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Abstract 

Glucagon-like peptide-1 (GLP-1) receptor agonists are revolutionizing the treatment of obesity 

and related illnesses, including kidney disease. While it is widely believed that the benefits of 

GLP-1 receptor agonists on the kidney are primarily driven by weight loss, data from 

randomized trials in humans are less supportive of this viewpoint. This mini-review presents an 

alternative hypothesis positing that the kidney protective benefits of GLP-1 receptor agonists are 

largely independent of weight loss. In doing so it presents supportive data, reviews the clinical 

implications, and describes additional research that is needed to confirm the hypothesis. 
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Introduction 

Glucagon-like peptide-1 (GLP-1) receptor agonists are revolutionizing the treatment of 

obesity and the cardiovascular-kidney-metabolic syndrome.1 Beginning with the US Food & 

Drug Administration’s approval of semaglutide in 2017 followed by tirzepatide in 2022 (with 

other even more efficacious drugs now in active development2,3), these newer GLP-1RA have 

shown remarkable potency in causing large and sustained weight loss4,5 in individuals with 

obesity as well as ameliorating a variety of obesity-related illnesses including kidney disease.6-8 

This is important since obesity is highly prevalent in the chronic kidney disease (CKD) 

population and is a predominating risk factor for the development and progression of kidney 

disease, impaired management of CKD, and adverse patient outcomes.8,9 

It is widely believed that benefits of GLP-1RA on kidney health are primarily driven by their 

effects on weight loss since obesity is thought to be the wellspring for a variety of causal risk 

factors, including but not limited to type 2 diabetes and hypertension,10,11 that lead to CKD, 

morbidity and death.  Yet data from the Evaluate Renal Function with Semaglutide Once Weekly 

(FLOW) trial, the sole published study with hard primary kidney endpoints in people with 

preexisting CKD, showed only a relatively modest 4.1 kg difference in weight loss between the 

semaglutide (1.0 mg weekly) and placebo arms at the median 3.4 year follow-up point despite 

marked improvements in kidney, cardiovascular, and mortality endpoints.6 Moreover, as shown 

in Table 1 and reviewed immediately below, analyses of FLOW and other randomized trials of 

GLP-1RA have described weak relationships, if any, between change in weight and 

improvements in kidney parameters. 

In FLOW the estimated percentage mediation of weight loss on the primary kidney outcome 

(a composite of kidney failure, estimated glomerular filtration rate (GFR) reduction of ≥50%, or 
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kidney or cardiovascular death) was a nonsignificant -0.5% (95% CI: -29.8, 27.8).12 The only 

other prospective trial of GLP-1RA with a kidney parameter as primary endpoint randomized 

125 individuals without diabetes, overweight or obesity and mean eGFR 65 ml/min/1.73m2 and 

albuminuria 251 mg/g to semaglutide 2.4 mg weekly versus placebo. The authors found no 

correlation between change in weight and measured or eGFR in either arm.7 However, change in 

body weight did correlate weakly with change in albuminuria at the end of the study in the active 

(r=0.35, P=0.02) and placebo (r=0.34, P=0.02) arms. 

The relationship between change in weight and kidney markers was also evaluated in several 

secondary or post-hoc analyses of clinical trials studying GLP-1RA. In 576 patients with type 2 

diabetes and a mean baseline eGFR of 38 ml/min/1.73m2 randomized to dulaglutide or insulin 

(AWARD-7), Tuttle et. al. found no statistically significant relationship between change in body 

weight and change in eGFR.13 Mann et. al. used mediation analysis to assess the independent 

impact of change in body weight with liraglutide and semaglutide use on a composite kidney 

outcome (i.e. macroalbuminuria, doubling of serum creatinine and eGFR <45 ml/min/1.73m2, 

and need for dialysis or death from kidney disease) in two separate randomized trials.14 Change 

in body weight mediated only 9% (95% CI: -7.9, 35.5) of the kidney outcomes in the Liraglutide 

Effect and Action in Diabetes: Evaluation of CV Outcome Results (LEADER) trial and 0% of 

outcomes in the Trial to Evaluate CV and Other Long-Term Outcomes with Semaglutide in 

Subjects with Type 2 Diabetes (SUSTAIN 6). Accounting for use of RAAS-blocking agents did 

not qualitatively affect the results. However, the authors of LEADER did find a more substantial 

effect of change in weight (i.e. 29%) in the subgroup with eGFR≥60 ml/min/1.73m2.  Finally, an 

exploratory analysis from the SELECT trial, in which nearly 18000 adults with overweight or 

obesity and established cardiovascular disease without diabetes and median eGFR 85 
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ml/min/1.73m2 were randomized to semaglutide 2.4 mg weekly or placebo, found little 

correlation (r=-0.053) between change in weight and change in eGFR. However, a mediation 

analysis suggested that 81% (95% CI: 41, 120) of the change in eGFR was attributable to change 

in weight.15 In summary, the totality of the evidence in the clinical trial arena supports the 

hypothesis that the renoprotective benefits of GLP-1RA are largely independent of weight loss. 

While modest weight loss differences in some of these trials (FLOW, AWARD-7, LEADER, 

SUSTAIN 6) may have blunted any signal demonstrating a relationship between weight loss and 

kidney outcomes, this was not true for SELECT or SMART. Both studies used the highest dose 

of semaglutide and achieved substantial weight loss compared to the control arm (about 9% of 

baseline weight). However, differential effects of individual GLP-1 receptor agonists as well as 

inherent limitations of mediation analyses could have also influenced the conclusions reviewed 

above. 

An additional line of evidence supporting the proposed hypothesis that is beyond the scope of 

this review but is worthwhile mentioning is the weak relationship between change in weight and 

kidney-related parameters observed after bariatric/metabolic surgery. This is the most effective 

weight loss-inducing procedure and one that leads to greatly increased postprandial levels of 

GLP-1.16 Several retrospective studies and one meta-analysis using the bariatric surgery model 

found no significant association between change in weight and change in estimated or measured 

GFR.17-20 

Confirmation of the hypothesis that the kidney protective effects of GLP-1 receptor agonists 

are largely independent of weight loss would have major clinical implications for treatment of 

CKD. The majority of patients in the US with CKD are not obese (and many may not even be 

overweight) so weight loss in these individuals is not a major goal, and may not even be 
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desirable.9 Lower or even “micro” dosing of GLP-1RA could be an effective strategy that offers 

kidney protection while minimizing weight loss and known side effects.  Use of GLP-1RA could 

be expanded to patients with kidney diseases from non-metabolic etiologies, which comprises 

half or more of the world’s CKD population. In an environment where demand for GLP-1RA 

exceeds supply, the CKD population could be prioritized as a high-risk group that could be 

among the first in line to receive these drugs. Finally, confirmation of the hypothesis would open 

up avenues of research that could lead to novel treatment strategies for CKD. 

Weight-Independent Mechanisms of GLP-1 Mediated Kidney Protection  

Perspectives on the mechanisms through which GLP-1RA mediate kidney protection are 

publicly available21,22 and have been augmented by the recently reported REMODEL trial, which 

was designed to evaluate semaglutide’s kidney protective effects from a pathophysiological 

approach.23 REMODEL followed 106 individuals with type 2 diabetes, an eGFR between 30 and 

75 ml/min/1.73m2, and albuminuria between 20 and 5000 mg/g who were randomized to 

semaglutide 1 mg weekly versus placebo and followed over 52 weeks. While no differences were 

noted between groups in terms of the magnetic resonance imaging (MRI)-based primary 

outcome measures of kidney perfusion or oxygenation, compared to placebo the semaglutide arm 

had statistically significant stabilized kidney fibrosis and lower kidney vascular resistance in 

conjunction with large reductions in albuminuria and a higher creatinine clearance and filtration 

fraction. An exploratory transcriptomic analysis also found downregulation in metabolic stress 

and fibro-inflammatory genes in glomerular endothelial cells. Though REMODEL was a well-

designed and innovative trial, it was not designed to isolate weight loss-independent mechanisms 

of GLP-1RA as semaglutide use led to 5% weight loss from baseline. Exploring the weight loss-

independent mechanisms requires analyzing the results of models that are not influenced by 
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weight loss. 

The primary line of experimental evidence for the existence of weight loss-independent 

effects of GLP-1 and its receptor agonists derives from in vitro cell studies. From a metabolic 

regulation standpoint these studies found that GLP-1 promoted the expression of AMP-activated 

protein kinase (AMPK) while inhibiting mTOR signaling and attenuating hyperglycemia-

induced downregulation of SIRT1 expression.24,25 The GLP-1RA exendin-4 corrected high 

fat/high-glucose related dysfunction of glycolysis and the tricarboxylic acid cycle,26 while 

semaglutide and tirzepatide enhanced PI3K/AKT signaling pathway in cells exposed to high 

glucose.27 These findings suggest that GLP-1 plays an important role in energy sensing (AMPK, 

SIRT1) and regulation of cell growth (SIRT1, mTOR, PI3K/AKT). 

The inflammatory milieu was also affected. GLP-1, exendin-4, and liraglutide reduced 

hyperglycemia-mediated TNF-α dependent ICAM-1 gene expression,28 secretion of TNF-α, IL-

1β, and IL-6,25 and overexpression of the TLR4 pathway and inflammatory cytokines (Il-6, TNF-

α, MCP-1).29 As a major receptor in the innate immune system, TLR4 plays an important role in 

triggering the inflammatory response. GLP-1 also suppressed angiotensin II-induced NF-κB cell 

staining, ICAM-1, and PAI-1 mRNA production30 and blocked AGE-mediated monocyte 

chemoattractant protein-1 (MCP-1) expression.31 

GLP-1, exendin-4, semaglutide and tirzepatide suppressed hyperglycemia-related production 

of reactive oxygen species (ROS) and improved antioxidant (superoxide dismutase, glutathione 

reductase) activity and mitochondrial function.25-27 GLP-1, exendin-4, and exenatide suppressed 

oxidative stress by allowing nuclear translocation of Nrf2, a promoter of antioxidant genes,24 

restored SIRT1 function leading to reduced ROS and improved mitochondrial potential,32 

blocked AGE-mediated ROS31 and inhibited angiotensin-II mediated upregulation of superoxide 
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generation.30 

Cell survival and apoptosis were improved. In a high glucose environment GLP-1, exendin-

4, liraglutide, semaglutide and tirzepatide protected against hyperglycemia-related apoptosis by 

attenuating the rise in markers of autophagy (LC3-II, Beclin I, caspase, Bax) and the reduction in 

anti-apoptotic proteins (Bcl-2).25-27,33,34 GLP-1 and exendin-4 also reduced apoptosis by restoring 

SIRT1 function and mediated autophagy via AMPK while inhibiting mTOR.24,32 

Exendin-4 and liraglutide attenuated the effects of hyperglycemia on fibrosis by reducing the 

expression of fibronectin, collagen types I and IV, and smooth muscle actin proteins, and 

blunting reductions in Wnt/B-catenin signaling proteins that are believed to be involved in 

maintaining the balance of extracellular matrix production.29,35-37 Finally, GLP-1 reduced 

receptor for AGE (RAGE) gene expression31 while exenatide lowered high glucose-mediated 

mRNA expression of markers of tubular damage (FABP1, NGAL, KIM-1, SGLT2).38  

Figure 1 provides a unifying conceptual model for the findings above. The fact that studies 

using different cell lines, cell environments, and drugs all reported salutary effects in a variety of 

cell culture models, which were all independent of change in weight, supports the hypothesis 

presented herein. Though cell cultures cannot replace whole-organism studies due in part to their 

simplified systems, the hypothesis is further strengthened by one recent whole-organism study 

that characterized the effects of semaglutide on the kidneys of a non-obese mouse model of 

kidney disease.39 While semaglutide did not influence weight, it reduced albuminuria, increased 

GFR, downregulated genes related to inflammation and fibrogenesis, and reduced interstitial 

immune cell infiltration. 

Future Research Steps 

Confirming the hypothesis presented in this review will require validation in human subjects. 
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An initial step would be to retrospectively interrogate data from GLP-1RA clinical trials, identify 

individuals who did not lose weight in the active arm, and evaluate whether they exhibited 

kidney-related benefits despite having no weight loss. A next step would involve randomized 

trials of GLP-1RA in non-obese patients with or without metabolic-related kidney disease to test 

their effects on kidney parameters while using low enough doses that weight loss is minimized. 

Establishing such a dosing regimen may require additional study.  
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Table 1: Relationship between Change in Weight and Kidney Parameters in GLP-1 Receptor Agonist Clinical Trials 
Trial Name GLP-1 

Receptor 
Agonist  

Population % Greater Difference 
in Weight Loss vs 

Comparator  

Kidney Parameter 
Measured 

Relationship between Weight 
and Kidney Parameters? 

FLOW6, 2024 Semaglutide CKD, T2DM 
N=3533 

4.1% Composite kidney outcome No 

SMART7, 2024 Semaglutide CKD, OV/O 
N=125 

~8.7% mGFR/eGFR 
Albuminuria 

No 
Weak Yes (r=0.35) 

AWARD-713, 2019 Dulaglutide CKD, T2DM 
N=577 

4.2% (highest dose) eGFR No 

LEADER14, 2021 Liraglutide T2DM, CVD 
N=4468 

~2.2% Composite kidney outcome Weak Yes 
(9% in mediation analysis) 

SUSTAIN 614, 2021 Semaglutide T2DM, CVD  
N=1648 

4.4% (highest dose) Composite kidney outcome No 

SELECT15, 2024 Semaglutide OV/O, CVD 
N=17604 

8.5% eGFR Weak to Strong Yes 
(r=-0.053 though 81% in 

mediation analysis) 

CKD, chronic kidney disease; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; GLP-1, glucagon-like peptide-

1; mGFR, measured glomerular filtration rate; OV/O, overweight or obese; T2DM, type 2 diabetes 
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Table 2: Mechanisms of GLP-1 or GLP-1 Receptor Agonist-Related Kidney Protection in In Vitro Studies 
Pathway of Protection Cell 

Origin 
High Glucose 

Milieu? 
Cell Type Mechanistic Effects of GLP-1 or its Agonists 

Anti-Inflammatory 

Kodera et al., 201128 Human Yes Glomerular 
endothelial 

Reduced TNF-α dependent ICAM-1 gene expression 

Ishibashi et al., 201131 Human No Mesangial Blocked AGE-mediated MCP-1 expression  

Ishibashi et al., 201230 Human No Mesangial Suppressed angiotensin II-induced NF-κB staining, ICAM-1, and PAI-1 
mRNA 

Shi et al., 201825 Mouse Yes Podocyte Suppressed hyperglycemia-induced secretion of TNF-α, IL-1β, and IL-6 

Huang et al., 202429 Rat Yes Mesangial Downregulated high-glucose mediated overexpression of TLR4 pathway 
and inflammatory cytokines (Il-6, TNF-α, MCP-1) 

Age Products/Rage 

Ishibashi et al., 201131 Human No Mesangial Reduced RAGE gene expression 

Oxidative Stress 

Ishibashi et al., 201131 Human No Mesangial Blocked AGE-mediated ROS  

Ishibashi et al., 201230 Human No Mesangial Inhibited angiotensin II-induced upregulation of superoxide generation 

Shi et al., 201825 Mouse Yes Podocyte Suppressed hyperglycemia-induced production of ROS 

Yang et al., 202024 Human No Kidney 
epithelial, 
Embryonic 
kidney  

Suppressed oxidative stress by allowing nuclear translocation of Nrf2 

Wang et al., 202132 Human No Tubular 
epithelial 

Restored SIRT1 function in a high fat milieu leading to reduced reactive 
oxygen species and improved mitochondrial potential 

Wang et al., 202326 Mouse Yes Mesangial Reversed effects of high fat/high glucose exposure leading to improved 
antioxidant activity (i.e. superoxide dismutase and glutathione reductase) 
and mitochondrial function 

Tian et al., 202527 Mouse Yes Podocyte Improved antioxidant function in a high glucose environment 

Apoptosis-Related 

Zhao et al., 201533 Human Yes Tubular 
epithelial 

Protected cells against high glucose-related rise in markers of autophagy 
(LC3-II, Beclin I) and reductions in cell viability 

Shi et al., 201825 Mouse Yes Podocyte Suppressed hyperglycemia-induced apoptosis and associatd upregulation 
of caspase expression and activity 

Yang et al., 202024 Human No Kidney 
epithelium, 
Embryonic 
kidney cells 

Mediated autophagy via AMPK signaling and inhibition of mTOR signaling 

Wang et al., 202132 Human No Tubular 
epithelial 

Restored SIRT1 function in a high fat milieu leading to reduced apoptosis 

Wang et al., 202334 Mouse Yes Podocytes Attenuated the effects of high glucose environment that led to increased 
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pro-apoptotic proteins (Bax, cleaved caspase-3) and downregulated anti-
apoptotic proteins (Bcl-2) 

Wang et al., 202326 Mouse Yes Mesangial Enhanced cell survival and reduced and attenuated markers of apoptosis in 
a high glucose milieu 

Tian et al., 202527 Mouse Yes Podocyte Increased podocyte viability and reduced apoptosis caused by a high 
glucose environment 

Metabolic 

Shi et al., 201825 Mouse Yes Podocyte Attenuated hyperglycemia-induced downregulation of SIRT1 expression 

Yang et al., 202024 Human No Kidney 
epithelium, 
Embryonic 
kidney cells 

Promoted the expression of AMPK signaling and suppressed mTOR 
signaling 

Wang et al., 202326 Mouse Yes Mesangial Improved high fat/high glucose dysfunction of glycolysis and TCA cycle 
function 

Tian et al., 202527 Mouse Yes Podocyte Enhanced the PI3K/AKT signaling pathway 

Anti-Fibrotic  

Jia et al., 201835 Human Yes Tubular 
epithelial 

Reduced fibronectin and collagen I expression 

Huang et al., 201936 Human Yes Mesangial Inhibited high glucose environment-mediated fibronectin and collagen IV 
production 

Huang et al., 202037 Human Yes Mesangial Attenuated high glucose-mediated 1) increases in fibronectin, collagen type 
IV, and smooth muscle actin proteins and 1) blunted reductions in Wnt/β-
catenin activity  

Huang et al., 202429 Rat Yes Mesangial Reduced high glucose-hypersecretion of fibronectin, collagen IV, and anti-
smooth muscle cell actin 

Tubular Effects 

Li et al., 202238 Mouse Yes Tubular 
epithelium 

Lowered high glucose mediated mRNA expression of markers of tubular 
damage (FABP1, NGAL, KIM-1, SGLT2) 

AGE, advanced glycation end products; AMPK, AMP-activated protein kinase; FABP1, fatty Acid-Binding Protein 1; IL-1β, 

interleukin 1 beta; GLP-1, glucagon-like peptide-1; IL-6, interleukin 6; KIM-1, kidney injury molecule 1; MCP-1, monocyte 

chemoattractant protein–1; mTOR, mammalian target of rapamycin; NGAL, neutrophil gelatinase-associated lipocalin; RAAS, renin-

angiotensin-aldosterone; RAGE, receptor for  advanced glycation end products; ROS, reactive oxygen species; SGL2, sodium-glucose 

cotransporter-2; SIRT1, Sirtuin 1; TLR4, Toll-like receptor 4; TNF-α, tumor necrosis factor alpha 
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Figure 1: Unifying Model Describing Weight Loss-Independent Kidney Protective 

Mechanisms of GLP-1 Receptor Agonists Based on In Vitro Evidence 

Abbreviations: AMPK, AMPK, AMP-activated protein kinase; GLP-1, glucagon-like peptide-1; 

mTOR, mammalian target of rapamycin; PI3K, phosphoinositide 3-kinase; SIRT1, Sirtuin 1 
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