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Graphical Abstract

Study Highlights 
•	 T2D and MASLD increase the risk of liver and non-liver complications.
•	 Glucagon-like peptidase 1 receptor agonist decreased the risk of hepatocellular carcinoma, cirrhosis, cardiovascular 

disease, chronic kidney disease, and non-liver cancer among patients with T2D and MASLD.
•	 The majority of findings remained consistent for individual outcomes, such as liver decompensation.
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INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease 

(MASLD), formerly known as non-alcoholic fatty liver dis-

ease (NAFLD), is the most common form of chronic liver 

disease worldwide.1,2 Individuals with MASLD not only face 

a higher lifelong risk of liver-related complications of hepa-

tocellular carcinoma (HCC) and cirrhosis but also are as-

sociated with an increased risk of non-liver complications 

of cardiovascular disease (CVD), chronic kidney disease 

(CKD), and non-liver cancer.3-5 MASLD and type 2 diabetes 

(T2D) commonly coexist, and act synergistically to worsen 

clinical outcomes such as HCC and CVD compared to 

non-diabetic MASLD.5,6 Indeed, more than half of patients 

with T2D have MASLD, and the American Diabetes Asso-

ciation guideline has recommended routine screening and 

management of MASLD in the T2D population.7,8

The U.S. Food and Drug Administration just approved 

resmetirom for the first treatment of non-alcoholic steato-

hepatitis with moderate to advanced liver fibrosis but the 

rate of fibrosis improvement is relatively low (approximately 

20–30%) in phase 3 clinical trial,9 which requires more clin-
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ical exploration. Recently, phase 2 clinical trials suggested 

that glucagon-like peptidase 1 receptor agonist (GLP-1RA) 

performed superior to placebo with respect to improvement 

in metabolic dysfunction-associated steatohepatitis without 

worsening of liver fibrosis, with over 60% of the highest im-

provement rate.10,11 Although several observational studies 

show the benefits of GLP-1RA use for severe liver events in 

the general T2D population,12,13 this effect remains unclear 

in individuals with T2D and MASLD, and detailed informa-

tion on primary liver-related disease burden (i.e., HCC or 

cirrhosis) in relation to GLP-1RA would be valuable. More-

over, the benefits of GLP-1RA also are observed in individ-

uals with T2D and alcoholic liver disease.14 In addition to 

liver-related outcomes, clinical evidence remains insuffi-

cient in the relationship between GLP-1RA use and non-liv-

er complications.

Hence, to address this knowledge gap, we sought to con-

duct a target trial emulation study to investigate the risk of 

primary liver and non-liver complications with GLP-1RA 

use among patients with T2D and MASLD and private 

health insurance.

MATERIALS AND METHODS

Data source

This was a target trial emulation using an observational 

cohort to explore the risk of primary liver and non-liver out-

comes among individuals with T2D and MASLD, compar-

ing those initiating GLP-1RA therapy with those initiating di-

peptidyl peptidase-4 inhibitor (DPP-4i) therapy. Data were 

retrieved from Merative™ Marketscan® Research Databas-

es, which covered more than 250 million participants 

across the U.S. The Marketscan databases were a family 

of data sets that fully integrated various types of data for 

research studies, including medical, drug, and dental re-

cords, laboratory results, and hospital discharges, between 

January 1, 2007, and December 31, 2022.15,16 The study 

was reviewed and approved by the Institutional Review 

Board of Stanford University Medical Center, which waived 

the need for informed consent since the study only used 

deidentified databases.

Study design and eligible criteria

Supplementary Table 1 shows key components of the 

target trial protocol and emulation approach. Originally, we 

identified all patients with a diagnosis of T2D and MASLD 

who started GLP-1RA or DPP-4i in the U.S. between Janu-

ary 1, 2013, and September 30, 2022 (Fig. 1). Other inclu-

sion criteria required use of metformin within the past 1 

year and no use of GLP-1RA before the index date. The in-

dex date was defined as the first prescription date of GLP-

1RA or DPP-4i by multiple healthcare utilization sources 

(i.e., inpatient admissions and service, and outpatient phar-

maceutical drug claims and service claims) during the study 

period. Patients were excluded if they had less than 6 

months of continuous enrollment after baseline (i.e., patients 

whose information could not be collected in the first 6 

months of follow-up), other etiologies of chronic liver diseas-

es (i.e., viral hepatitis, autoimmune hepatitis, toxic hepatitis, 

Wilson disease, hemochromatosis, Budd–Chiari syndrome, 

primary biliary cholangitis, and alcoholic liver disease), other 

types of diabetes, excessive alcohol intake, a history of end-

stage renal disease or liver transplant, or age younger than 

20 years or older than 79 years. The definitions of diseases 

for inclusion and exclusion criteria as per the International 

Classification of Diseases, 9th and 10th Revision (ICD-9/10) 

codes, are listed in Supplementary Table 2.

Treatment strategies

We compared the treatment strategies of either GLP-1RA 

(dulaglutide, exenatide, liraglutide, lixisenatide, and sema-

glutide) or DPP-4i (alogliptin, linagliptin, sitagliptin, and 

saxagliptin) on the risk of liver and non-liver outcomes us-

ing a new-user and head-to-head design. DPP-4i was se-

lected as a comparator because it was novel and common-

ly used as a second or third line diabetic medication in line 

with GLP-1RA.17 In addition, DPP-4i shared similar mecha-

nisms to GLP-1RA for lowering blood sugar.18

Study outcomes

Primary outcomes of interest were incidences of (1) liver 

(HCC or cirrhosis) and (2) non-liver (CVD, CKD, or non-liver 

cancer) outcomes, as per ICD-9/10 codes (Supplementary 

Table 3). In this study, cirrhosis was defined as the pres-
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ence of cirrhosis or its related complications, including as-

cites, spontaneous bacterial peritonitis, variceal bleeding, 

hepatic encephalopathy, and hepatorenal syndrome.19 CVD 

was defined as a component of myocardial infarction, heart 

failure, stroke, unstable angina, angina pectoris, atrial fibril-

lation, and peripheral artery disease.20 We constituted 5 

specific cohorts to examine the risk of study outcomes in 

relation to GLP-1RA after excluding respective baseline 

diseases; for example, when the HCC outcome was evalu-

ated, individuals with HCC at baseline were excluded to 

establish the cohort (Fig. 1). The primary analysis applied 

an intention-to-treat design and all participants were fol-

lowed up from the index date till the occurrence of the 

study outcome, death, withdrawal from health insurance 

plan, end of the study period (December 31, 2022), or up to 

60 months of follow-up, whichever came first.

Covariates

Patient characteristics were obtained during the 1 year 

before and including the index date, including age at base-

line; sex; metabolic factors (obesity, hypertension, and hy-

perlipidemia); T2D-related disorders (e.g., diabetic ne-

phropathy and diabetic retinopathy); common comorbidities 

(e.g., hypoglycemia); studied disease at baseline (excluded 

when this disease was assessed); diabetic medications 

use (sulfonylureas, thiazolidinediones, sodium-glucose co-

transporter-2 inhibitor [SGLT-2i], insulin, alpha-glucosidase 

inhibitor, and meglitinides); other common medications 

(e.g., statins and aspirin); and health care utilization (e.g., 

hospitalization). The definitions of covariates are listed in 

Supplementary Table 4. We also included 34 severity do-

mains to estimate the severity of T2D by diabetes severity 

score using equal-weighted and severity-weighted ap-

proaches; the score was calculated by the sum of the 

weight of severity domains (Supplementary Table 5).21

Statistical analysis

Inverse probability of treatment weighting (IPTW) method 

Figure 1. Flow chart of the study. CKD, chronic kidney disease; CVD, cardiovascular disease; DPP-4i, dipeptidyl peptidase-4 inhibitor; 
GLP-1RA, glucagon-like peptide 1 receptor agonist; HCC, hepatocellular carcinoma; MASLD, metabolic dysfunction-associated steatotic 
liver disease; T2D, type 2 diabetes.

HCC cohort 
(n=103,627)

132 Baseline HCC 
excluded

28,560 Baseline CVD 
excluded

9,256 Baseline CKD 
excluded

11,323 Baseline non-
liver cancer excluded

12,440 Baseline HCC and 
cirrhosis excluded

Cirrhosis cohort 
(n=91,319)

CVD cohort 
(n=75,199)

CKD cohort 
(n=94,503)

Non-liver cancer cohort 
(n=92,436)

Potentially eligible patients began GLP-1RA or DPP-4i treatment 
between January 1, 2013, and September 30, 2022 (index date was 

defined as the first prescription of GLP-1RA or DPP-4i) 
(n=5,074,687)

Eligible GLP-1RA or DPP-4i initiators met the inclusion criteria 
(n=142,442)

Eligible GLP-1RA or DPP-4i initiators after the exclusion criteria 
(N=103,759)

Inclusion criteria:
1) Diagnosis of T2D and MASLD 
2) Use of metformin within the past 1 year before or including the index date 
3) No use of GLP-1RA before the index date

Exclusion criteria (n=38,683):
1) Diagnosis of type 1 diabetes (n=24,766) 
2) Continuous enrollment of less than 6 months (n=420) 
3) ‌�Diagnosis of other etiology of chronic liver diseases, including viral hepatitis, 

autoimmune hepatitis, toxic hepatitis, Wilson disease, hemochromatosis, BuddChiari 
syndrome, primary biliary cholangitis, and alcoholic liver disease (n=6,022) 

4) Excessive alcohol intake (n=5,136) 
5) Diagnosis of end-stage renal disease (n=667) 
6) History of liver transplantation (n=28) 
7) Age younger than 20 years or older than 79 years (n=1,644)
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was performed to balance baseline characteristics and 

emulate randomization among GLP-1RA and DPP-4i treat-

ment groups. The probability of the treatment groups was 

estimated by propensity score using the all aforementioned 

covariates and multivariable logistic regression.22 IPTW ap-

proach was applied separately within each cohort and re-

peated for subgroup and sensitivity analyses. Standardized 

mean difference (SMD) was applied to compare study 

groups and a value of 0.1 or less indicated good balance.23 

After IPTW, Cox proportional hazard regression models 

were used to estimate hazard ratios (HRs) and 95% confi-

dence intervals (CIs) for the study outcomes in each co-

hort. The Aalen–Johansen estimator was applied to esti-

mate the cumulative incidence that adjusted for competing 

events,24 which were defined as any reason lost to follow-

up.

We conducted various subgroup analyses to examine 

whether the effect of GLP-1RA was different in diverse 

populations, according to age, sex, equal- and severity-

weighted diabetes severity score, obesity, diabetic ne-

phropathy, diabetic retinopathy, diabetic neuropathy, hyper-

tension, hyperlipidemia, cirrhosis, SGLT-2i use, and statins 

use. In addition, we evaluate the association between GLP-

1RA vs. DPP-4i and 17 types of individual components of 

primary outcomes, including compensated cirrhosis, liver 

decompensation, myocardial infarction, stroke, heart fail-

ure, end-stage renal disease, and esophageal, stomach, 

colorectal, pancreatic, lung, breast, cervix uteri, prostate, 

bladder, kidney, and hematologic cancer.

We applied a per-protocol design to validate the robust-

ness of our findings; we repeated the analysis that set dis-

continuation of the diabetes medication as an endpoint of 

the follow-up while medication use was defined as discon-

tinued if 90 days elapsed after the expiration of the last 

prescription’s supply without the prescription being re-

filled.25 A pooled Cox regression model with IPTW and in-

verse probability of censoring weighting, using all covari-

ates as above, was applied to estimate the per-protocol 

effect.26 In addition, a 1:1 propensity score matching in-

stead of the IPTW approach was used to balance the base-

line characteristics to assess the influence of the statistical 

method, and fine-gray models were applied to evaluate the 

impact of competing risk events that were defined as any 

event withdrawn from follow-up.  We also assessed the as-

sociation between chronic obstructive pulmonary disease 

(COPD), defined as a negative control outcome, and GLP-

1RA use. Moreover, we conducted 2 sensitivity analyses 

that additionally adjusted for liver disease severity, which 

was categorized by no fibrosis, fibrosis, and compensated 

and decompensated cirrhosis (Supplementary Table 4), and 

health insurance plan divided by health maintenance orga-

nization, non-capitated point-of-service, preferred provider 

organization, consumer-driven health plan, and others.

In this study, categorical variables were presented as 

counts and percentages and evaluated using the chi-

square test; continuous variables were presented as either 

mean (standardized deviation [SD]) or median (interquartile 

range) and evaluated using Student t-test or Wilcoxon rank-

sum test in terms of the normal distribution. Statistical 

analyses were conducted using R statistical software ver-

sion 4.1.1 (R Project for Statistical Computing). A 2-sided 

P<0.05 was regarded as significant.

RESULTS

Patient characteristics

Figure 1 shows patient inclusion and exclusion flow-

charts. Overall, we identified 103,759 patients with T2D 

and MASLD, with 53,196 (51.3%) GLP-1RA users and 

50,563 (48.7%) DPP-4i users. After excluding respective 

baseline-specific outcomes, we constructed 5 individual 

cohorts for the analysis of study outcomes, with sample 

size ranging from 75,199 for the CVD cohort to 103,627 for 

the HCC cohort. GLP-1RA was separately compared with 

DPP-4i in each cohort. The baseline characteristics of 

treatment groups in each cohort before IPTW are shown in 

Supplementary Table 6. Among these cohorts, GLP-1RA 

users, when compared with DPP-4i users, were more likely 

to be younger, female, and obese, to have diabetic nephrop-

athy and diabetic neuropathy, and to use sulfonylureas, 

SGLT-2i, angiotensin-converting-enzyme inhibitors, angio-

tensin receptor blockers, and calcium channel blockers (all 

SMDs >0.1). After IPTW, all baseline characteristics were 

well balanced in all cohorts (all SMDs <0.1; Table 1). The pri-

mary subclass of GLP-1RA was semaglutide, dulaglutide, 

and liraglutide across the 5 cohorts while the primary sub-

class of DPP-4i was sitagliptin (Supplementary Table 7).
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Risk of liver and non-liver outcomes

The mean follow-up periods were 25.9 months for the 

analysis of HCC, 24.7 months for the analysis of cirrhosis, 

23.1 months for the analysis of CVD, 25.2 months for the 

analysis of CKD, and 25.2 months for the analysis of non-

liver cancer (Supplementary Table 8). During respective 

follow-up periods, we recorded 262 (0.3%) cases of HCC, 

5,473 (6.0%) cases of cirrhosis, 8,973 (11.9%) cases of 

CVD, 1,055 (1.1%) cases of CKD, and 3,598 (3.9%) cases 

of non-liver cancer. 

Before IPTW, GLP-1RA users, when compared with DPP-

4i users, had a significantly lower incidence rate (per 1,000 

person-years) of HCC (0.8 vs. 1.7; HR 0.46, 95% CI 0.35–

0.59; P<0.001), of cirrhosis (29.3 vs. 32.9; HR 0.87, 95% CI 

0.82–0.91; P<0.001), of CVD (57.2 vs. 73.9; HR 0.76, 95% CI 

0.73–0.80; P<0.001), of CKD (4.5 vs. 6.8; HR 0.66, 95% CI 

0.59–0.75; P<0.001), and of non-liver cancer (16.9 vs. 22.9; 

HR 0.72, 95% CI 0.67–0.77; P<0.001) (Table 2 and Fig. 2). 

After IPTW, significant associations for these study out-

comes still were observed, with HR 0.53 (95% CI 0.40–

0.71; P<0.001) for HCC, 0.91 (95% CI 0.86–0.96; P=0.002) 

for cirrhosis, 0.90 (95% CI 0.86–0.95; P<0.001) for CVD, 

0.73 (95% CI 0.64–0.84; P<0.001) for CKD, and 0.82 (95% 

CI 0.77–0.89; P<0.001) for non-liver cancer, respectively. 

When we assessed the impact of different GLP-1RA on 

these study outcomes, similar effects were observed, with 

HR 0.30–0.82 for HCC, 0.77–0.95 for cirrhosis, 0.84–0.91 

for CVD, 0.61–0.84 for CKD, and 0.58–0.82 for non-liver 

cancer, respectively (Supplementary Table 9).

The multivariable-adjusted analysis demonstrated that 

GLP-1RA was associated with a lower risk of HCC, cirrho-

sis, CVD, CKD, and non-liver cancer than DPP-4i in almost 

all subgroups stratified by age, sex, equal-/severity-weight-

ed diabetes severity score, obesity, diabetic nephropathy, 

diabetic retinopathy, diabetic neuropathy, hypertension, hy-

perlipidemia, cirrhosis, SGLT-2i, and statins, with HR less 

than 1 observed in 127 of 128 subgroups (74% of signifi-

cance) (Supplementary Figs. 1–5). We evaluated 17 types 

of individual outcomes and significant inverse associations 

were found for liver decompensation, stroke, colorectal 

cancer, pancreatic cancer, lung cancer, breast cancer, and 

hematological cancer (Supplementary Fig. 6).
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Figure 2. Cumulative incidence of liver-related outcomes of (A) HCC and (B) cirrhosis and non-liver outcomes of (C) CVD, (D) CKD, and 
(E) non-liver cancer in GLP-1RA and DPP-4i users in the intention-to-treat design. CKD, chronic kidney disease; CVD, cardiovascular dis-
ease; DPP-4i, dipeptidyl peptidase-4 inhibitor; GLP-1RA, glucagon-like peptide 1 receptor agonist; HCC, hepatocellular carcinoma.
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Sensitivity analysis

We conducted a per-protocol analysis that set discontinu-

ation of study diabetes medication as an additional end-

point. During respective follow-up periods, we identified 

104 cases of HCC, 2,715 cases of cirrhosis, 4,346 cases of 

CVD, 438 cases of CKD, and 1,815 cases of non-liver can-

cer. Compared with DPP-4i, GLP-1RA had a significantly 

lower incidence of HCC (0.9 vs. 1.6; HR 0.61, 95% CI 

0.40–0.92; P=0.018), cirrhosis (35.0 vs. 39.8; HR 0.82, 

95% CI 0.76–0.89; P<0.001), CVD (62.3 vs. 86.0; HR 0.69, 

95% CI 0.65–0.73; P<0.001), CKD (4.9 vs. 6.6; HR 0.73, 

95% CI 0.60–0.89; P<0.001), and non-liver cancer (20.6 vs. 

28.4; HR 0.68, 95% CI 0.61–0.74; P<0.001) (Fig. 3 and 

Supplementary Table 10). After IPTW, these significant re-

lationships still were observed, with 0.60 (95% CI 0.37–

0.99; P=0.048) for HCC, 0.77 (95% CI 0.70–0.84; P<0.001) 

for cirrhosis, 0.74 (95% CI 0.69–0.79; P<0.001) for CVD, 

0.72 (95% CI 0.58–0.90; P=0.003) for CKD, and 0.70 (95% 

CI 0.63–0.77; P<0.001) for non-liver cancer. In addition, 

similar results were found when additionally adjusted for 

liver disease severity (HR 0.53–0.90) and health insurance 

plan (HR 0.53–0.91) (Supplementary Table 11).

The results also were consistent when we repeated the anal-

ysis using 1:1 propensity score matching for the balance of pa-

tient characteristics (HR 0.56–0.94; Supplementary Table 12) 

and when we repeated the analysis using competing risk 

models (HR 0.59–0.92; Supplementary Table 13). More-

over, we did not find the association between GLP-1RA vs. 

DPP-4i and incidence of COPD (HR 1.08, 95% CI 0.98–

1.17, P=0.093). 

DISCUSSION

To our knowledge, this study is the first clinical study to 

comprehensively evaluate whether GLP-1RA use is associ-

ated with liver and non-liver outcomes among individuals 

with T2D and MASLD. In an emulated target trial using ob-

servational data, we found that the use of GLP-1RA, when 

compared with DPP-4i, was associated with a significantly 

lower risk of liver-related outcomes of HCC or cirrhosis and 

non-liver outcomes of CVD, CKD, or non-liver cancer. The 

findings were robust across multiple stratified and sensitivi-

ty analyses.

T2D, obesity, and fatty liver all are global epidemics and 

frequently co-exist. T2D and fatty liver represent a large 

population who are at high risk for the development of liver 

and non-liver complications. Beyond the effect of glycemic 

control and weight loss, GLP-1RA not only shows hepato-

protective effects including improvement of liver enzymes 

and histology and resolution of non-alcoholic steatohepati-

tis but also is associated with a lower risk of cardio-renal 

diseases.27-30 On the one hand, GLP-1RA can regulate me-

tabolism, improve insulin sensitivity and exert anti-inflam-

matory by phosphorylating insulin receptor substrates and 

activating PI3K/Akt signaling pathway in MASLD; on the 

other hand, GLP-1RA reduces liver fat by inhibiting fatty 

acid synthesis enzymes and promoting fat ty acid 

β-oxidation in Adenosine 5’-monophosphate-activated pro-

tein kinase pathway.31-33 In addition, a current observational 

study suggest that GLP-1RA is consistently associated with 

a lower risk of multiple cancers when compared with insu-

lin in the general population with T2D.34 By emulating a tar-

get trial to a nationwide population with T2D and MASLD 

and detailed demographic, clinical, and medical data, our 

current study provided evidence of the favorable long-term 

effect of GLP-1RA use on liver and non-liver complications.

Indeed, an overall 9–47% lower risk of liver outcomes of 

HCC or cirrhosis and a 10–27% lower risk of non-liver out-

comes of CVD, CKD, or non-liver cancer were observed in 

this study. Our findings demonstrated novel knowledge 

linking GLP-1RA use to a reduced risk of CKD and non-liv-

er cancer while the inverse impact of GLP-1RA on HCC, 

cirrhosis, and CVD was consistent with previous evidence 

among general T2D populations.27,29 However, these previ-

ous studies have been limited by lack of detailed informa-

tion about key covariates and specific study populations 

(e.g., high-risk CVD individuals). To examine the robust-

ness of the findings, we investigated diverse subgroups 

stratified by age, sex, equal-/severity weighted diabetes se-

verity score, obesity, main diabetes complications, hyper-

tension, hyperlipidemia, cirrhosis, SGLT-2i use, and statins 

use, as well as a wide range of individual specific out-

comes of compensated cirrhosis, liver decompensation, 

heart failure, stroke, myocardial infarction, end-stage renal 

disease, and common cancers, and found inverse associa-

tions in the vast majority of evaluated associations while 

some statistically non-significant associations may be part-

ly attributed to the limited sample size. These findings sup-
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Figure 3. Cumulative incidence of liver-related outcomes of (A) HCC and (B) cirrhosis and non-liver outcomes of (C) CVD, (D) CKD, and 
(E) non-liver cancer in GLP-1RA and DPP-4i users in the per-protocol design. CKD, chronic kidney disease; CVD, cardiovascular disease; 
DPP-4i, dipeptidyl peptidase-4 inhibitor; GLP-1RA, glucagon-like peptide 1 receptor agonist; HCC, hepatocellular carcinoma.
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port that GLP-1RA treatment can be applied to a broad 

range of at-risk populations.

Previous studies demonstrate GLP-1RA may exert anti-

tumor effects such as inhibiting the PI3K/Akt signaling 

pathway to modulate cell survival and proliferation and reg-

ulating bone morphogenetic protein 4 signaling for cancer 

cell apoptosis.33,35,36 Clinical data on the association be-

tween GLP-1RA use and site-specific cancer are limited. 

Our analyses added to the current literature that GLP-1RA 

use decreased colorectal and lung cancer which was con-

sistent with previous studies.37,38 In addition, our results 

supported a consistently lower risk of pancreatic, breast, 

and hematologic cancer associated with GLP-1RA use. 

However, previous studies do not find significant associa-

tions for these cancers.38-40 This discrepant result may be 

partly explained by different data sources (e.g., general 

T2D population vs. T2D population with MASLD as in our 

study), relatively limited sample size, and short follow-up. 

Our findings demonstrated that GLP-1RA could be used as 

a potential oncopreventive medication for common cancers 

among patients with T2D and MASLD.

The associations of GLP-1RA with liver and non-liver out-

comes were comprehensively examined in a wide range of 

subgroups in the current study. As for HCC or non-liver 

cancer, we found that the benefits of GLP-1RA were signifi-

cantly more pronounced among patients without cirrhosis 

than those with cirrhosis, highlighting the need for early 

screening and prevention of liver disease in the T2D popu-

lation. In addition, GLP-1RA demonstrated a more substan-

tial reduction of cirrhosis in individuals without diabetic 

neuropathy, hypertension, or hyperlipidemia when com-

pared with their counterparts. These findings recommend 

the use of GLP-1RA in individuals with less severity of met-

abolic risk factors. Similarly, we observed the interaction 

effect between GLP-1RA and diabetic neuropathy on inci-

dent CVD; more importantly, the therapy of GLP-1RA dem-

onstrated a more marked benefit of CVD in statins users 

than non-users, which underlines the concomitant use of 

GLP-1RA and statins on the prevention of CVD. The ob-

served interaction effect of GLP-1RA and age in relation to 

CKD suggests the use of GLP-1RA in the old population. 

With a low rate of GLP-1RA use in the old population,41,42 

the current study calls for an increasing use of GLP-1RA in 

the at-risk population.

In addition, we conducted an obesity-stratified analysis 

for liver and non-liver outcomes. We did not observe an in-

teraction effect but GLP-1RA was still significantly associ-

ated with a reduced risk of liver and non-liver outcomes in 

individuals with obesity. In non-obese individuals, although 

GLP-1RA could decrease the incidence of liver and non-liv-

er outcomes, most were statistically non-significance. This 

partly might contribute to the low incidence of study out-

comes in this poulation. In addition, large clinical trials are 

needed to examine the effects of GLP-1RA and new medi-

cations are needed to be developed in non-obesity in the 

future.

The strengths of this study include a large sample of pa-

tients from diverse real-world medical practice settings 

from across the U.S., strict inclusion and exclusion criteria 

of T2D and MASLD and confounding variables. In addition, 

the influence of socioeconomic status on the evaluated as-

sociations has been minimized since all participants were 

incorporated into the private health insurance in the Mak-

ertscan databases. Using a target trial emulation study and 

IPTW, we minimized the potential confounders of observa-

tional studies and multiple stratified and sensitivity analy-

ses to evaluate the robustness of our findings. Nonethe-

less, we acknowledge several limitations. First, the findings 

were limited to patients with T2D and MASLD with private 

insurance, and the study databases lacked ethnicity data. 

Moreover, lack of data regarding the grace period of GLP-

1RA may limit its application in routine practice. However, 

we included a large-scale population from diverse medical 

practice settings and conducted multiple stratified analyses 

to support that GLP-1RA could be applied to a broad at-risk 

population. Second, immortal time bias might be intro-

duced in this study since study medication changes over 

time based on management guidelines that may generate 

an imbalance in follow-up time between the study groups. 

In the sensitivity analysis, we have conducted a per-proto-

col analysis that limited the endpoint of follow-up to discon-

tinuation of diabetes medications, and a consistent result 

suggested the limited influence of the bias. In addition, a 

true association was most likely to be underestimated if the 

bias existed. Also, the later diagnosis of outcome (e.g., cir-

rhosis), which was defined as diseases undetected before 

index but detected after index, could also be likely to lead 

to an underestimation of the association because the pro-

portion of this outcome is likely to be similar between treat-

ment groups in the large population in most situations. 
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Third, we did not have detailed information about laborato-

ry data (e.g., hemoglobin A1c), education level, lifestyle fac-

tors, and liver disease severity (e.g., fibrosis stage). How-

ever, these factors were closely associated with diabetes 

severity and complications which were adjusted between 

study groups. In addition, relatively short follow-up may 

lead to the inability to assess the long-term effects of GLP-

1RA. A large-scale and long-term clinical study, including 

these detailed data, was required for the accurate estima-

tion of the effect of GLP-1RA in the future. Moreover, the 

low rate of MASLD diagnosis may lead to selection bias in 

this study. Lastly, although miscoding and misclassification 

(e.g., the definition of liver disease defined by ICD) could 

be a concern in large claim databases, the Marketscan Da-

tabases are large and carefully curated and maintained da-

tabases, which helped minimize potential biases. 

In conclusion, in this emulated target trial of a nationwide 

population of T2D and MASLD, the use of GLP-1RA was 

associated with a lower risk of liver-related outcomes of 

HCC or cirrhosis, as well as non-liver outcomes of CVD, 

CKD, or non-liver cancer when compared with DPP-4i. 

Long-term randomized clinical trials with GLP-1RA use are 

needed to confirm its efficacy on these clinical outcomes in 

patients with T2D and MASLD.
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