled in the EMPEROR program, and herein we
analyzed 2,155 proteins in a validation cohort of 1,120
different EMPEROR program participants who had
not been included in the earlier cohort. In both co-
horts, we measured an overlapping set of proteins
using the same technology; we performed measure-
ments at the same time points; we used similar sta-
tistical methods and thresholds to identify
differentially enriched proteins; and we interpreted
our findings based on biological effects and ontologic
categories that were relevant to cardiovascular and
renal disease. These features represent a unique set
of conditions that provide an unprecedented level of
robustness to our results.

The magnitude of the degree of differential
enrichment in proteins as a result of treatment with
empagliflozin was generally similar in the discovery
and validation cohorts (Table 2). More importantly,
the biological signatures of the differentially enriched
proteins identified in the discovery Cohort 1 were
reproduced in the validation Cohort 2 based on a
much larger number of proteins (Table 3,
Supplemental Table 3). The robust replication of
these mechanistic signatures across the discovery and
validation cohorts is closely aligned with the
demonstrated cellular and organ effects of SGLT2
inhibitors that have been consistently reported in
numerous experimental studies.2,4,6

SGLT2 inhibitors induce a state of starvation
mimicry characterized clinically by gluconeogenesis
and ketogenesis and experimentally by the upregu-
lation of nutrient deprivation signaling pathways,
which stimulate an evolutionarily-conserved starva-
tion-induced housekeeping function, autophagy.2-4

The self-digestion of unwanted cellular constituents
not only generates ATP but also clears the cell of
deleterious injured organelles (especially mitochon-
dria, peroxisome, and endoplasmic reticulum), which
are the primary source of oxidative stress and proin-
flammatory and profibrotic signaling.2,3 Autophagy is
suppressed, and cellular stress is marked increased in
the failing heart and in chronic kidney disease.2,4

Experimentally, SGLT2 inhibitors have been shown
to promote autophagic flux, thereby reducing oxida-
tive stress and apoptosis, both in the heart and
kidneys, and—importantly—silencing of nutrient
deprivation and autophagic proteins blocks the car-
dioprotective effects of these drugs.2 It is therefore
noteworthy that 13 of the 30 differentially enriched
proteins (based on $15% between-group difference)
in validation Cohort 2 play a role in promoting
autophagy and other cellular quality control func-
tions (Table 3). In our earlier report of discovery
Cohort 1,8 we highlighted the SGLT2 inhibitor-
mediated enrichment of IGFBP1, erythropoietin,
TfR1, and RBP2 as autophagy-enhancing proteins. In
the current analysis in validation Cohort 2, we
confirmed the differential upregulation of these 4
proteins, and we identified the differential enrich-
ment of 9 additional autophagy-enhancing proteins
(based on a $15% between-group difference), most of
which were not available for assay in the Olink
Explore 1536 platform used for discovery Cohort 1.
These include IST1 and OTUB1, which regulate ubiq-
uitination, a mechanism that marks injurious cellular
constituents for autophagic lysosomal disposal.17-22

In addition, HSPA8, DNAJB1, and DNAJC9 specif-
ically mediate chaperone-mediated autophagy (which
is responsible for the clearance of misfolded proteins
and histone-targeted fragments of chromatin);23-26

ATPIFI1 and IGBP1 promote mitophagy (the clear-
ance of dysfunctional mitochondria)36,47-49; and
H-FABP and FABP6 can act as an autophagy substrate
or influence the degradation of autophagosomes.52,54

As a result of autophagy upregulation, these 9 pro-
teins have been shown to improve cardiac and renal
structure and function (Table 3). Importantly, an
additional 18 proteins with a FDRq <1% but with
a $10% but <15% between-group difference in vali-
dation Cohort 2 are also involved in cargo targeting
and autophagy modulation (Supplemental Table 3). Of
note, 3 of these 18 proteins—acyl-CoA-binding pro-
tein, adipocyte fatty acid-binding protein, and mito-
chondrial import receptor subunit TOM20 homolog—
have been proposed as blood-borne biomarkers of
enhanced intracellular autophagic flux.94-96

Experimentally, the ability of the failing heart and
stressed proximal renal tubular cells to generate ATP
is impaired: in part related to dysfunctional mito-
chondria and in part related to a shift in metabolism
from long-chain fatty acids to glycolysis.4 SGLT2 in-
hibitors restore ability of these high oxygen-
consuming cells to generate ATP by enhancing
intracellular fatty acid transport and oxidation and by
restoring mitochondrial health as a result of the
increased disposal of injured mitochondria and the
augmentation of healthy mitochondrial biogenesis.2,4

We previously identified upregulation of uMtCK and
other proteins involved in mitochondrial health in
our discovery Cohort 1,8 and in our validation Cohort
2, we identified 8 additional differentially enriched
proteins (based on a $15% between-group differ-
ence)—not measured in Cohort 1—that support this
important role. The 12 proteins involved in mito-
chondrial energy generation included 6 lipid-binding
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and transit proteins (L-FABP, H-FABP, FABP5, FABP6,
RBP2, and ESCRT-III), which facilitate the delivery of
long-chain fatty acids to the mitochondria for oxida-
tive phosphorylation. In addition, the upregulation of
TBCA facilitates the assembly of cytoskeleton struc-
tures that are required for efficient energy trans-
fer;45,46 HSPA8 mediates transport of enzymes into
mitochondria;29 uMtCK promotes the transfer of
synthesized ATP from mitochondria into the
cytosol;41,42 ATPIFI prevents the wasteful hydrolysis
of ATP;47 and EPO and TfR1 promote mitochondrial
health and biogenesis, thus preventing mitochondrial
ATP depletion.60-63 Importantly, an additional 6 pro-
teins with a FDRq <1% but with a $10% but <15%
between-group difference in validation Cohort 2 are
also involved in sustaining mitochondrial health and
ATP synthesis (Supplemental Table 3).

A characteristic feature of SGLT2 inhibitors is their
action to increase hemoglobin and hematocrit
because of augmented erythropoiesis.6 These drugs
simultaneously increase the production of erythro-
poietin and enhance the mobilization of iron from
macrophages and intracellular stores (caused by the
suppression of hepcidin and ferritin), thereby
increasing cytosolic levels of the highly reactive
ferrous iron required for the synthesis of heme and
iron-sulfur clusters.4,6 We previously reported in-
creases in EPO and TfR1 in our discovery Cohort 1, and
their upregulation was confirmed in our validation
Cohort 2. Moreover, in Cohort 2, we found differential
enrichment of 5 additional proteins (based on a $15%
between-group difference)—IGBP1, ERMAP, UROD,
ATPIFI, and SNCA—involved in enhanced iron mobi-
lization and erythropoiesis; these proteins had not
been measured in Cohort 1. UROD is induced by iron
and essential to the synthesis of heme;67,68 IGBP1
prolongs the proliferation of erythroblasts;39 ATPIFI
promotes heme synthesis and erythroblast matura-
tion;49 ERMAP is an erythrocyte membrane constitu-
ent and a marker of enhanced erythropoiesis;66 and
a-synuclein (SNCA) promotes ferroptosis, which oc-
curs during intense repletion of reactive ferrous iron
in the cytosol.70 The action of a-synuclein on fer-
roptosis is believed to mediate its neurotoxic effects
in Parkinson disease,97 but it has been proposed that
other neuroprotective actions of SGLT2 inhibitors
may counter this effect.98 Interestingly, an additional
7 proteins with a FDRq <1% but with a $10% but <15%
between-group difference in validation Cohort 2 have
been implicated in augmented iron mobilization and
erythropoiesis (Supplemental Table 3).

SGLT2 inhibitors exert natriuretic and diuretic ef-
fects whose duration is short-lived, because of the
activation of distal-nephron counterregulatory
mechanisms that promote sodium reabsorption.5 In
our discovery Cohort 1, we identified CA2 and UMOD
as potential mediators of this enhanced sodium
reabsorption, and in our validation Cohort 2, we
confirmed enrichment of both proteins and (based on
a $15% between-group difference and FDRq <1%)
identified an action of ACYP1 on renal tubular
Naþ-Kþ-ATPase as an additional possible counter-
regulatory mechanism.82 An additional 5 proteins
that fulfilled the FDRq <1% and with a $10%
but <15% between-group difference also have effects
on renal tubular ion transport (Supplemental Table 3).
Moreover, the action of MYDGF, UMOD, EPO, IGFBP1,
OTUB1, HSPA8, and IGBP1 to mitigate podocyte and
renal tubular injury (Table 3) may underlie the
nephroprotective effects of SGLT2 inhibitors; of note,
MYDGF, OTUB1, HSPA8, and IGBP1 were not
measured in our discovery Cohort 1. Interestingly, 4
proteins that are differentially enriched by SGLT2
inhibition—thymosin beta-10 (TMSB10), trefoil factor
1 (TFF1), epithelial cell adhesion molecule (EpCAM),
and cadherin EGF LAG seven-pass G-type receptor 2
(CELSR2)—promote epithelial cell polarity and thus
are poised to play a role in the restoration of renal
tubular cell architecture (Supplemental Table 3).99-102

Finally, SGLT2 inhibitors have been reported to
attenuate sympathetic activation, both experimen-
tally and clinically,103,104 and the action of
differentially-enriched CgA to suppress sympathetic
overactivation could contribute to the sympatholytic
action and blood pressure-lowering effect of these
drugs.81 The upregulation of KYAT1 (shown in
Supplemental Table 3) can also yield sympatholytic
effects.105 Moreover, SGLT2 inhibitors have been re-
ported to improve the function of sarcoplasmic/
endoplasmic reticulum Ca2þ-ATPase-2a (SERCA2a) to
enhance calcium reuptake in the sarcoplasmic retic-
ulum,106 an action that may be mediated by the ef-
fects of MYDGF and ACYP1, whose levels were
differentially increased by $15% by empagliflozin in
our analyses of Cohort 2. In addition, 3 proteins with a
FDRq <1% and a between-group difference of $10%
but <15%—STC1, PPP1R14A, and CDNF—have effects
to modulate calcium entry, transport and transients
in cardiomyocytes (Supplemental Table 3).107-109

STUDY LIMITATIONS. The proximity extension assay
technology used for our analyses provides normal-
ized protein concentrations that cannot be directly
translated to absolute quantification using standard
analytic methods. More importantly, it is understood
that blood levels of proteins reflect the shedding or
secretion of intracellular proteins into the circulation
and that the magnitude of extracellular extrusion is
not necessarily proportional to a protein’s functional
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concentration or post-translational activation state in
cytosolic subcompartments. Furthermore, the stoi-
chiometry of any concentration-effect relationship is
not known, and—accordingly—the $10% and $15%
thresholds we used to identify differentially enriched
proteins are arbitrary. Finally, the number of patients
who contributed to blood sampling at 52 weeks was
far smaller than at 12 weeks and, more importantly,
measured between-group differences in physiologi-
cally relevant proteins at 52 weeks are typically
attenuated because the achievement of a biological
target acts (as part of a negative feedback loop) to
mute any early surge in the originating stimulus; for
example, the initial rise in erythropoietin levels
following SGLT2 inhibition subsides toward baseline
values simultaneous with a sustained eryth-
rocytosis,8,110 achieving a new equilibrium set point,
even though erythropoietin remains the
driving stimulus.

CONCLUSIONS

In this first validation study of large-scale proteomics
in double-blind randomized trial of any treatment in
patients with heart failure, our expanded platform
was able to confirm the mechanisms identified in our
previously reported discovery cohort. The biological
signature of the differentially enriched proteins
identified in our discovery cohort were replicated and
substantially reinforced in our validation cohort. The
intriguing replication of the biological signatures
across the discovery and validation cohorts is highly
consistent with the effects of SGLT2 inhibitors
demonstrated in numerous experimental studies.
These observations suggest that the effect of SGLT2
inhibitors to promote autophagy and reduce cellular
stress; to restore mitochondrial health and ATP pro-
duction; to promote iron mobilization while
enhancing erythropoiesis; to modulate ion reabsorp-
tion and maintain the polarity and architecture of the
renal tubules; to improve cardiac structure and
function; and to attenuate sympathetic overactivity—
all demonstrated in experimental studies—are likely
relevant to patients with heart failure.
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