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Effects of tirzepatide on circulatory overload 
and end-organ damage in heart failure with 
preserved ejection fraction and obesity:  
a secondary analysis of the SUMMIT trial

Patients with obesity-related heart failure with preserved ejection fraction 
(HFpEF) display circulatory volume expansion and pressure overload 
contributing to cardiovascular–kidney end-organ damage. In the SUMMIT 
trial, patients with HFpEF and obesity were randomized to the long-acting 
glucose-dependent insulinotropic polypeptide receptor and glucagon-like 
peptide-1 receptor agonist tirzepatide (n = 364, 200 women) or placebo 
(n = 367, 193 women). As reported separately, tirzepatide decreased 
cardiovascular death or worsening heart failure. Here, in this mechanistic 
secondary analysis of the SUMMIT trial, tirzepatide treatment at 52 weeks, as 
compared with placebo, reduced systolic blood pressure (estimated treatment 
difference (ETD) −5 mmHg, 95% confidence interval (CI) −7 to −3; P < 0.001), 
decreased estimated blood volume (ETD −0.58 l, 95% CI −0.63 to −0.52; 
P < 0.001) and reduced C-reactive protein levels (ETD −37.2%, 95% CI −45.7 to 
−27.3; P < 0.001). These changes were coupled with an increase in estimated 
glomerular filtration rate (ETD 2.90 ml min−1 1.73 m−2 yr−1, 95% CI 0.94 to 4.86; 
P = 0.004), a decrease in urine albumin–creatinine ratio (ETD 24 weeks, −25.0%, 
95% CI −36 to −13%; P < 0.001; 52 weeks, −15%, 95% CI −28 to 0.1; P = 0.051), a 
reduction in N-terminal prohormone B-type natriuretic peptide levels (ETD 
52 weeks −10.5%, 95% CI −20.7 to 1.0%; P = 0.07) and a reduction in troponin 
T levels (ETD 52 weeks −10.4%, 95% CI −16.7 to −3.6; P = 0.003). In post hoc 
exploratory analyses, decreased estimated blood volume with tirzepatide 
treatment was significantly correlated with decreased blood pressure, reduc
ed microalbuminuria, improved Kansas City Cardiomyopathy Questionnaire 
Clinical Summary Score and increased 6-min walk distance. Moreover, 
decreased C-reactive protein levels were correlated with reduced troponin T 
levels and improved 6-min walk distance. In conclusion, tirzepatide reduced 
circulatory volume–pressure overload and systemic inflammation and 
mitigated cardiovascular–kidney end-organ injury in patients with HFpEF 
and obesity, providing new insights into the mechanisms of benefit from 
tirzepatide. ClinicalTrials.gov registration: NCT04847557.
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progressive decline up to 24 weeks, which was maintained after 52 weeks 
(Table 3 and Fig. 1a). In contrast, the effects on diastolic BP were minimal 
and not statistically significant at 24 or 52 weeks of treatment. Pulse pres-
sure, an indirect reflection of aortic stiffness, was significantly reduced 
by tirzepatide as compared with placebo at each time point (Table 3).

As compared with placebo, tirzepatide resulted in a reduction in 
estimated BV at 12 weeks and 24 weeks, which further decreased at 
52 weeks (estimated treatment difference (ETD) −0.58 l, 95% confidence 
interval (CI) −0.63 to −0.52, P < 0.001; Table 3 and Fig. 1b). Tirzepatide 
resulted in similar reductions in estimated PV at each time point (Table 3).

Tirzepatide reduced systemic inflammation as measured by 
high-sensitivity CRP at 24 weeks and to greater extent at 52 weeks, 
but with no significant effect at 12 weeks (Table 3 and Fig. 2a). Among 
patients with elevated CRP at baseline, those treated with tirzepatide 
had greater likelihood of normalization of CRP (to <2 mg l−1) at 52 weeks 
compared with placebo (40.4% versus 19.4%, odds ratio 2.90, 95% CI 
1.82 to 4.64; P < 0.001).

Effects of tirzepatide on cardiac injury and kidney function
Treatment with tirzepatide resulted in a significant reduction in myo-
cardial injury reflected by high-sensitivity troponin T as compared with 
placebo at both 24 and 52 weeks (ETD 24 weeks −9.8% (95% CI −16.0 
to −3.3), P = 0.004, 52 weeks −10.4% (95% CI −16.7 to −3.6), P = 0.003), 
with no significant effect at 12 weeks (Fig. 2b). Tirzepatide also reduced 
N-terminal prohormone B-type natriuretic peptide (NT-proBNP) levels 
compared with placebo, P = 0.02–0.07 (Fig. 2), even as baseline levels 
were near normal on average (Table 1).

As compared with placebo, treatment with tirzepatide was asso-
ciated with a numerical decrease in eGFR at 12 weeks that was not 
statistically significant (ETD −1.1 ml min−1 1.73 m−2, 95% CI −2.7 to 0.4; 
P = 0.148), followed by a significant improvement in eGFR at 52 weeks 
with tirzepatide compared with placebo (ETD 2.9 ml min−1 1.73 m−2, 
95% CI 0.9 to 4.9; P = 0.004) (Table 3 and Fig. 3a). The improvement in 
kidney function was consistently observed in sensitivity analyses using 
alternative equations to estimate eGFR, but using the creatinine-based 
formulas, there was a statistically significant decrease in eGFR versus 
placebo at 12 weeks, which again reversed by 52 weeks, showing an 
improvement in eGFR with tirzepatide across all estimates (Extended 
Data Table 1). As compared with placebo, tirzepatide decreased the 
urine albumin–creatinine ratio (UACR) at 24 weeks (ETD −25%, 95% CI 
−35.5 to −12.7; P < 0.001) and at 52 weeks (ETD −15.1%, 95% CI −28.0 to 
0.1; P = 0.051) (Table 3 and Fig. 3b).

Changes in circulatory load, inflammation and end-organ 
damage
In a linear regression model adjusted for baseline value, treatment allo-
cation and interaction between treatment and covariates, at 52 weeks, 
the reductions in estimated BV with tirzepatide were correlated with 
decreases in systolic BP (slope 6.12, 95% CI 3.47 to 8.78; P < 0.001) and 
decreases in albuminuria (slope 46.7, 95% CI 11.48 to 81.87; P = 0.009), 
but there was no correlation with changes in eGFR (Extended Data 
Table 2). These relationships were not observed in patients randomized 
to placebo. There was a modest direct correlation between changes in 
BV and eGFR at 12 weeks (Extended Data Table 3).

There was a direct correlation between changes in systolic BP 
and changes in eGFR on treatment with tirzepatide at 52 weeks (slope 
0.256, 95% CI 0.127 to 0.386; P < 0.001) (Extended Data Table 2). The 
direct relationship between change in eGFR and change in BP was also 
observed at 12 weeks (Extended Data Table 3). There was no significant 
relationship between changes in systolic BP and changes in log UACR 
at 52 weeks on treatment with tirzepatide.

There were no significant correlations between changes in CRP 
with tirzepatide and changes in systolic BP, eGFR or log UACR (Extended 
Data Table 2). Changes in systolic BP and BV with tirzepatide were not 
correlated with changes in troponin T. However, the decrease in CRP 

Over half of patients with heart failure (HF) have a preserved ejection 
fraction (HF with preserved ejection fraction, HFpEF), and roughly 
two-thirds of these patients have obesity1–3. Obesity-related HFpEF 
represents the most advanced form of cardiovascular–kidney–meta-
bolic disease, a syndrome recognized by the American Heart Associa-
tion4. Individuals with obesity-related HFpEF have a high burden of 
hypertension and chronic kidney disease (CKD), which develops in 
response to marked blood volume (BV) expansion and chronic systemic 
inflammation5–8. Indeed, hypertension, CKD and BV expansion are the 
three features that best distinguish obesity-related HFpEF from asymp-
tomatic individuals with obesity but no HF9. Endothelial dysfunction, 
inflammation and CKD in HFpEF can underlie the development of micro-
albuminuria, which is correlated with greater cardiac dysfunction and 
congestion, along with higher risk for HF hospitalization or death10–12. 
Patients with HFpEF also frequently display chronic low-grade myo-
cardial injury as reflected by elevated levels of troponin13,14, and like 
albuminuria, this degree of myocardial injury in HFpEF is correlated 
with the severity of cardiac dysfunction, hemodynamic congestion, 
impairment in functional capacity and risk for HF hospitalization13,14. 
Notably, cardiac injury is greater in patients with obesity-related HFpEF 
compared with those without obesity15.

The Study of Tirzepatide in Participants with Heart Failure with 
Preserved Ejection Fraction and Obesity (SUMMIT) trial showed 
that the long-acting glucose-dependent insulinotropic polypeptide 
receptor and glucagon-like peptide-1 receptor agonist tirzepatide 
reduced the risk of worsening HF compared with placebo in patients 
with obesity-related HFpEF, while reducing HF symptom severity and 
improving exercise tolerance16. The mechanisms underlying these 
favorable effects of tirzepatide remain unclear. Here, we tested the 
hypothesis that tirzepatide may reduce cardiovascular–kidney 
end-organ damage while exerting favorable effects on circulatory 
volume–pressure overload and systemic inflammation in patients with 
obesity-related HFpEF participating in the SUMMIT trial.

Results
Patient characteristics
A total of 731 patients with obesity-related HFpEF were randomly 
assigned to receive tirzepatide (n = 364) or placebo (n = 367) at 129 
centers in 9 countries between 20 April 2021 and 30 June 2023, with 
data collection through the final study visit on 2 July 2024. Participants 
displayed typical characteristics of obesity-related HFpEF, with mean 
body mass index (BMI) exceeding 38 kg m−2, increased waist circumfer-
ence and high prevalence of comorbidities including coronary disease 
and atrial fibrillation, with no baseline differences in those randomized 
to tirzepatide or placebo (Table 1). Patient-reported health status and 
exercise capacity were severely impaired (mean Kansas City Cardio-
myopathy Questionnaire Clinical Summary Score (KCCQ-CSS), 54; 
mean 6-min walk distance (6MWD), 303 m), and nearly half the partici-
pants had experienced a hospitalization or urgent care visit for wors-
ening HF in the preceding 12 months. Chronic low-grade myocardial 
injury was common, with 41% of participants having elevated levels of 
high-sensitivity troponin T (Table 1).

Participants displayed borderline hypertension at baseline, with 
increased estimated BV and plasma volume (PV) in keeping with the 
diagnosis of obesity-related HFpEF (Table 2). Kidney dysfunction 
was common, with a baseline mean estimated glomerular filtration 
rate (eGFR) of 55.3 ml min−1 1.73 m−2. Over half of the participants had 
stage 3 or greater CKD, over one-quarter had microalbuminuria and a 
smaller proportion had macroalbuminuria. Patients with HFpEF also 
displayed systemic inflammation, with median C-reactive protein (CRP) 
of 3.2 mg l−1, and 66% had elevated CRP (>2.0 mg l−1).

Tirzepatide effects on hemodynamic load and inflammation
As compared with placebo, treatment with tirzepatide reduced systolic 
blood pressure (BP), an effect that was evident after 4 weeks, with a 
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with tirzepatide at 52 weeks was correlated with reduction in log tro-
ponin T (slope 0.239, 95% CI 0.029 to 0.450; P = 0.026).

Correlations with clinical outcomes
As previously reported16, treatment with tirzepatide improved 
KCCQ-CSS score at 52 weeks compared with placebo (ETD 6.9 points, 
95% CI 3.3 to 10.6; P < 0.001), reduced body weight (ETD 11.6%, 95% 
CI −12.9% to −10.4%; P < 0.001) and increased 6MWD (ETD 18.3 m, 
95% CI 9.9 to 26.7; P < 0.001). In the tirzepatide group, reductions in 
systolic BP had no significant relationship with clinical outcomes, 
but decreases in estimated BV were correlated with improvements 
in KCCQ-CSS (slope −6.287, 95% CI −8.091 to −4.482; P < 0.001) and 
increases in 6MWD (slope −1.175, 95% CI −1.810 to −0.539; P < 0.001) 
(Extended Data Table 4). Decreases in CRP with tirzepatide were asso-
ciated with improvement in 6MWD (slope −0.002, 95% CI −0.004 to 
0.000; P = 0.016), but not changes in KCCQ-CSS.

Discussion
In this mechanistic analysis of the SUMMIT trial, we found that, com-
pared with placebo, treatment with the long-acting glucose-dependent 
insulinotropic polypeptide receptor and glucagon-like peptide-1 recep-
tor agonist tirzepatide reduced BP and estimates of circulatory vol-
ume expansion in patients with obesity-related HFpEF. These effects 
were observed early and were sustained with longer duration of treat-
ment. Tirzepatide reduced systemic inflammation, but this effect was 
observed later than the hemodynamic effects. Tirzepatide resulted in 
an early trend to reduction in eGFR at 12 weeks, but this was followed by 
an improvement in eGFR compared with placebo with longer duration 
treatment, and reduction in microalbuminuria. Tirzepatide reduced 
myocardial injury compared with placebo, reflected by a significant 
decrease in troponin T, along with a reduction in NT-proBNP. Reduc-
tions in estimated BV with tirzepatide were correlated with decreases 
in systolic BP, reduction in UACR and improvements in both KCCQ-CSS 
score and 6MWD, suggesting that mitigation of circulatory volume 

Table 1 | Baseline characteristics

Characteristic Tirzepatide 
(n = 364)

Placebo (n = 367)

Age (years) 65.5 ± 10.5 65.0 ± 10.9

Women 200 (54.9%) 193 (52.6%)

Race

 � American Indian, Alaska Native or 
Pacific Islanders

26 (7.1%) 24 (6.5%)

  Asian 58 (15.9%) 73 (19.9)

  Black or African American 22 (6.0%) 14 (3.8%)

  White 256 (70.3%) 256 (69.8%)

  Other or mixed race 2 (0.5%) 0 (0.0%)

Ethnicity

  Hispanic or Latino 195 (53.6%) 205 (55.9%)

  Not Hispanic or Latino 164 (45.1%) 159 (43.3%)

Region

  United States 83 (22.8%) 68 (18.5%)

  Latin America 193 (53.0%) 197 (53.7%)

  Asia 58 (15.9%) 73 (19.9%)

  Other 30 (8.2%) 29 (7.9%)

Measures of adiposity

  Body weight (kg) 102.9 ± 21.7 103.1 ± 22.7

  BMI (kg m−2) 38.3 ± 6.4 38.2 ± 7.0

  Waist circumference (cm) 120 ± 15 120 ± 14

HFpEF severity and phenotyping

  NYHA Class II 262 (72.0%) 268 (73.0%)

  NYHA Class III–IV 102 (28.0%) 99 (27.0%)

  NT-proBNP, median (IQR), ng l−1 196 (56, 488) 169 (64, 476)

  KCCQ-CSS score 53.9 ± 17.9 53.2 ± 19.0

  6MWD (m) 305.0 ± 80.0 300.6 ± 83.5

  Left ventricular ejection fraction (%) 61.0 ± 6.5 60.6 ± 6.2

 � High-sensitivity troponin T, median 
(IQR), (ng l−1)

11 (7–19) 12 (8–19)

  Elevated troponin T (>14 ng l−1), n (%) 151 (42.2%) 147 (40.6%)

  Current atrial fibrillation, n (%) 95 (26.1%) 91 (24.8%)

Cardiovascular history

 � Hospitalization for HF within 
12 months

171 (47.0%) 172 (46.9%)

  Diabetes mellitus 174 (47.8%) 178 (48.5%)

  Coronary artery disease 111 (30.9%) 106 (29.1%)

Cardiovascular medications

  Diuretics 267 (73.4%) 271 (73.8%)

  RAS and neprilysin inhibitors 293 (80.5%) 295 (80.4%)

  Beta blocker 245 (67.3%) 263 (71.7%)

 � Mineralocorticoid receptor 
antagonist

131 (36.0%) 125 (34.1%)

 � Sodium–glucose cotransporter 2 
inhibitor

69 (19.0%) 57 (15.5%)

Plus–minus values are mean ± s.d. The numbers in parentheses are percentages or IQR. Race 
was self-reported; patients who identified with ≥1 race or with no race were classified as other. 
Renin–angiotensin system (RAS) inhibitors include angiotensin-converting enzyme inhibitors, 
angiotensin receptor blockers and angiotensin receptor neprilysin inhibitors.

Table 2 | Baseline circulatory pressure and volume status, 
kidney function and systemic inflammation

Characteristic Tirzepatide 
(n = 364)

Placebo (n = 367)

Baseline hemodynamics and 
volume status

  Systolic BP (mmHg) 127.9 ± 13.1 128.2 ± 13.7

  Diastolic BP (mmHg) 75.7 ± 9.6 76.9 ± 10.0

  Pulse pressure (mmHg) 52.1 ± 12.7 51.2 ± 12.4

  Estimated total BV (l) 5.77 ± 0.96 5.74 ± 0.94

  Estimated PV (l) 3.34 ± 0.58 3.32 ± 0.57

Baseline kidney indices

  eGFR, ml min−1 1.73 m−2 55.5 ± 23.1 55.1 ± 21.7

  Stage 3 or greater CKD, n (%) 212 (58.2%) 229 (62.4%)

  Cystatin C, median (IQR) (mg l−1) 1.26 (1.04–1.63) 1.29 (1.07–1.60)

  UACR, median (IQR), (g kg−1) 17 (8–47) 20 (8–65)

 � Microalbuminuria (UACR 
30–300), n (%)

96 (26.5%) 105 (28.9%)

 � Macroalbuminuria (UACR >300), 
n (%)

22 (6.1%) 39 (10.7%)

Systemic inflammation

 � High-sensitivity CRP, median 
(IQR), mg l−1

3.1 (1.6–6.5) 3.4 (1.4–6.4)

  Elevated CRP (>2 mg l−1), n (%) 233 (66.6%) 227 (65.6%)

Plus–minus values are mean ± s.d., median (IQR) or number (percentage).
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expansion (or factors responsible for volume expansion) may play 
a central role in mediating the benefits of tirzepatide. Conversely, 
decreases in systemic inflammation with tirzepatide were correlated 
with reductions in cardiac injury with tirzepatide, along with a modest 
correlation with improvements in 6MWD. These findings provide new 
insights into the mechanisms by which tirzepatide leads to clinical 
improvement in HFpEF.

Obesity-related HFpEF is the most common phenotype of this 
disorder3,9, and its emergence is causally related to the growing burden 
of cardiovascular–kidney–metabolic disorders observed worldwide4. 
As compared with nonobese HFpEF, patients with obesity-related 
HFpEF display distinct pathophysiologic features, including greater 
volume expansion5,17, more severe inflammation6,7, increases in visceral 
and paracardiac adipose tissue5,15,18,19 and more severe myocardial 
injury15. Indeed, volume expansion, CKD and greater burden of hyper-
tension best distinguish individuals from obesity-related HFpEF from 
age, sex and BMI-matched patients with obesity but no HF9. Collectively, 
these observations suggest that novel treatments that reduce circula-
tory volume–pressure overload (or its determinants), improve kidney 
function, reduce inflammation and mitigate cardiac injury may improve 
clinical status in people with obesity-related HFpEF.

In the SUMMIT trial, tirzepatide reduced the combined risk of 
cardiovascular death or worsening HF, and improved health status 
and exercise tolerance in patients with obesity-related HFpEF16. These 
results are consistent with findings observed in the STEP-HFpEF pro-
gram, where the glucagon-like peptide receptor-1 agonist semaglutide 
was also shown to improve health status and exercise capacity20,21. The 
magnitude of improvements in health status and exercise tolerance 
with semaglutide were correlated with the degree of body weight 
reduction22, but the mechanisms underlying clinical improvement 
with incretins such as tirzepatide and semaglutide in patients with 
obesity-related HFpEF have remained unclear.

Here, we show that tirzepatide reduced circulatory volume expan-
sion using estimates of BV and PV, an effect that was evident after just 
12 weeks of treatment and that further increased at 24 and 52 weeks. 
It is noteworthy that adipocytes release factors that promote sodium 

Table 3 | Effects of tirzepatide on circulatory pressure–
volume characteristics, inflammation and kidney function

Variable and 
duration of 
treatment

Change with 
tirzepatide 
from baseline

Change 
with 
placebo 
from 
baseline

ETD 95% CI P

Systolic BP (mmHg)

  12 weeks −5.5 0.9 −6.4 −8.4 to 
−4.4

<0.001

  24 weeks −6.6 −0.3 −6.4 −8.3 to 
−4.5

<0.001

  52 weeks −4.6 0.1 −4.7 −6.8 to 
−2.5

<0.001

Diastolic BP (mmHg)

  12 weeks −1.1 −0.5 −0.7 −1.9 to 
−0.6

0.313

  24 weeks −1.7 −0.5 −1.3 −2.5 to 
0.0

0.054

  52 weeks −1.2 −0.3 −0.9 −2.3 to 
0.5

0.189

Pulse pressure (mmHg)

  12 weeks −4.4 1.4 −5.8 −7.4 to 
−4.1

<0.001

  24 weeks −4.9 0.3 −5.2 −6.8 to 
−3.7

<0.001

  52 weeks −3.5 0.4 −3.9 −5.6 to 
−2.2

<0.001

Estimated BV (l)

  12 weeks −0.27 −0.04 −0.23 −0.26 to 
−0.21

<0.001

  24 weeks −0.49 −0.07 −0.42 −0.45 to 
−0.38

<0.001

  52 weeks −0.68 −0.11 −0.58 −0.63 to 
−0.52

<0.001

Estimated PV (l)

  12 weeks −0.17 −0.03 −0.13 −0.16 to 
−0.11

<0.001

  24 weeks −0.27 −0.04 −0.23 −0.26 to 
−0.19

<0.001

  52 weeks −0.39 −0.08 −0.32 −0.36 to 
−0.27

<0.001

High-sensitivity CRP (% change from baseline)

  12 weeks −4.7 1.9 −6.5 −18.0 to 
6.7

0.318

  24 weeks −21.5 −6.7 −15.9 −26.4 to 
−4.0

0.010

  52 weeks −39.8 −4.1 −37.2 −45.7 to 
−27.3

<0.001

eGFR (ml min−1 1.73 m−2)

  12 weeks −0.6 0.5 −1.1 −2.7 to 
0.4

0.148

  24 weeks 0.3 0.1 0.2 −1.4 to 
1.8

0.818

  52 weeks 2.6 −0.3 2.9 0.9 to 
4.9

0.004

UACR (% change from baseline)

  24 weeks −26.4 −1.9 −25.0 −35.5 to 
−12.7

<0.001

  52 weeks −14.7 0.4 −15.1 −28.0 to 
0.1

0.051

Variable and 
duration of 
treatment

Change with 
tirzepatide 
from baseline

Change 
with 
placebo 
from 
baseline

ETD 95% CI P

NT-proBNP level (% change from baseline)

  12 weeks −8.9 2.0 −10.8 −19.1 to 
−1.5

0.024

  24 weeks −10.2 −0.6 −9.7 −18.9 to 
0.5

0.063

  52 weeks −7.2 3.7 −10.5 −20.7 to 
1.0

0.072

Troponin T level (% change from baseline)

  12 weeks −1.3 −0.8 −0.6 −7.5 to 
7.0

0.881

  24 weeks −8.6 1.4 −9.8 −16.0 to 
−3.3

0.004

  52 weeks −9.6 0.9 −10.4 −16.7 to 
−3.6

0.003

P values are two-sided for each time point comparison based upon comparing the 
least-squares means calculated from a mixed-model repeated-measures model 
incorporating baseline value, history of HF decompensation within 12 months, diabetes 
status, baseline BMI group (<35, ≥35 kg m−2), treatment assignment, time, and treatment × time 
interaction. No correction was made for multiple hypothesis testing.

Table 3 (continued) | Effects of tirzepatide on circulatory 
pressure–volume characteristics, inflammation and 
kidney function
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retention and volume expansion, including leptin and aldosterone, 
and the reduction in adipocyte mass with tirzepatide may reduce these 
influences23. Volume expansion in obesity-related HFpEF exacerbates 
elevation in cardiac filling pressures that develop due to impairments 
in left ventricular distensibility3, and thus, reducing circulating vol-
ume may decrease cardiac filling pressures. This finding could partly 
explain the direct correlation observed between reductions in BV and 
improvements in KCCQ-CSS score and exercise capacity.

Tirzepatide also decreased systolic BP, an effect that was evident 
after just 4 weeks, and was also associated with reductions in estimated 
BV and PV. Effects on diastolic BP were not apparent, and thus, there 

was a significant reduction in pulse pressure. Pulse pressure is inversely 
correlated with arterial compliance, which is frequently impaired in 
patients with HFpEF, where increases in aortic stiffness contribute to 
elevation in cardiac filling pressures, especially during exercise24. Treat-
ment with the sodium–glucose cotransporter 2 inhibitor dapagliflozin 
was recently shown to reduce aortic stiffness, systolic BP and pulse 
pressure during exercise after just 24 weeks, and these changes were 
correlated with reductions in left ventricular filling pressures25. The 
magnitude of improvement in arterial compliance with dapagliflozin 
was correlated with the magnitude of weight loss. Further study using 
more direct measures is indicated to determine whether tirzepatide 
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(<35, ≥35 kg m−2), treatment assignment, time, and treatment × time interaction. 
No correction was made for multiple hypothesis testing.
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Fig. 2 | Effects of tirzepatide on systemic inflammation, cardiac injury and 
natriuretic peptide levels. a, Least-squares mean changes from baseline in 
CRP plotted as a function of duration of treatment in participants randomized 
to tirzepatide (red circles) or placebo (black squares). b, The estimated mean 
treatment difference in the change in troponin T and NT-proBNP with tirzepatide 
(TZP) to baseline compared with placebo plotted as a function of duration of 
treatment. The error bars represent the s.e.m. for all panels; P values are two-

sided for each time point comparison for a and b based upon comparing the 
least-squares means calculated from a mixed-model repeated-measures model 
incorporating baseline value, history of HF decompensation within 12 months, 
diabetes status, baseline BMI group (<35, ≥35 kg m−2), treatment assignment, 
time, and treatment × time interaction. No correction was made for multiple 
hypothesis testing.
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also improves arterial compliance, which would be consistent with the 
effects on systolic and pulse pressure observed here.

Obesity can contribute to CKD through multiple mechanisms 
including volume expansion (leading to glomerular hyperfiltration) 
and the effect of adipocytokines (leptin and aldosterone) to cause 
renal injury and fibrosis23,26. Leptin is an important determinant of 
the decline in eGFR in the general population, and mineralocorticoid 
receptor antagonists ameliorate the progression of CKD23,27. In the 
SUMMIT trial, decreases in estimated BV at 52 weeks (potentially 
related to the suppression of adipocytokines) were associated with 
reduction in albuminuria, but we observed no relationship with the 
improvements in eGFR. Tirzepatide tended to worsen eGFR estimated 
using cystatin C compared with placebo at 12 weeks, but this was 
reversed by 52 weeks, an effect that was consistently observed across 
all formulas used to determine eGFR. This pattern of an early worsen-
ing of eGFR followed by favorable improvements with longer-term 
follow-up was also observed in the tirzepatide versus insulin glargine 
in type 2 diabetes and increased cardiovascular risk (SURPASS-4) trial 
with tirzepatide28 and the Evaluate Renal Function with Semaglutide 
Once Weekly (FLOW) trial with semaglutide29, as well as other reno-
protective drugs such as sodium–glucose cotransporter 2 inhibi-
tors30. The present study suggests that the bimodal relationship may 
be explained by a relatively early-onset reduction in systolic BP and 
estimated BV, resulting in short-term decline in eGFR at 12 weeks. This 
is then superseded by a favorable effect on eGFR and UACR, potentially 
mediated by long-term decrease in fat mass and the suppression of 
adipocytokines.

Improvements in kidney function with incretins have been pos-
tulated to be related to a decrease in systemic inflammation, but we 
observed no correlation between changes in CRP and changes in 
eGFR. Systemic hypertension has been linked to the development of 
obesity-related CKD26, but we observed a direct relationship between 
decreases in systolic BP and decreases in eGFR at multiple time points. 
This may reflect the impact of reductions in renal perfusion pressure 
that have been associated with reduction in eGFR in both acute and 

chronic HF30,31. Tirzepatide reduced albuminuria compared with pla-
cebo, with a significant effect at 24 weeks, preceding the improvement 
in eGFR, which is also consistent with a decrease in glomerular hyper-
tension as a key mechanism.

Tirzepatide reduced cardiac injury, reflected by decreases in tro-
ponin T, and reduced wall stress, reflected by decreases in NT-proBNP. 
The latter is notable because weight loss in the absence of HF leads to 
increases in NT-proBNP32,33. We did not require elevated NT-proBNP 
as an eligibility criterion, and thus, NT-proBNP levels in SUMMIT were 
only slightly elevated on average (median 175 ng l−1), and accordingly, 
there was little margin for further reduction. Circulating troponin 
levels are commonly elevated in HFpEF, where they are associated with 
greater risk for HF hospitalization or death14. The low-grade myocardial 
injury in HFpEF as observed at baseline in SUMMIT is believed to be 
related to cardiomyocyte loss due to repetitive elevations in cardiac 
filling pressures during stress, along with adverse loading conditions 
caused by ventricular–vascular stiffening13,34. Patients with HFpEF 
and elevated troponin have more severe elevation in filling pressures, 
reduced myocardial stress reserve and poorer exercise capacity com-
pared with those without injury13, and individuals with the obesity 
phenotype have higher troponin levels than those without obesity15. 
We observed a modest but significant correlation between decreases 
in CRP and reductions in troponin with tirzepatide, suggesting that 
anti-inflammatory effects may contribute to cardiac benefits. It is 
noteworthy that the temporal sequence of anti-inflammatory effects 
and the changes in troponin were similar, and these were delayed 
compared with effects on circulatory volume and pressure, further 
supporting a distinct mechanism. The favorable effects of tirzepatide 
on myocardial injury may contribute to reduced risk for worsening HF 
seen in the SUMMIT trial16. Reduction in CRP with tirzepatide was also 
associated with greater improvement in 6MWD. This may relate in part 
to myocardial benefits, as noted above, or potentially improvements 
in skeletal muscle function and peripheral oxygen uptake, which are 
more dramatically impaired in patients with HFpEF and more severe 
inflammation35.
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Fig. 3 | Effects of tirzepatide on kidney function and albuminuria. a, Top: least-
squares mean changes from baseline in eGFR plotted as a function of duration 
of treatment in participants randomized to tirzepatide (red circles) or placebo 
(black squares). Bottom: the estimated mean treatment difference in the change 
in eGFR with tirzepatide versus baseline compared with placebo plotted as a 
function of duration of treatment. b, The least-squares mean change in UACR in 
participants treated with tirzepatide (red) and placebo (black) as a function of 

duration of treatment. The error bars represent the s.e.m. for all panels; P values 
are two-sided for each time point comparison for a and b based upon comparing 
the least-squares means calculated from a mixed-model repeated-measures 
model incorporating baseline value, sex, history of HF decompensation within 
12 months, diabetes status, baseline BMI group (<35, ≥35 kg m−2), treatment 
assignment, time, and treatment × time interaction. No correction was made for 
multiple hypothesis testing.
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The major limitation of this analysis centers on the fact that we 
estimated PV using a weight-based formula (the Kaplan–Hakim equa-
tion)36, and according to this formula, the weight loss produced by 
tirzepatide would be mathematically expected to reduce PV. However, 
such an effect is physiologically inescapable, since PV/BV is inherently 
linked to body weight37, and thus, PV/BV necessarily declines as weight 
is lost. The mechanism that mediates this effect is probably due to a 
decrease in fat mass to reduce the secretion of adipocytokines that 
have antinatriuretic effects. However, in the case of tirzepatide, it is 
noteworthy that glucagon-like peptide-1 receptor agonism produces 
a direct effect itself to promote urinary sodium excretion, independ-
ent of changes in adipose tissue volume38,39. We understand that 
weight-independent formulas to estimate changes in PV have been 
proposed40, but these are relevant only for short-term interventions 
and are not applicable when there are meaningful changes in weight 
over months. Nevertheless, it is possible that we may have overesti-
mated the magnitude of BV and PV reduction with tirzepatide in our 
analysis, as the relationship between BV and body weight may change 
as people lose weight. An alternative and more quantitative approach 
would be to directly measure PV/BV using the indicator-dilution 
method, but that would not be practical in a large-scale, international, 
multicenter randomized trial, leaving us no viable alternatives to 
explore this potential mechanism. All outcomes and analyses were 
prespecified, with the exception of the estimated BV and PV, as well 
as the regression analyses used to explore potential mechanisms, 
so these data should be treated as hypothesis-generating. Patients 
with active chronic noninflammatory myopathy and myositis may 
have mild elevation in troponin T independent of myocardial injury41. 
However, patients with significant musculoskeletal disease were 
excluded from SUMMIT by protocol. Reductions in body weight 
with tirzepatide would be expected to reduce skeletal muscle to 
some extent, which could influence creatinine dependent of changes 
in kidney function, and for this reason, we calculated eGFR using 
cystatin C in place of creatinine. Importantly, the findings showing 
kidney benefits were consistently observed across all formulas used 
to calculate eGFR. The duration of follow-up assessments for most 
measures was 52 weeks, reducing our ability to reach conclusions 
about longer-term effects.

In this mechanistic analysis from the SUMMIT trial, we show that 
tirzepatide reduced circulatory volume–pressure overload and sys-
temic inflammation in patients with obesity-related HFpEF, while miti-
gating cardiovascular–kidney end-organ injury and loss of function. 
These data provide new insights into the mechanisms of benefit from 
tirzepatide in patients with obesity-related HFpEF.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
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tributions and competing interests; and statements of data and code 
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Methods
The SUMMIT primary results, trial protocol and statistical analysis plan 
have been published, and the protocol and statistical analysis plan are 
included in Supplementary Information16. The ethics committee at each 
investigative site approved the trial, and all patients provided written 
informed consent. The registration identifier on clinicaltrials.gov is 
NCT04847557. The sponsor was Eli Lilly and Company. In collaboration 
with the sponsor, the steering committee developed and amended 
the protocol, oversaw the recruitment of patients and the quality of 
follow-up, and supervised the analysis of data; the academic members 
provided an independent interpretation of the results.

Study patients
Participants with HFpEF aged ≥40 years with chronic class II–IV HF, left 
ventricular ejection fraction ≥50% and a BMI ≥30 kg m−2 were enrolled. 
Patients were required to have exercise limitation and high symp-
tom severity due to HFpEF reflected by a 6MWD of 100–425 m and a 
KCCQ-CSS ≤80 at baseline, along with objective evidence of HF, as 
demonstrated by at least one of the following: (1) elevated NT-proBNP 
(≥200 pg ml−1 in sinus rhythm or ≥600 pg ml−1 in atrial fibrillation); 
(2) structural heart disease, defined by left atrial enlargement by 
two-dimensional echocardiography; or (3) elevated filling pressures 
at rest or with exercise (by invasive hemodynamic measurement or 
echocardiography). To enrich for greater risk of HF events, partici-
pants were also required to have either (1) HF decompensation in the 
preceding 12 months or (2) eGFR <70 ml min−1 1.73 m−2. Full inclusion 
and exclusion criteria are summarized in Supplementary Appendix 1.

Study procedures
Following screening, eligible patients were randomized double blind 
(1:1) to receive placebo or tirzepatide 2.5 mg per week subcutane-
ously, in addition to usual therapy. Randomization was stratified by 
(1) HF decompensation within 12 months; (2) type 2 diabetes; (3) BMI 
≥35 kg m−2 or <35 kg m−2. The dose of the double-blind study medica-
tion was increased by 2.5 mg every 4 weeks as tolerated until a dose 
of 15.0 mg per week of tirzepatide or matching placebo could be 
achieved after 20 weeks, which was maintained until the end of the 
trial. Double-blind treatment was to be continued until the last rand-
omized patient was followed for 52 weeks.

The outcomes for this secondary mechanistic analysis from SUM-
MIT were identified on the basis of pathophysiologic understanding 
of obesity-related HFpEF as variables that we hypothesized would 
change with tirzepatide treatment, including measures of BP, estimated 
BV and PV, kidney function, albuminuria, cardiac injury, inflamma-
tion and cardiac distention (reflected by NT-proBNP). These variables 
were obtained on the basis of either physical examination (for BP) or 
laboratory tests (from blood and urine samples). All of the outcomes 
assessed were prespecified as exploratory outcomes, with the excep-
tion of estimated BV and PV, which were post hoc and not prespecified.

Patients were evaluated in a clinical setting at prespecified inter-
vals to assess body weight, BP, New York Heart Association (NYHA) 
class, worsening HF events, KCCQ-CSS, 6MWD and biomarkers of 
end-organ function or injury. Cystatin C was determined using a tur-
bidimetric assay (Roche Cobas Chemistry Analyzer). Because weight 
loss with tirzepatide is expected to reduce both fat and skeletal muscle 
mass, creatinine could be less accurate as a measure of kidney function. 
Therefore, for the primary analysis, eGFR was calculated from cystatin 
C level alone, using the 2012 chronic kidney disease-epidemiology 
(CKD-EPI) cystatin C formula, at baseline and 12, 24 and 52 weeks42. 
Sensitivity analyses were also performed using eGFR calculated 
determined using the 2021 creatinine-based CKD-EPI formula43, and 
separately using the combined creatinine-cystatin C CKD-EPI for-
mula (Supplementary Appendix 2)19. Urine albumin was measured 
using a turbidimetric assay and urine creatinine by colorimetric assay 
(both Roche Cobas Chemistry Analyzer), and UACR was calculated at 

baseline, 24 weeks and 52 weeks. Systemic inflammation was assessed 
by high-sensitivity CRP, measured by turbidimetric assay (Roche Cobas 
Chemistry Analyzer) at baseline and 12, 24 and 52 weeks. Myocardial 
injury was assessed by high-sensitivity troponin T, measured by chemi-
luminescent immunoassay (Roche Cobas Elecsys) at baseline, 12 weeks, 
24 weeks and 52 weeks. Hematocrit was measured at baseline, 24 weeks 
and 52 weeks. Estimated PV was calculated from these variables as 
(1 − hematocrit) × (a + (b × weight in kg)), where a = 1,530 for men and 
864 for women and b = 41 for men and 47.9 for women5. Estimated total 
BV was then determined by PV/(1 − hematocrit).

Statistical methods
Data are reported as mean (standard deviation, s.d.), median (inter-
quartile range, IQR) or number (%) unless otherwise specified. All 
analyses presented were prespecified, with the exception of estimated 
BV and PV, and the results of linear regression analyses exploring cor-
relations between changes in different variables, which are exploratory 
and post hoc. Analyses were guided by the treatment policy estimand 
that represents the efficacy irrespective of adherence to study inter-
vention. A mixed-effects model repeated-measures analysis was used 
to analyze measurements taken at multiple scheduled visits. The 
mixed-effects model repeated-measures model included treatment, 
time, treatment-by-time interaction, stratification factors (HF decom-
pensation within 12 months of screening (yes/no), diagnosed type 2 
diabetes (yes/no) and baseline BMI (<35, ≥35 kg m−2) as fixed effects, and 
baseline value as a covariate. Restricted maximum likelihood was used 
to obtain model parameter estimates, and the Kenward–Roger option 
was used to estimate the denominator degrees of freedom. An unstruc-
tured covariance structure was used to model the within-patient errors.

A linear regression was used to analyze potential relation-
ships between continuous dependent and independent variables, 
and included baseline value, treatment, specified covariate and 
treatment-by-covariate interaction. Given that the focus was on mecha-
nistic understanding rather than clinical indications, adjustment for 
multiple hypothesis testing was not performed. Logistic regression was 
used to analyze the potential relationship of independent variables with 
a binary dependent variable, and included baseline value, treatment 
and stratification factors (HF decompensation within 12 months of 
screening (yes/no), diagnosed type 2 diabetes (yes/no) and baseline 
BMI (<35, ≥35 kg m−2) as covariates.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Eli Lilly and Company provides access to all individual participant data 
collected during the trial, after anonymization, except for pharma-
cokinetic or genetic data. Data are available to request 6 months after 
the indication studied has been approved in the United States and 
European Union and after primary publication acceptance, whichever 
is later. No expiration date of data requests is currently set once data 
have been made available. Access is provided after a proposal has 
been approved by an independent review committee identified for 
this purpose and after receipt of a signed data-sharing agreement. 
Data and documents, including the study protocol, statistical analysis 
plan, clinical study report and blank or annotated case report forms, 
will be provided in a secure data-sharing environment. The estimated 
time delay for a researcher requesting access to data to receive a reply 
from Lilly would be 3–6 months. For details on submitting a request, 
see the instructions provided at www.vivli.org.

References
42.	 Inker, L. A. et al. Estimating glomerular filtration rate from serum 

creatinine and cystatin C. N. Engl. J. Med. 367, 20–29 (2012).

http://www.nature.com/naturemedicine
https://clinicaltrials.gov/ct2/show/NCT04847557
http://www.vivli.org


Nature Medicine

Article https://doi.org/10.1038/s41591-024-03374-z

43.	 Inker, L. A. et al. New creatinine- and cystatin C-based 
equations to estimate GFR without race. N. Engl. J. Med 385, 
1737–1749 (2021).

Acknowledgements
The SUMMIT trial was funded by Eli Lilly and Company. B.A.B. is also 
supported by R01 HL128526, R01 HL162828 and U01 HL160226 from 
the NHLBI and W81XWH2210245 from the US Department of Defense.

Author contributions
The academic members of the Steering Committee (B.A.B., M.R.Z., 
C.M.K. and M.P.) along the sponsor, Eli Lilly, conceived and designed 
the study. Y.O. and N.U. were responsible for the statistical analyses 
and had full access to the data. B.A.B. wrote the first draft. All authors 
participated in the interpretation of the data and critical review of the 
paper, vouched for data accuracy and adherence to the protocol and 
had responsibility for the decision to submit for publication.

Competing interests
B.A.B. receives research support from the National Institutes of Health 
(NIH) and the US Department of Defense, as well as research grant 
funding from AstraZeneca, Axon, Corvia, Novo Nordisk and Tenax 
Therapeutics. B.A.B. has served as a consultant for Actelion, Amgen, 
Aria, Axon Therapies, BD, Boehringer Ingelheim, Cytokinetics, Edwards 
Lifesciences, Lilly, Imbria, Janssen, Merck, Novo Nordisk, NGM, NXT 
and VADovations and is named inventor (US patent no. 10,307,179) 
for the tools and approach for a minimally invasive pericardial 
modification procedure to treat HF. M.R.Z. receives research 
support from the Department of Veterans Affairs and serves as a 
consultant for Abbott, Adona Medical, Aria CV, Avery Therapeutics, 
Inc., Boehringer Ingelheim, Boston Scientific, Cardiovascular 
Research Foundation (CRF) Clinical Trials Center, CVRx, DIASTOL 
Therapeutics, LLC, EBR, Edwards, Lilly, GenKardia, Innoventric, 

Kestra Medical, Medtronic, Merck, Morphic Therapeutics, Novartis, 
Pulnovo, Salubris Biotherapeutics, Sonata, sRNAlytics Inc., V-WAVE 
and Vectorious. C.M.K. has served as a consultant for Eli Lilly. S.J.B. 
has served as consultant for Altimmune, Amgen, Beren Therapeutics, 
Boehringer Ingelheim, Lilly, Esperion, Ionis Pharmaceuticals, Madrigal 
Pharmaceuticals, Merck, Novartis and Regeneron. S.E.L. reported 
being on the patient selection committee for Corvia and Axon and 
being a consultant for Novo Nordisk and Lilly. K.H., M.M., Y.O. and N.U. 
are employed by Eli Lilly and Company. M.P. has served as a consultant 
for 89bio, AbbVie, Actavis, Altimmune, Alnylam, Amarin, Amgen, 
Ardelyx, ARMGO, AstraZeneca, Attralus, Biopeutics, Boehringer 
Ingelheim, Caladrius, Casana, CSL Behring, Cytokinetics, Lilly, Imara, 
Medtronic, Moderna, Novartis, Pharmacocosmos, Reata, Regeneron, 
Roche and Salamandra.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s41591-024-03374-z.

Supplementary information The online version  
contains supplementary material available at  
https://doi.org/10.1038/s41591-024-03374-z.

Correspondence and requests for materials should be addressed to 
Barry A. Borlaug.

Peer review information Nature Medicine thanks the anonymous 
reviewers for their contribution to the peer review of this work.  
Primary Handling Editor: Michael Basson, in collaboration with the 
Nature Medicine team.

Reprints and permissions information is available at  
www.nature.com/reprints.

http://www.nature.com/naturemedicine
https://doi.org/10.1038/s41591-024-03374-z
https://doi.org/10.1038/s41591-024-03374-z
http://www.nature.com/reprints


Nature Medicine

Article https://doi.org/10.1038/s41591-024-03374-z

Extended Data Table 1 | Effects of Tirzepatide on eGFR calculated using alternative formulas
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Extended Data Table 2 | Linear Regression Models Exploring Relationships between Outcome Changes at 52 Weeks
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Extended Data Table 3 | Linear Regression Models Exploring Relationships between Changes in eGFR and Circulatory 
Volume-Pressure at 12 Weeks
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Extended Data Table 4 | Linear Regression Models Exploring Relationships between Outcome Changes and Clinical 
Endpoints
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