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ABSTRACT

Background: Metabolic dysfunction-associated steatotic liver disease (MASLD) increases cardiovascular and kidney disease
risk. Insulin-like growth factor 1 (IGF-1) regulates metabolic and vascular function, but its role in long-term cardio-kidney out-
comes (CKO) in MASLD remains unclear. This study examined the association between MASLD, IGF-1 levels and CKO.
Methods: In this prospective cohort study, we used data from 214 512 UK Biobank participants without baseline cardiovascular
or chronic kidney disease (CKD). Participants were categorized into four groups: no-MASLD and MASLD stratified by age- and
sex-specific tertiles of serum IGF-1 (T1-T3). The primary outcome was a composite CKO; secondary outcomes were incident
CKD and 3-point major adverse cardiovascular events (3P-MACE).

Results: Over a median 13-year follow-up, 20395 CKOs occurred. MASLD increased event rates across all IGF-1 tertiles
(p<0.001), with a significant interaction observed between MASLD and IGF-1 levels (P for interaction =0.014). In multivariable
Cox models, MASLD remained independently associated with CKO risk, strongest in the lowest IGF-1 tertile (T1: adjusted haz-
ards ratio [aHR], 1.24 [95% CI: 1.18-1.30] vs. no-MASLD). Similar trends were observed for incident CKD (T1: aHR, 1.35 [95%
CI: 1.22-1.49]) and 3P-MACE (T1: aHR, 1.26 [95% CI: 1.18-1.35]). Subgroup analyses indicated consistent associations across
sex, BMI and diabetes, with stronger effects in participants < 65years and markedly greater CKD risk among those with baseline
albuminuria.

Conclusion: MASLD independently predicted CKO, particularly among individuals with low IGF-1 levels. Incorporating IGF-1
into clinical evaluations may improve risk stratification beyond conventional metabolic factors.

1 | Introduction adults worldwide [1, 2]. Beyond its hepatic manifestations, MASLD
is increasingly being recognized as a multisystem disorder with
Metabolic dysfunction-associated steatotic liver disease (MASLD), profound extrahepatic consequences. Notably, cardiovascular dis-

formerly termed non-alcoholic fatty liver disease, has emerged as a ease (CVD), rather than liver-related complications, is the leading
global public health concern, affecting a substantial proportion of  cause of morbidity and mortality in MASLD [3-6]. Furthermore,
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MASLD and chronic kidney disease (CKD) have a strong bidirec-
tional relationship, with each accelerating the risk and progression
of the other [7]. This interconnection underscores the concept of
the cardio-kidney-metabolic (CKM) axis and highlights the need
for biomarkers that can identify patients at high risk for adverse
cardio-kidney outcomes [8-10].

Insulin-like Growth Factor 1 (IGF-1) is a pleiotropic hormone with
a structure similar to insulin and is essential for cellular growth,
metabolism and systemic homeostasis [11]. The liver is the primary
site of circulating IGF-1 synthesis, which is tightly regulated by the
growth hormone (GH) axis [12]. Hepatic injury and metabolic dys-
function, as in MASLD, characterized by steatosis, inflammation,
and fibrosis, can impair IGF-1 production, and reduced levels of
serum IGF-1 have been consistently associated with more severe
disease [13]. In the general population, the significance of the GH/
IGF-1 axis in maintaining CKM health is well established. Low
IGF-1 levels have been associated with atherosclerosis, endothelial
dysfunction, heart failure and major adverse cardiovascular events
(MACE) [14, 15]. Although the evidence remains controversial,
several studies have shown that IGF-1 deficiency is associated with
reduced glomerular filtration [16, 17]. Nevertheless, the prognostic
role of IGF-1 in MASLD remains unclear. Most previous studies
were limited by small sample sizes, cross-sectional designs, or a
narrow focus on either cardiovascular or kidney outcomes without
simultaneous evaluation of both.

Therefore, this study aimed to investigate the association be-
tween serum IGF-1 levels and the risk of major adverse cardio-
vascular and kidney outcomes in individuals with or without
MASLD using data from the UK Biobank, a large prospective
population-based cohort.

502,128 UK Biobank participants

2 | Methods
2.1 | Study Population and Data Source

A prospective cohort study was conducted using data from
the UK Biobank, a large-scale population-based study that re-
cruited over 500000 participants aged 40-69years across the
United Kingdom, between 2006 and 2010. A detailed descrip-
tion of the UK Biobank protocol has been previously published
[18]. Comprehensive data on demographics, lifestyle factors and
medical histories were collected at the baseline assessment visit.
All the participants underwent physical measurements and pro-
vided biological samples for biochemical analyses. Follow-up
data were available for this study from March 31, 2023.

The final analytical cohort was derived after applying several
exclusion criteria (Figure 1). First, participants with a baseline
history of cancer, other liver diseases (e.g., viral or autoim-
mune hepatitis), or prevalent CVD were excluded, in addition
to individuals with pre-existing CKD, defined as an estimated
glomerular filtration rate (¢€GFR) <60mL/min/1.73m? at base-
line, and those with significant alcohol consumption (weekly
intake >210g for men and >140g for women). After applying
all exclusion criteria, 214512 participants with available base-
line serum IGF-1 levels were included in the final analysis.
This study was conducted under the UK Biobank application
number 72527. UK Biobank received ethical approval from
the Northwest Multicenter Research Ethics Committee. The
Massachusetts General Hospital Institutional Review Board ap-
proved the secondary data analysis. All participants provided
electronically signed informed consent. This study adhered to
the Strengthening the Reporting of Observational Studies in

287,616 Excluded

A 4

liver diseases

55,316 Missing data for Fatty Liver Index (FLI) or FIB-4 score

66,033 Missing or inconsistent responses on alcohol consumption

95,148 Excessive alcohol consumption (>210 g/week for men, =140 gfweek for women)
21,601 Prior diagnosis of cancer, alcohol- or drug-induced liver disease, or other chronic

24,030 Baseline eGFR <60 mL/min/1.73 m® or prior diagnosis of CKD or CVD
25,588 Missing baseline data for IGF-1 or other key covariates

A 4

214,512 Complete data
Final study participants

142,870 Participants without MASLD

71,642 Participants with MASLD

!

;

23,880 IGF-1 T3 (High)

23,881 IGF-1 T2 (Middle) 23,881 IGF-1 T1 (Low)

FIGURE1 | Study subject. Abbreviations: CKD, chronic kidney disease; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate;

IGF-1, insulin-like growth factor 1; MASLD, metabolic dysfunction-associated steatotic liver disease.
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Epidemiology (STROBE) guidelines and was conducted in ac-
cordance with the Declaration of Helsinki.

2.2 | Definition of MASLD and IGF-1 Stratification

MASLD was defined according to the recent consensus guide-
lines, requiring the presence of hepatic steatosis in conjunction
with at least one cardiometabolic risk factor. Hepatic steatosis
was identified using the Fatty Liver Index (FLI) with a validated
cutoff of 60. Cardiometabolic risk factors included overweight
or obesity, hyperglycemia, hypertension and dyslipidemia (high
triglycerides or low high-density lipoprotein cholesterol [HDL-
C] levels). For primary analyses, participants were classified into
four mutually exclusive groups. The reference group comprised
individuals without MASLD. Participants with MASLD were
stratified into three groups based on age- and sex-specific serum
IGF-1 levels, which were derived exclusively from the MASLD
cohort. To establish these cohort-specific tertiles, participants
with MASLD were first grouped by sex and predefined age cate-
gories (<50, 50-59, 60-69 and > 70years). Within each stratum,
the serum IGF-1 levels were categorized into the following ter-
tiles: T1 (lowest), T2 (middle) and T3 (highest). Additionally, to
formally test for a statistical interaction between MASLD and
serum IGF-1 levels on a population scale, a second set of IGF-1
tertiles was defined based on distribution across the entire study
cohort. These population-level tertiles were also stratified by age
and sex and used specifically for the interaction analysis pre-
sented in the Supporting Information.

2.3 | Cardio-Kidney Outcomes

The primary outcome was a composite cardio-kidney endpoint
that included incident CKD and 3-point MACE (3P-MACE).
The secondary outcomes were incident CKD and 3P-MACE,
analysed as separate endpoints. Outcomes were ascertained
through linkage to the national Hospital Episode Statistics and
death registry data. Incident CKD was defined as the first occur-
rence of a relevant diagnostic code (International Classification
of Diseases, 10th Revision: N18.x) or surgical procedure code
(Office of Population Censuses and Surveys Classification of
Interventions and Procedures, version 4) indicating kidney
transplantation, dialysis, or vascular access to renal replacement
therapy. 3P-MACE were defined as a composite of nonfatal myo-
cardial infarction, nonfatal ischemic stroke and cardiovascular
death. The follow-up time for each participant was calculated
from the date of the baseline assessment until the first occur-
rence of an outcome, death, or the end of the follow-up period,
whichever occurred first.

2.4 | Statistical Analysis

Baseline characteristics of the study population were presented
according to the four primary analysis groups (no-MASLD and
MASLD stratified by internal IGF-1 tertiles). Continuous vari-
ables were summarized as medians with interquartile ranges
(IQRs), while categorical variables were presented as counts and
percentages. Differences between groups were assessed using
the Kruskal-Wallis test for continuous variables and Pearson's

chi-squared test for categorical variables, with pairwise compar-
isons between tertiles performed as appropriate. The cumula-
tive incidence of outcomes was visualized using Kaplan-Meier
curves, and differences between groups were evaluated using
the log-rank test. Multivariable Cox proportional hazards mod-
els were used to estimate the adjusted hazard ratios (aHRs) and
95% confidence intervals (CIs) for the association between the
exposure groups and outcomes, using the no-MASLD group as
the reference. The final multivariable Cox model was adjusted
for a comprehensive set of potential confounders, including age,
sex, body mass index (BMI), smoking status, alcohol intake,
systolic and diastolic blood pressure, low-density lipoprotein
cholesterol (LDL-C) level, baseline eGFR, glycated haemoglobin
(HbA1c) level, use of angiotensin-converting enzyme inhibitors
or angiotensin receptor blockers and ethnicity. To formally test
for effect modification by IGF-1, a multiplicative interaction
term between MASLD status (yes/no) and population-level
IGF-1 tertiles was included in the fully adjusted Cox model. The
significance of this interaction was assessed using a likelihood
ratio test. Internal risk comparisons within the MASLD cohort,
using the MASLD-T3 group as a reference, were also conducted.
Subgroup analyses were performed according to age, sex, BMI
and diabetes. The proportional hazard assumption for all mod-
els was verified using Schoenfeld residuals. To assess potential
non-linear associations, restricted cubic spline analyses were
performed for serum IGF-1 levels with cardio-kidney outcomes
using Cox proportional hazards models.

Several sensitivity analyses were performed to assess the robust-
ness of the findings. First, to further validate the definition of
MASLD, alternative approaches were applied; hepatic steatosis
was defined using MRI-based proton density fat fraction (PDFF)
in a subset of participants with imaging data, and MASLD was
redefined using the hepatic steatosis index (HSI), with analy-
ses repeated accordingly. Second, multivariable Cox models
were additionally adjusted for the fibrosis-4 (FIB-4) index to
account for liver fibrosis severity. Third, socioeconomic status
(Townsend Deprivation Index, TDI) and serum triglyceride
levels were further included in the multivariable Cox model.
Fourth, participants were categorized into six groups based on
population-wide tertiles of IGF-1 and MASLD status, and Cox
proportional hazards models were used to assess the association
with CKO. Finally, missing data were addressed using multiple
imputation with chained equations, and analyses were repeated
to evaluate the impact of missing data on the results.

Statistical significance was defined as a two-sided p-value
<0.05. All statistical analyses were performed using the R soft-
ware (version 4.2.2; R Foundation for Statistical Computing,
Vienna, Austria).

3 | Results
3.1 | Baseline Characteristics

In total, 214512 participants were included in the analysis, of
whom 142870 were classified as no-MASLD and 71642 as hav-
ing MASLD. Baseline serum IGF-1 levels were significantly
lower in patients with MASLD than in those without MASLD.
For the primary analyses, the MASLD group was stratified
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into age- and sex-specific tertiles of serum IGF-1 (T3 [high-
est], n=23880; T2 [middle]|, n=23881; T1 [lowest], n=23881;
Table S1). The baseline characteristics of the four groups are
shown in Table 1. Compared with individuals without MASLD,
those with MASLD were older and had a more adverse car-
diometabolic profile, including higher BMI, waist circumfer-
ence, systolic and diastolic blood pressures, fasting glucose,
HbAIc and triglycerides levels, and lower HDL cholesterol.

Among the MASLD cohort, a clear metabolic gradient was
observed across IGF-1 tertiles, with the most pronounced dif-
ferences seen in the levels of HbAlc and C-reactive protein.
Participants in the IGF-1T1 group had the most unfavourable
metabolic phenotype, characterized by the highest BMI, waist
circumference and prevalence of type 2 diabetes and hyperten-
sion. The IGF-1T1 group also had a greater proportion of cur-
rent smokers and alcohol consumers and a lower proportion of
non-white participants. Furthermore, laboratory measurements
in the IGF-1T1 group showed higher levels of glucose, HbAlc,
triglycerides, LDL cholesterol and C-reactive protein, and lower
eGFR compared with the higher IGF-1 tertiles.

3.2 | Association of MASLD and IGF-1 Levels With
Primary Outcome

During a median follow-up of 13 years, 20395 composite cardio-
kidney events were recorded. Kaplan—-Meier analysis revealed a
significantly higher cumulative incidence of events in all three
MASLD groups thanin the no-MASLD group (log-rank p <0.001)
(Figure 2). To statistically justify the stratification of MASLD by
IGF-1 levels, a formal interaction between MASLD status and
population-level IGF-1 tertiles was first tested for. A significant
interaction between MASLD and IGF-1 levels was observed
(P for interaction=0.014), supporting potential effect modifi-
cation, although individual interaction terms were not consis-
tently statistically significant (Table S2). In multivariable Cox
models for CKO, after full adjustment for potential confounders,
all MASLD groups remained at a significantly increased risk of
CKO compared with the no-MASLD group (Table 2). A graded
inverse association was observed across IGF-tertiles, with pro-
gressively higher risk at lower IGF-1 levels and the highest risk
in the lowest tertile (T1: aHR, 1.24, 95% CI: 1.18-1.30), followed
by the T2 group (aHR, 1.10, 95% CI: 1.04-1.15) and the T3 group
(aHR, 1.12, 95% CI: 1.07-1.18). In a direct comparison within
the MASLD cohort (with T3 as the reference), the T1 group had
a significantly higher risk for the composite outcome (aHR, 1.10,
95% CI: 1.04-1.15, p<0.001) (Table S3). Restricted cubic spline
analysis demonstrated a non-linear, inverse association between
serum IGF-1 levels and CKO, with a steeper increase in risk ob-
served at lower IGF-1 levels (Figure S1). This pattern was consis-
tent in analyses stratified by MASLD status.

3.3 | Association of MASLD and IGF-1 Levels With
Secondary Outcomes

When the secondary outcomes were analysed separately, the
association with incident CKD showed a similar pattern, with
the magnitude of risk being particularly pronounced in the T1
group (aHR, 1.35, 95% CI: 1.22-1.49 vs. no-MASLD) (Table 2).

A significant association was also observed for 3P-MACE. The
risk for 3P-MACE was elevated across all MASLD groups, again
with the highest risk evident in the T1 tertile (aHR, 1.26, 95% CI:
1.18-1.35vs. no-MASLD). The internal risk comparisons within
the MASLD cohort for these outcomes are shown in Table S3.

3.4 | Subgroup Analyses

The association between the MASLD-IGF-1 groups and CKO
was generally consistent across the major clinical subgroups
(Table 3). A significant interaction was observed for age (P for
interaction <0.001), with stronger associations noted among
participants <65years. In this group, the risk was highest
for MASLD with the lowest IGF-1 tertile (aHR, 1.27 [95% CI:
1.20-1.35]), whereas associations were attenuated but re-
mained significant in those aged >65years (aHR, 1.19 [95%
CI: 1.10-1.29]). No significant interactions were observed be-
tween sex (P for interaction=0.114), BMI category (P for in-
teraction =0.270), or diabetes status (P for interaction =0.310).
Elevated risks were consistently observed across all subgroups,
with the lowest IGF-1 tertile (T1) showing the highest risk, re-
gardless of sex, BMI or diabetes status.

To further examine the robustness of the association between
IGF-1 levels and incident CKD, subgroup analyses stratified by
baseline albuminuria status were performed (Table S4). The
association between the MASLD score and incident CKD was
substantially modified by baseline albuminuria. Among par-
ticipants without baseline albuminuria, the association was
attenuated, with only the T1 group maintaining a statistically
significant risk (aHR, 1.28 [95% CI: 1.15-1.44]). In contrast, the
risks were markedly increased in patients with preexisting albu-
minuria. In this high-risk subgroup, all MASLD tertiles showed
robust associations with incident CKD and aHRs of 1.55 for T3,
1.35 for T2 and 1.49 for T1.

3.5 | Sensitivity Analyses

First, to validate the definition of MASLD, alternative defini-
tions of hepatic steatosis were applied, and the results remained
consistent with the primary findings. In a subset of participants
with available MRI-PDFF data, baseline MASLD classification
was associated with higher liver fat content, and a graded in-
crease in PDFF was observed across decreasing IGF-1 tertiles
within the MASLD group (Table S5). Similarly, when MASLD
was redefined using the HSI, the associations between MASLD,
IGF-1 levels and CKO remained robust, with the highest risk
observed in the lowest IGF-1 tertile (Table S6). Second, addi-
tional adjustment for the FIB-4 index to account for liver fibro-
sis severity did not materially alter the associations (Table S7).
Third, further adjustment for socioeconomic status (TDI) and
serum triglyceride levels did not materially alter the associa-
tions, and the results remained consistent with the primary
analysis (Table S7). Fourth, in analyses using population-wide
IGF-1 tertiles, participants were stratified into six groups based
on MASLD status and IGF-1 levels. The results demonstrated
a consistent pattern, with progressively higher risk observed
among individuals with MASLD and lower IGF-1 levels, sup-
porting the primary findings (Table S8). Finally, the proportion
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TABLE1 | Baseline demographic and clinical characteristics of the study cohort, stratified by MASLD status and serum IGF-1 tertiles.

MASLD, IGF-1T3 MASLD, IGF-1T2 MASLD,
No-MASLD (High) (Middle) IGF-1T1 (Low)
Characteristic (n=142870) (n=23880) (n=23881) (n=23881) P
Anthropometrics
Age, years 57 (49-63) 58 (51-63)* 57 (50-63)* 58 (51-63)>b< <0.001
Sex, male 45987 (32%) 13998 (59%) 14 555 (61%) 13701 (57%) <0.001
BMI, kg/m? 24.8 (22.9-26.7) 30.2(28.1-32.7)? 30.5(28.3-33.4)ab 31.5(28.9-34.9)*b¢  <0.001
Weight, kg 69 (62-76) 88 (81-97)* 89 (82-98)*° 91 (82-101)2b< <0.001
Waist 82 (76-89) 100 (95-105)* 101 (95-107)®b 102 (96-110)>P=< <0.001
circumference, cm
SBP, mmHg 132 (121-146) 140 (130-152)3 140 (130-152)2 141 (130-153)&b <0.001
DBP, mmHg 80 (73-86) 85 (79-92) 86 (79-92)20 86 (79-92)ab <0.001
Smoking status <0.001
Never 90759 (64%) 13440 (56%) 12960 (54%) 12476 (52%)
Previous 41185 (29%) 8341 (35%) 8622 (36%) 8913 (37%)
Current 10926 (7.6%) 2099 (8.8%) 2299 (9.6%) 2492 (10%)
Alcohol intake <0.001
Never 9093 (6.4%) 1505 (6.3%) 1618 (6.8%) 2223 (9.3%)
Previous 6313 (4.4%) 1281 (5.4%) 1432 (6.0%) 1805 (7.6%)
Current 127464 (89%) 21094 (88%) 20831 (87%) 19853 (83%)
Ethnicity <0.001
White 133901 (94%) 22472 (94%) 22203 (93%) 21757 (91%)
Others 8969 (6%) 1408 (6%) 1678 (7%) 2124 (9%)
Comorbidity
Diabetes mellitus 4683 (3.3%) 2313 (9.7%) 2431 (10%) 3930 (16%) <0.001
Hypertension 66826 (47%) 16775 (71%) 16831 (71%) 17728 (75%) <0.001
Use of ACEi/ARBs 6493 (4.5%) 2733 (11%) 2553 (11%) 3041 (13%) <0.001
Laboratory measurements
eGFR (mL/ 91 (78-100) 81 (71-94) 81 (71-95)*b 84 (73-96)0¢ <0.001
min/1.73m?)
Glucose (mmol/L) 4.88 (4.57-5.22) 4.98 (4.65-5.40)* 4.99 (4.65-5.41)* 5.05 (4.69-5.58)3b< <0.001
HbA1c (mmol/mol) 34.6 (32.3-37.0) 36.0 (33.4-39.0) 36.1 (33.6-39.1)*° 36.8 (34.1-40.4)3bc <0.001
Triglycerides 1.21 (0.91-1.63) 2.13 (1.59-2.88)? 2.15(1.59-2.93)? 2.13 (1.57-2.92)% <0.001
(mmol/L)
LDL-C (mmol/L) 3.49 (2.97-4.06) 3.71 (3.11-4.31)2 3.72 (3.11-4.32)2 3.62(2.98-4.25)P¢  <0.001
HDL-C (mmol/L) 1.52 (1.30-1.78) 1.22 (1.06-1.42)* 1.20 (1.05-1.40)*b 1.19 (1.03-1.38)xb« <0.001
CRP (mg/L) 0.94 (0.49-1.88) 1.70 (0.93-3.15)* 2.10 (1.14-3.90)%P 2.73 (1.45-5.31)>bc <0.001

Note: Data are presented as median (interquartile range) for continuous variables and n (%) for categorical variables. Post hoc pairwise comparisons were performed
with Bonferroni correction for multiple testing.

Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; BMI, body mass index; CRP, C-reactive
protein; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HbA1lc, glycated hemoglobin; HDL, high-density lipoprotein; IGF-1, insulin-like
growth factor 1; LDL, low-density lipoprotein; MASLD, metabolic dysfunction-associated steatotic liver disease; SBP, systolic blood pressure.

2p<0.05, vs. No-MASLD, by post hoc analysis (Bonferroni).

bp <0.05, vs. MASLD, IGF-1T3, by post hoc analyses.

¢p<0.05,vs. MASLD, IGF-1T2, by post hoc analyses.
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FIGURE 2 | Kaplan-Meier curve for (A) CKO, (B) incident CKD and (C) 3P-MACE. Abbreviations: 3P-MACE, 3 point-major cardiovascular
events; CKD, chronic kidney disease; CKO, cardio-kidney outcome; IGF-1, insulin-like growth factor 1; MASLD, metabolic dysfunction-associated
steatotic liver disease.

TABLE 2 | Association between MASLD status stratified by IGF-1 tertiles and the risk of the composite cardio-kidney outcome.

Model 1° Model 2¢ Model 34
Group Events 1000PYs Rate? HR (95% CI) p HR (95% CI) p HR (95% CI) D
Cardiorenal outcome
No- 10822 1877.5 5.76 1.00 1.00 1.00
MASLD (Reference) (Reference) (Reference)
MASLD 2947 305.9 9.63 1.68 <0.001 1.48 <0.001 1.12 <0.001
with (1.61-1.75) (1.42-1.54) (1.07-1.18)
IGF-1T3
MASLD 2948 306.8 9.61 1.67 <0.001 1.47 <0.001 1.10 <0.001
with (1.61-1.74) (1.41-1.53) (1.04-1.15)
IGF-1T2
MASLD 3678 301.7 12.19 2.12 <0.001 1.80 <0.001 1.24 <0.001
with (2.05-2.21) (1.74-1.87) (1.18-1.30)
IGF-1T1
Incident CKD
No- 2189 1901.7 1.15 1.00 1.00 1.00
MASLD (Reference) (Reference) (Reference)
MASLD 712 313.4 2.27 1.98 <0.001 2.13 <0.001 1.18 0.001
with (1.82-2.16) (1.95-2.32) (1.07-1.30)
IGF-1T3
MASLD 669 314.6 2.13 1.86 <0.001 2.01 <0.001 1.13 0.025
with (1.70-2.02) (1.84-2.20) (1.02-1.25)
IGF-1T2
MASLD 923 311.3 2.96 2.59 <0.001 2.63 <0.001 1.35 <0.001
with (2.40-2.80) (2.44-2.85) (1.22-1.49)
IGF-1T1
3P-MACE
No- 5068 1886.0 2.69 1.00 1.00 1.00
MASLD (Reference) (Reference) (Reference)
MASLD 1548 308.4 5.02 1.87 <0.001 1.51 <0.001 1.16 <0.001
with (1.76-1.98) (1.42-1.60) (1.09-1.24)
IGF-1T3
MASLD 1625 309.2 5.25 1.96 <0.001 1.56 <0.001 1.17 <0.001
with (1.85-2.07) (1.48-1.65) (1.09-1.25)
IGF-1T2
MASLD 1959 304.9 6.42 2.39 <0.001 1.87 <0.001 1.26 <0.001
with (2.27-2.52) (1.78-1.98) (1.18-1.35)
IGF-1T1

Abbreviations: aHR, adjusted hazard ratio; BMI, body mass index; CI, confidence interval; eGFR, estimated glomerular filtration rate; HbAlc, glycated hemoglobin;
IGF-1, insulin-like growth factor 1; LDL, low-density lipoprotein; MASLD, metabolic dysfunction-associated steatotic liver disease.

Incidence rate per 1000 person-years.

YModel 1: Crude model.

“Model 2: Adjusted for age and sex.

dModel 3: Adjusted for age, sex, BMI, smoking, alcohol intake, systolic and diastolic blood pressure, LDL cholesterol, baseline eGFR, HbAlc, use of ACE inhibitors/
ARBs and ethnicity.
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TABLE 3 | Subgroup analyses for the association between MASLD groups and the risk of the composite cardio-kidney outcome.

No MASLD MASLD, T3 MASLD, T2 MASLD, T1
Subgroup Category HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) P for Interaction
Age <0.001
<65years 1.00 (Reference) 1.15(1.08-1.22) 1.12 (1.05-1.19) 1.27 (1.20-1.35)
>65years  1.00 (Reference)  1.09 (1.00-1.18)  1.06 (0.98-1.16)  1.19 (1.10-1.29)
Sex 0.114
Men 1.00 (Reference) 1.12 (1.05-1.19) 1.10 (1.03-1.17) 1.17 (1.10-1.25)
Women 1.00 (Reference)  1.13(1.05-1.22)  1.09 (1.01-1.18)  1.31(1.22-1.42)
BMI 0.270
<25kg/m?  1.00 (Reference)  1.35(1.06-1.71)  1.20(0.92-1.57)  1.43 (1.11-1.84)
>25kg/m? 1.00 (Reference) 1.12 (1.06-1.18) 1.10 (1.04-1.15) 1.23(1.17-1.29)
Diabetes 0.310
No 1.00 (Reference)  1.11(1.05-1.17)  1.10(1.04-1.16)  1.25(1.19-1.32)
Yes 1.00 (Reference)  1.16(1.02-1.31)  1.07(0.94-1.21)  1.14 (1.01-1.29)

Note: All models were adjusted for age, sex, BMI, smoking status, alcohol intake, systolic and diastolic blood pressure, LDL cholesterol, baseline eGFR, HbA1lc, use of
ACE inhibitors/ARBs and ethnicity, unless the variable was used for stratification.
Abbreviations: aHR, adjusted hazard ratio; BMI, body mass index; CI, confidence interval; eGFR, estimated glomerular filtration rate; HbAlc, glycated hemoglobin;

IGF-1, insulin-like growth factor 1; LDL, low-density lipoprotein; MASLD, metabolic dysfunction-associated steatotic liver disease.

of missing data was low (0%-5.2% across covariates; Table S9).
In sensitivity analyses using multiple imputation, the associa-
tions remained materially unchanged, supporting the robust-
ness of the primary findings (Table S10).

4 | Discussion

In this large prospective cohort of 214 512 participants from the
UK Biobank, MASLD was consistently associated with an in-
creased risk of CKO compared with no-MASLD. Importantly,
the prognostic impact of MASLD differed according to circulat-
ing IGF-1 levels, with progressively higher riskobserved at lower
IGF-11evels and the highest risk in the lowest tertile. Participants
in the MASLD group with low IGF-1 levels had a 24% higher risk
of composite CKO, and were also at a significantly increased risk
of both incident CKD and 3P-MACE. Subgroup analyses showed
that the associations were consistent across sex, BMI and dia-
betes, stronger in participants <65years of age and markedly
amplified for incident CKD in those with baseline albuminuria
among individuals with CKD.

IGF-1 plays a pivotal role in MASLD and affects the hepatic
outcomes and diverse metabolic complications. In patients with
type 2 diabetes, Miyauchi et al. reported that lower serum IGF-1
levels were inversely correlated with non-invasive markers of
liver fibrosis, suggesting that IGF-1 deficiency reflects more ad-
vanced hepatic injury within metabolic liver disease populations
[19]. Similarly, recent reviews of MASLD pathophysiology have
highlighted the endocrine role of the liver, emphasizing that
disruption of GH signalling and reduced IGF-1 synthesis are
central to the progression from steatosis to inflammation and
fibrosis [20, 21]. Consistent with this, a meta-analysis of patients
with cirrhosis and advanced hepatitis found that low serum

IGF-1 was a strong predictor of transplant-free survival [22].
Evidence from obesity studies further supports this hypothesis.
In a prospective study of 79 individuals with severe obesity un-
dergoing metabolic surgery, investigators observed marked im-
provements in GH, IGF-1 and insulin-like growth factor binding
protein 1 (IGFBP1) levels over 52 weeks, accompanied by weight
loss, enhanced insulin sensitivity and reductions in systemic
inflammation [23]. Notably, the increase in IGF-1 was not cor-
related with changes in body weight or leptin, but rather with
improvements in adipose tissue function and decreased high-
sensitivity CRP, underscoring the role of inflammation in regu-
lating the GH-IGF-1 axis. These findings reinforce the hepatic
and metabolic determinants of IGF-1 and its potential utility as
a biomarker of MASLD severity.

Beyond hepatic outcomes, large-scale epidemiological studies
have demonstrated an association between IGF-1 and cardiovas-
cular risk in the general population. In a meta-analysis of pro-
spective cohorts, both low and high IGF-1 levels were associated
with an increased risk of coronary artery disease, heart failure
and stroke, with evidence of a nonlinear (U- or J-shaped) rela-
tionship [15]. However, evidence regarding kidney outcomes re-
mains limited. In a cross-sectional analysis of 5388 adults from
the third National Health and Nutrition Examination Survey
conducted in the united states, higher serum IGF-1 concentra-
tions were independently associated with prevalent CKD, with
participants in the highest quartile showing more than a twofold
higher odds than those in the lowest quartile [24]. Similarly, in
a randomized controlled trial of 2627 individuals with type 2
diabetes and CKD, elevated IGF-1 levels were associated with
a greater risk of composite kidney outcome, including doubling
of serum creatinine, cardiorenal death and all-cause mortality
[25]. This apparent discrepancy likely reflects differences in
disease context and underlying biology [26]. In advanced CKD
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and diabetes, higher IGF-1 levels may reflect compensatory ac-
tivation of the growth hormone-IGF-1 axis, altered IGF-binding
protein dynamics, or reduced renal clearance, thereby function-
ing as a marker of disease severity rather than a protective factor
[24, 25]. In contrast, in a relatively healthier, community-based
MASLD population, lower IGF-1 levels are more likely to indi-
cate impaired hepatic synthetic function, metabolic dysregula-
tion and systemic inflammation [13]. We therefore hypothesize
that IGF-1 may have a context-dependent role that higher levels
reflect disease burden in advanced CKD, whereas lower levels
identify individuals with compromised metabolic and hepatic
health in MASLD. Consistent with this framework, we observed
that lower IGF-1 levels were associated with more adverse met-
abolic and inflammatory profiles and higher cardio-kidney risk.
Importantly, we observed a statistically significant interaction
between MASLD and IGF-1 levels; however, this should be in-
terpreted with caution given that individual interaction terms
were not consistently significant. Nevertheless, the overall
pattern suggests that IGF-1 may act as a modifier of MASLD-
related cardio-kidney risk, with potential systemic implications
extending beyond the liver to the cardiorenal axis.

Notably, the strong association between low IGF-1 levels and in-
cident CKD in our MASLD cohort was a key finding. The link
between MASLD and CKD is multifactorial, involving shared
pathways of insulin resistance, systemic inflammation, oxida-
tive stress and activation of the renin-angiotensin-aldosterone
system [27]. IGF-1 itself plays a vital role in maintaining renal
homeostasis by promoting glomerular filtration, renal blood
flow and tubular function [28]. IGF-1 deficiency, as observed
in our T1 group, may therefore exacerbate renal vulnerability
in several ways. It can directly impair glomerular hemodynam-
ics or contribute to renal fibrosis and endothelial dysfunction,
compounding the profibrotic and inflammatory milieu already
established by MASLD. Although formal mediation analyses
were not performed, our findings provide indirect support for
these pathways. Lower IGF-1 levels were associated with more
adverse metabolic profiles and higher levels of inflammatory
markers, including C-reactive protein, suggesting that both met-
abolic dysregulation and systemic inflammation may contrib-
ute to the observed associations. The marked amplification of
the risk in participants with baseline albuminuria suggests that
low IGF-1 levels may act as a ‘second hit’, accelerating the pro-
gression of kidney damage in individuals with preexisting renal
vulnerability. Although the association was more pronounced
for kidney outcomes, the link between low IGF-1 and 3P-MACE
was also significant and clinically relevant. Cardiovascular
disease is the leading cause of death in patients with MASLD,
driven by atherogenic dyslipidemia, hypertension and a pro-
inflammatory, pro-thrombotic state [3-5, 29-31]. Low IGF-1 lev-
els have been independently linked to atherosclerosis, impaired
cardiac function and endothelial dysfunction in the general
population [32-35]. In the context of MASLD, low IGF-1 may in-
dicate a more severe systemic metabolic derangement that pro-
motes the development and progression of atherosclerosis. The
risk observed in this study was primarily driven by the lowest
IGF-1 tertile, consistent with a graded inverse association be-
tween IGF-1 levels and outcomes.

These findings have important clinical implications. Current
risk stratification in MASLD focuses on metabolic comorbidities

and hepatic fibrosis, but does not fully capture systemic risk.
The incorporation of IGF-1, a simple and inexpensive biomarker,
could improve risk prediction and guide early intervention.
Clinically, low IGF-1 levels may help to identify individuals
who would benefit from more intensive monitoring of blood
pressure, glucose and kidney function. The consistency of the
associations across sex, BMI and diabetes strata, as well as the
amplification of risk in patients with albuminuria, suggests
that IGF-1 provides incremental value beyond the established
factors. Furthermore, these results raise the possibility that the
GH/IGF-1 axis could represent a novel therapeutic target for re-
ducing the systemic complications of MASLD.

This study had some limitations that must be acknowledged.
First, MASLD was defined using the FLI, a non-invasive index,
rather than imaging or histopathology, which may lead to mis-
classification. However, our findings were consistent across
multiple sensitivity analyses using alternative definitions of
hepatic steatosis. Second, serum IGF-1 levels were measured
only at baseline, and changes could not be justified over time.
Third, despite extensive adjustments, residual confounders
from unmeasured variables could not be entirely excluded.
Fourth, CKD outcomes were defined using diagnostic and
procedure codes rather than repeated measurements of eGFR
or proteinuria, due to limited availability of longitudinal lab-
oratory data. This approach may have led to misclassification
of CKD events. Finally, our cohort consisted predominantly
of individuals of White European ancestry, which may have
limited the generalizability of these findings to other ethnic
groups.

In conclusion, this study provides strong evidence that MASLD is
an independent risk factor for adverse cardio-kidney events. Low
serum IGF-1 is a potent biomarker that stratifies individuals with
MASLD, who are particularly vulnerable to developing future car-
diovascular and kidney diseases. Future research should validate
these findings in diverse populations and explore the therapeutic
potential of targeting the GH/IGF-1 axis in patients with MASLD.
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