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Abstract

Background Kidney cancer has become known as a metabolic disease. However, there is limited evidence linking
metabolic syndrome (MetS) with kidney cancer risk. This study aimed to investigate the association between MetS
and its components and the risk of kidney cancer.

Methods UK Biobank data was used in this study. MetS was defined as having three or more metabolic abnormali-
ties, while pre-MetS was defined as the presence of one or two metabolic abnormalities. Hazard ratios (HRs) and 95%
confidence intervals (Cls) for kidney cancer risk by MetS category were calculated using multivariable Cox propor-
tional hazards models. Subgroup analyses were conducted for age, sex, BMI, smoking status and drinking status. The
joint effects of MetS and genetic factors on kidney cancer risk were also analyzed.

Results This study included 355,678 participants without cancer at recruitment. During a median follow-up of 11
years, 1203 participants developed kidney cancer. Compared to the metabolically healthy group, participants

with pre-MetS (HR=1.36, 95% Cl: 1.06-1.74) or MetS (HR= 1. 70, 95% Cl: 1.30-2.23) had a significantly greater risk of kid-
ney cancer. This risk increased with the increasing number of MetS components (P for trend < 0.001). The combina-
tion of hypertension, dyslipidemia and central obesity contributed to the highest risk of kidney cancer (HR= 3.03, 95%
Cl: 1.91-4.80). Compared with participants with non-MetS and low genetic risk, those with MetS and high genetic risk
had the highest risk of kidney cancer (HR= 1. 74, 95% Cl: 1.41-2.14).

Conclusions Both pre-MetS and MetS status were positively associated with kidney cancer risk. The risk associ-
ated with kidney cancer varied by combinations of MetS components. These findings may offer novel perspectives
on the aetiology of kidney cancer and assist in designing primary prevention strategies.
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Background

Kidney cancer, a malignancy involving the urinary sys-
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additional indicators associated with kidney cancer for
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targeted preventive strategies in high-risk populations
[5].

Metabolic syndrome (MetS) is a complex constellation
of symptoms involving hypertension, central obesity, dys-
lipidemia, hypertriglyceridemia and hyperglycemia [6].
The increasing prevalence of MetS poses great challenges
to public health [7]. Growing evidence suggests that MetS
could be associated with overall cancer or site-specific
cancers, such as liver cancer and colorectal cancer [8].
MetS is characterized by insulin resistance and chronic
inflammatory state, possibly involved in cancer develop-
ment and progression [9]. Emerging evidence links meta-
bolic alterations and kidney cancer development from
both animal experiments and population studies [10].
Under the condition of abnormal metabolism, tumor
cells may gain more energy by increasing glycolysis and
fatty acid oxidation, thereby promoting the development
of kidney cancer [11]. To gather additional epidemiologi-
cal evidence on the association linking MetS with kidney
cancer, several population-based studies were carried
out. However, most of the existing studies are retrospec-
tive, with limited sample sizes, and have shown inconsist-
ent results [12—-23]. Therefore, it is necessary to conduct
further investigation into the relationship of MetS with
kidney cancer risk.

Furthermore, environmental exposures and genetic
factors may jointly affect the development of kidney
cancer [24]. Until now, genome-wide association stud-
ies (GWAS) have uncovered genetic risk loci associated
with kidney cancer [25]. The polygenic risk score (PRS),
which is calculated by multiple genetic variants, serves as
a comprehensive assessment of genetic susceptibility to
diseases in individuals [26]. However, previous research
has mainly assessed the single impact of PRS on kidney
cancer [27]. The joint impact of MetS and PRS on kidney
cancer remains unclear.

Based on a cohort of the European population, this
study aimed to comprehensively examine the relationship
of MetS and its components with kidney cancer risk and
further explore the possible joint effect of MetS and PRS
on kidney cancer. The findings of this study may offer
novel perspectives on the etiology of kidney cancer and
assist in designing primary prevention strategies.

Methods

Study design and participants

The study utilized data acquired from the UK Biobank,
a prospective cohort, recruited over 500,000 individu-
als from 22 local assessment centers across the UK in
2006 - 2010 [28]. The cohort consisted of participants
aged between 37 and 73 years. During the baseline
assessment, individuals completed questionnaires, had
physical measurements and had blood, urine and saliva
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samples gathered. This study excluded (a) participants
with cancer at baseline (apart from non-melanoma skin
cancer, ICD-10 (International Classification of Dis-
eases, 10th revision) code (C44), (b) participants with
missing MetS components, and (c) participants with
missing covariates. The final analysis included 355,678
participants totally. The detailed flowchart of partici-
pant inclusion and exclusion was shown in Additional
file: Figure S1.

Assessment of MetS status
MetS was diagnosed based on the National Cholesterol
Education Program Adult Treatment Panel III (NCEP-
ATP III) criteria [7], with the presence of 3-5 of the
subsequent metabolic abnormalities: (a) central obe-
sity, defined as waist circumference [WC] > 102 cm for
males or WC > 88 cm for females); (b) hypertension, a
measured systolic blood pressure [SBP] > 130 mmHg or
diastolic blood pressure [DBP] > 85 mmHg, and or tak-
ing antihypertensive drugs); (c) dyslipidemia, defined as
high-density lipoprotein cholesterol [HDL-C] less than 1
mmol/L for males or less than 1.3 mmol/L for females,
and or taking elevating HDL-C drugs; (d) hyperglyce-
mia, defined as glycated haemoglobin [HbAlc] > 42
mmol/mol or taking drugs for diabetes); (e) hypertriglyc-
eridemia, defined as triglyceride [TG] > 1.7 mmol/L or
taking lowering TG drugs). Participants with one or two
metabolic abnormalities were categorized into the pre
metabolic syndrome (pre-MetS) group, while partici-
pants with none of the above-mentioned abnormalities
were categorized into the metabolically healthy group.
WC was measured using a 200-cm tape measure
(SECA). A HEM-907XL (Omron) was used to meas-
ure blood pressure twice after an interval of 5 minutes
or more, and the mean of the two measured values was
calculated [29]. The study chose a more stable marker,
HbAlc, as a substitute to define hyperglycemia due to
the low proportion (< 6%) of participants who had fasting
glucose measurements. Medications for hypertension,
low HDL-C, hypertriglyceridemia and hyperglycemia
were defined as previously described [30].

Ascertainment of outcomes

The study used an ICD-10 code of C64 to define kidney
cancer. Cancer status was ascertained through hospital
in-patient admission records, death or cancer registries
data. This study followed the individuals from baseline
enrollment until the earliest occurrence of the following
events: first registration with kidney cancer, death, lost-
of-follow-up, or the endpoint date (2021/01/31 in Scot-
land and 2020/02/29 in England and Wales).
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Covariates

This study adjusted for known kidney cancer risk fac-
tors and potential confounders, including sociodemo-
graphic information, lifestyle factors, dietary intake,
and physical measurements. Covariate information
was obtained through touch screen questionnaire and
physical measurements. This study considered soci-
odemographic characteristics such as age, sex (male/
female), race (white/others), education level (college or
university degree/others) and the townsend depriva-
tion index (TDI). Lifestyle factors consisted of smoking
status (former or current/never) and drinking status
(former or current/never). Diet intake was assessed
using the food frequency questionnaire including veg-
etable intake (< 3 tablespoons a day/> 3 tablespoons
a day), fruit intake (< 3 pieces a day/> 3 pieces a day),
fish intake (< 2 times a week/> 2 times a week) and
red meat intake (< 2 times a week/> 2 times a week).
Physical measurement index included body mass index
(BMI), which was calculated by weight (kg)/height (m)?.

Polygenic risk score

The single nucleotide polymorphisms (SNPs) related
to kidney cancer risk and their respective weights were
obtained from previous GWAS studies [25, 31]. Stand-
ard PRS weights were used, and they corresponded to
the log odds ratio (B) for each risk allele, with detailed
information provided in Additional file: Table S1. A set
of quality control procedures has been conducted on
genomic data from the UK Biobank before the release
of the processed data [32]. As GWAS studies on kidney
cancer risk were conducted in European ancestry popu-
lations, self-reported white ancestry may not accurately
represent European ancestry. Therefore, this study con-
structed the PRS based on the genotypes of individu-
als with Caucasian ancestry. Specifically, individuals
were further excluded when they had missing geno-
types, non-Caucasian ancestry, gender inconsistency,
kinship relationships, or poor quality samples. A total
of 107,797 participants were excluded, the subsequent
analysis involved 247,881 remaining participants. In the
PRS calculation, this study summed the weight of indi-
vidual SNPs after each was multiplied by the allelic dos-
age, and then divided accumulated value by the number
of SNPs.

Si X Gy
PRszz le Ul

i

where M is the number of SNPs observed for individual
J» S; is the weight of SNP i and G is the allelic dosage of
each SNP i in the genotype of individual ;.
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The PRS was classified into low (0-50th percentiles)
and high (50-100th percentiles) genetic risk.

Statistical analysis

Continuous variables were presented as mean (stand-
ard deviation), while categorical variables were shown
as number (percentage). The study performed one-way
analysis of variance (ANOVA) or Chi-squared test to
compare baseline information among the metabolically
healthy, pre-MetS and MetS groups.

The study constructed Cox regression models to evalu-
ate the relationship between MetS status, MetS compo-
nents and kidney cancer risk. Model 1 included age and
sex, while Model 2 further included race, education level,
TDI and dietary intake; Model 3, the full model, addi-
tionally incorporated BMI based on Model 2. The asso-
ciations of exposures were presented by hazard ratios
(HRs) and 95% confidence intervals (95% ClIs). The study
further investigated the associations between the combi-
nations of main MetS component and kidney cancer risk.
The Schoenfeld test showed no violation of the propor-
tional hazards assumption. Prespecified subgroup analy-
ses were conducted according to sex (male/female), age
(> 60 years old/< 60 years old), BMI (> 30 kg/m?/25 —
29.9 kg/m?/< 25 kg/m?), smoking status (current/former/
never), and drinking status (current/ former/never). The
study used the Wald test to assess the significance of
an interaction term. To evaluate the nonlinear relation-
ship of each MetS component with kidney cancer risk,
restricted cubic splines (RCS) with four knots (5%, 35%,
65%, and 95%) was applied. Additionally, in the Cau-
casian population, this study used multivariable Cox
regression to evaluate the relationship of MetS, PRS with
kidney cancer risk.

Sensitivity analyses were conducted to confirm the
results stability. First, to eliminate the effect of reverse
causality, individuals who was follow-up less than 2 years
were excluded; Second, the study excluded individuals
who had outliers for MetS components. Values below 1%
or above 99% quantile were regarded as outliers. Third,
the study excluded individuals with diabetes at recruit-
ment. Fourth, individuals with kidney cancer ascertained
through the death registries data were excluded.

A 2-sided P value < 0.05 was determined as statistically
significant and all statistical analyses were used with R
software (4.2.1).

Results

Baseline characteristics

In total, 355,678 participants were involved. The mean
(SD) age was 56.3 (8.1) years and the proportion of males
was 46.8%. Participants were stratified into three catego-
ries based on the MetS status: the metabolically healthy
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Table 1 Baseline characteristics of the study population
Characteristic Total Metabolically healthy pre-MetS MetS P
N (%) 355678 (100) 57303 (16.1) 200182 (56.3) 98193 (27.6)
Age, mean (SD), years 56.3 (8.1) 52.0(7.6) 56.5 (8.0) 58.2(7.6) <0.001
Gender, N (%) <0.001
Female 189263 (53.2) 40557 (70.8) 101219 (50.6) 47487 (48.4)
Male 166415 (46.8) 16746 (29.2) 98963 (49.4) 50706 (51.6)
Ethnicity, N (%) <0.001
Nonwhite 16263 (4.6) 2518 (4.4) 8372 (4.2) 5373 (5.5)
White 339415 (95.4) 54785 (95.6) 191810 (95.8) 92820 (94.5)
Townsend deprivation index, mean (SD) -14(3.0) -1.5(3.0) -16(3.0) -1.1(3.2) <0.001
Education level, N (%) <0.001
College or university degree 119056 (33.5) 25601 (44.7) 68638 (34.3) 24817 (25.3)
Others 236622 (66.5) 31702 (55.3) 131544 (65.7) 73376 (74.7)
Smoking status, N (%) <0.001
Never 195961 (55.1) 35377 (61.7) 112358 (56.1) 48226 (49.1)
Former 122917 (34.6) 16591 (29.0) 67694 (33.8) 38632 (39.3)
Current 36800 (10.3) 5335(9.3) 20130 (10.1) 11335(11.5)
Drinking status, N (%) <0.001
Never 14330 (4.0) 1800 (3.1) 6915 (3.5) 5615 (5.7)
Former 12060 (3.4) 1622 (2.8) 5752 (2.9) 4686 (4.8)
Current 329288 (92.6) 53881 (94.0) 187515 (93.7) 87892 (89.5)
BMI category, N (%) <0.001
<25kgm? 118405 (33.3) 38978 (68.0) 73423 (36.7) 6004 (6.1)
25-29.9 kg/m2 152018 (42.7) 17365 (30.3) 98116 (49.0) 36537 (37.2)
>30 kg/m2 85255 (24.0) 960 (1.7) 28643 (14.3) 55652 (56.7)
BMI, mean (SD) 274(4.7) 238(2.7) 26.5(3.8) 313(4.8) <0.001
WC, mean (SD), cm 90.2 (13.4) 786 (8.7) 87.9(11.0) 101.7(11.9) <0.001
SBP, mean (SD), mm Hg 137.7(18.5) 118.1(8.1) 1403 (17.8) 144.0 (16.8) <0.001
DBP, mean (SD), mm Hg 82.3(10.1) 73.0(6.3) 83.3(9.7) 85.5(9.8) <0.001
HDL-C, mean (SD), mmol/I 1.5(04) 1.7(0.3) 15(04) 12(0.3) <0.001
Triglyceride, mean (SD), mmol/I 1.7(1.0) 1.0(03) 1.6 (0.8) 25(1.2) <0.001
HbA1C, mean (SD), mmol/mol 36.0 (6.6) 33.7(3.2) 34.8 (4.2) 39.7(9.8) <0.001
Statins (Yes, %) 56448 (15.9) 0(0.0) 21251 (10.6) 35197 (35.8) <0.001
Diabetes medications (Yes, %) 7662 (2.2) 0(0.0) 714 (04) 6948 (7.1) <0.001
Hypertension medications (Yes, %) 71698 (20.2) 0(0.0) 31660 (15.8) 40038 (40.8) <0.001

P values were calculated by Chi-squared test for categorical data and one-way analysis of variance for parametric data

Abbreviations: pre-MetS pre metabolic syndrome, MetS metabolic syndrome, BMI body mass index, WC waist circumference, SBP systolic blood pressure, DBP diastolic

blood pressure, HDL-C high-density lipoprotein cholesterol, SD standard deviation, N Number

group (16.1%), the pre-MetS group (56.3%) and the MetS
group (27.6%) (Table 1). Compared with the metaboli-
cally healthy group, participants with pre-MetS or MetS
tended to be older, male and former or never drinkers,
with a lower level of education and a history of former or
current smoking. Individuals with MetS tended to have
a greater proportion of non-white ancestry, a BMI> 30
kg/m? and a greater TDI than those from the pre-MetS
and metabolically healthy groups. As expected, the pre-
MetS and MetS groups had elevated WC, DBP, SBP, TG
and HbAlc levels, along with reduced HDL-C levels.

Additionally, the proportion of taking statins, antidia-
betic medications and antihypertensive medications was
35.8%, 7.1% and 40.8% respectively in the MetS group.
For each MetS component, hypertension showed the
highest prevalence rate (69%), with hyperglycemia having
the lowest prevalence rate (8%) (Additional file: Figure
S2). Furthermore, this study compared the baseline infor-
mation between participants with all MetS components
and those with missing components, and found there
were no difference between the two groups (Additional
file: Table S2).
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MetS and kidney cancer

Compared with non-MetS (metabolically healthy + pre-
MetS) group, MetS status showed a positive association
with kidney cancer risk (HR= 1.28, 95% CI: 1.11-1.46)
(Table 2). Additionally, there was a higher HR for MetS
and pre-MetS (pre-MetS: HR= 1.36, 95% CI: 1.06-1.74;
MetS: HR= 1.70, 95% CI: 1.30-2.23) compared to meta-
bolically healthy group to develop kidney cancer. Com-
pared to individuals with no MetS components, those
with one to five components had HRs of 1.26 (0.97-1.64),
1.52 (1.17-1.98), 1.64 (1.24-2.16), 2.02 (1.49-2.75), and
2.65 (1.82-3.86), successively (P for trend < 0.001). The
results remained consistent across all sensitivity analyses
(Additional file: Table S3-S6). Subgroup analyses results
demonstrated that the associations of MetS with kidney
cancer risk according to sex, age, BMI and smoking sta-
tus were consistent. MetS exhibited a greater association
with kidney cancer risk among current drinkers than for-
mer/never drinkers. However, no evidence of interaction
was observed within these five groups (all P for interac-
tion > 0.05, Fig. 1).

MetS components and kidney cancer

All five MetS components (binary classification) were
associated with kidney cancer risk across Model 1 and
Model 2 (all P < 0.05). However, after additionally adjust-
ing for BMI, only hypertension (HR= 1. 29, 95% CI: 1.10-
1.51), central obesity (HR= 1. 22, 95% CI: 1.04-1.42) and
dyslipidemia (HR= 1. 63, 95% CI: 1.43-1.86) remained
significantly associated with kidney cancer (Table 2).
This study further explored the relationships of main
MetS component combinations with kidney cancer risk
(Table 3). In Model 3, the highest HRs for kidney cancer
risk based on component combinations were BP + HDL:
2.34 (1.44-3.81) for pre-MetS and BP + HDL + WC: 3.03
(1.91-4.80) for MetS, respectively. The results of sensi-
tivity analyses were consistent (Additional file: Table S7
and S8). In the subgroup analyses (Additional file: Figure
$3-S87), hypertriglyceridemia was predominantly associ-
ated with a greater risk of kidney cancer in women (HR=
1.37, 95%CI: 1.12-1.68) than in men (HR= 0.90, 95%ClI:
0.77-1.05, P for interaction = 0.002, Additional file: Fig-
ure S3). The associations of central obesity, hyperglyce-
mia, dyslipidemia and hypertension with kidney cancer
risk were not substantially different based on these sub-
groups (all P for interaction > 0.05, Additional file: Figure
S4-7).

When examining the non-linear relationship of MetS
components (continuous) with kidney cancer risk,
only HDL-C and WC demonstrated significant asso-
ciations with kidney cancer risk (HDL-C: P for overall <
0.001; WC: P for overall = 0.002). The study revealed an
L-shaped relationship between HDL-C and kidney cancer
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risk (P for nonlinearity = 0.002). Higher WC exhibited a
positive association with kidney cancer risk, without evi-
dence of nonlinearity (P for nonlinearity = 0.780). Mod-
elling the MetS component with the RCS suggested no
association between DBP, SBP, TG or HbAlc and kidney
cancer risk (all P for overall > 0.05, all P for nonlinearity
> 0.05, Fig. 2).

MetS, PRS and kidney cancer

The study further explored the relationship of PRS with
kidney cancer risk, along with evaluating the combined
effect of MetS and PRS across multivariable Cox models.
The results demonstrated that individuals at high genetic
risk had a greater kidney cancer risk (HR = 1.36, 95% CI:
1.19-1.56) when in comparison to those at low genetic
risk. In Model 3, each 1-SD increase in PRS level corre-
sponded to a 16% rise in kidney cancer risk (HR = 1.16,
95% CI: 1.09-1.24). Compared with participants with
non-MetS and low PRS, those with MetS and high PRS
had a significantly greater kidney cancer risk (HR= 1.74,
95% CI: 1.41-2.14) (Table 4).

Discussion

The study found a positive relationship between both
pre-MetS and MetS and kidney cancer risk, with the risk
increased corresponding to the MetS components num-
ber. The risk associated with kidney cancer varied by
MetS components combinations. Additionally, there was
an obviously higher kidney cancer risk in individuals with
high PRS and MetS, suggesting that PRS and MetS could
exert a joint effect on kidney cancer risk.

Limited prospective studies have examined the rela-
tionship between MetS and kidney cancer risk, showing
inconsistent conclusions. Kailuan [16] and Me-Can [17]
cohort studies results demonstrated a positive associa-
tion between MetS and kidney cancer risk, which con-
sisted with results in this study. Another SMART cohort
study conducted among individuals with cardiovascular
diseases (CVD) observed no relationship between MetS
and kidney cancer, possibly due to metabolic alterations
caused by CVD [18]. Several retrospective cohort stud-
ies [12, 14, 19, 20], case—control studies [13, 21, 22],
cross-sectional study [23], and meta-analysis [15] found
that MetS could increase kidney cancer risk. Neverthe-
less, most studies have retrospective designs, limited
sample sizes, and low statistical efficiency. Several stud-
ies suggested positive associations between pre-MetS
and heart disease [33, 34], however, few research stud-
ied on the relationship of pre-MetS with kidney cancer
risk. The study revealed an increase in kidney cancer risk
among individuals suffering from pre-MetS, indicating
the necessity of implementing intervention measures to
prevent kidney cancer among this population.
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MetS

Subgroup Cases/Person-years HR(95%Cl) P P for interaction
Sex
Male 328/542,808 —— 1.17 (0.99-1.39) 0.065 0.063
Female 186/518,780 — 1.51 (1.20-1.89) <0.001
Age
=60 346/543,273 — 1.24 (1.05-1.46) 0.012 0.110
<60 168/518,316 — 1.38 (1.09-1.74) 0.007
BMI
>30kg/m? 309/602,104 — 1.32 (1.05-1.65) 0.018 0.107
25-29.9 kg/m? 173/395,044 — 1.28 (1.07-1.55) 0.008
<25 kg/m? 32/64,441 ———  1.87 (1.28-2.72) 0.001
Smoking status
Current 84/120,580 e E— 1.19 (0.85-1.68) 0.308 0.231
Former 225/414,276 I 1.11 (0.90-1.37) 0.318
Never 205/526,733 — 1.46 (1.19-1.80) <0.001
Drinking status
Current 475/951,325 — 1.30 (1.13-1.50) <0.001 0.453
Former 24/49,573 —_— 0.97 (0.52-1.82) 0.921
Never 15/60,691 —_— 0.89 (0.39-2.02) 0.779

I T T T T 1

02 06 1

14 18 22 26 3
HR

Fig. 1 Association of MetS with risk of kidney cancer stratified by different subgroups

Among the five MetS components, the study found
that hypertension, central obesity and dyslipidemia
were linked to kidney cancer at a higher risk. Hyper-
tension is a common contributing factor to kidney can-
cer [35]. Unlike general obesity, central obesity exhibits
excessive accumulation of abdominal fat. One cohort
study exhibited a 1.32-fold increase in kidney can-
cer risk in participants suffering from central obesity,
with the risk increasing by increasing WC [36], which
consisted with findings in the study. For dyslipidemia,
previous reports showed a positive association for low
HDL-C with kidney cancer risk [37], similar to the find-
ings of present study. Furthermore, this study found an
L-shaped nonlinear relationship between HDL-C level
and kidney cancer risk. Similar nonlinear relationships
between HDL-C level and all-cause mortality were
identified [38]. There were no statistically significant
associations between hypertriglyceridemia or hypergly-
cemia and kidney cancer risk in this study, consistent
with findings from a case-control study using the Kail-
uan database [13]. However, some studies have reported
that high TG levels increased kidney cancer risk [12,
39]. The heterogeneity in the results could be attributed
to different studied populations and adjusted factors.
A case-control study from Taiwan also reported no
associations between hyperglycemia and kidney cancer

[40]. In this study, various effects of MetS component
combinations on kidney cancer risk were identified.
Notably, the risks of participants in some pre-MetS
groups (e.g., high BP + low HDL, HR=2.34) were
higher than those in some MetS groups (e.g., BP + WC
+ TG, HR=1.35). This finding suggests that individu-
als with high BP and low HDL should be targeted for
early prevention and management, even if they do not
satisfy the criteria for diagnosing MetS. Kidney cancer
risk was highest among individuals with a combination
of high BP, low HDL and increased WC in the MetS
group. The observed association is plausible because
only these three factors showed significant associa-
tions with kidney cancer risk in former MetS compo-
nent analyses. Moreover, hypertension, dyslipidemia or
central obesity might interact through common patho-
physiological pathways (such as insulin resistance) [41]
in tumorigenesis. Further investigations are required to
clarify the potential mechanisms linking MetS compo-
nent combinations to kidney cancer development. The
genetic variants identified through GWAS can be uti-
lized for constructing PRS to identify high-risk popula-
tions for preventing diseases [42]. In this study, kidney
cancer risk substantially increased in participants with
MetS and high PRS. Considering the relative immuta-
bility of genetic risk, intervention measures aimed at
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Table 3 Adjusted HRs for kidney cancer with MetS component combinations
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No. of MetS components  Cases/Person-years Incidencerates Combinations of MetS components  Adjusted HR (95%Cl) P
(per 100,000)
Metabolically healthy 74/632,518 11.70 None Reference
(0 component)
pre-MetS(1-2) 193/806,188 23.94 BP 1.26 (0.96-1.65) 0.095
(1-2 components) 13/71,263 18.24 HDL 2.01(1.11-3.62) 0.021
30/183,074 16.39 TG 0.91 (0.59-1.39) 0.652
19/85,637 22.19 WC 1.53(0.92-2.56) 0.105
21/56,582 37.11 BP + HDL 2.34(144-3.81) 0.001
200/558,960 35.78 BP + TG 1.38(1.05-1.82) 0.022
96/244,613 39.25 BP +WC 1.75 (1.26-2.43) 0.001
14/59,167 23.66 HDL +TG 1.54 (0.87-2.74) 0.138
19/62,870 30.22 TG +WC 1.52(0.91-2.54) 0114
MetS(3-5) 78/141,210 55.24 BP +HDL+TG 2.33(1.68-3.23) <0.001
(3-5 components) 28/54,037 51.82 BP + HDL + WC 3.03 (1.91-4.80) <0.001
137/355,311 38.56 BP +WC +TG 1.35(0.98-1.84) 0.065
10/15,704 63.68 BP +WC + HbATc 2.35(1.19-4.64) 0.014
14/48,616 28.80 HDL +WC +TG 1.74(0.97-3.12) 0.064
14/47,317 29.59 BP + TG + HbA1c 0.96 (0.54-1.72) 0.897
106/196,662 53.90 BP + HDL + WC +TG 2.19(1.57-3.05) <0.001
41/73,598 55.71 BP +WC+TG + HbAlC 1.61(1.06-2.45) 0.025
63/78,229 80.53 BP + HDL + WC + TG + HbA1c 2.65 (1.81-3.89) <0.001

HR was adjusted for age, sex, ethnicity, townsend deprivation index, education level, smoking status, alcohol status, intakes of vegetables, fruit, fish, and red meat and

body mass index
Note: only combinations with >10 events were presented

Abbreviations: pre-MetS pre metabolic syndrome, MetS metabolic syndrome, BP blood pressure, HDL high-density lipoprotein cholesterol, TG triglycerides, WC waist

circumference, No. Number, HR, hazard ratio, 95% Cl 95% confidence interval

populations with MetS and high PRS could be efficient
to lower kidney cancer incidence.

Although the pathogenesis of MetS and kidney cancer
remains unclear, there are some potential mechanisms
for MetS to increase kidney cancer risk. Insulin resistance
promotes reactive oxygen species production, leading
to DNA damage and facilitating malignant transforma-
tion [43]. Hyperinsulinemia elevates type 1 insulin-like
growth factor (IGF-1), activating downstream signaling
pathways such as PI3K/Akt/mTOR, which promotes cell
proliferation, inhibits apoptosis, and induces carcinogen-
esis [44]. Obesity changes the levels adipocyte-secreted
hormone, among which adiponectin inhibits cell prolif-
eration, leptin stimulates cell proliferation and facilitates
invasion and migration [45]. Additionally, obesity can
lead to an increase of pro-inflammatory factors, which
may inhibit the immune system function and promote
tumor growth [46]. Furthermore, hypertension may
affect the development of kidney cancer through chronic
renal hypoxia, lipid peroxidation and angiotensin system
disorders [47—49]. In the presence of multiple coexisting
components, various mechanisms may act synergisti-
cally to influence kidney cancer risk. Hypertension and

dyslipidemia, mechanistically linked, could exacerbate
atherosclerosis and impact vascular endothelial growth
factor, thereby influencing tumor growth [41]. Hyper-
glycemia and hypertension share common mechanisms,
such as oxidative stress, which may interact with other
pathways to accelerate the development of kidney can-
cer [50]. However, biological mechanisms underlying the
effects of MetS component combinations on kidney can-
cer are not clear, and further research is needed.

Study strengths and limitations

A significant strength of this study is its comprehensive
and detailed measurements of metabolic factors within
a large prospective cohort design. The study followed up
with > 1000 cases of kidney cancer, which provided high
statistical power and allowed for detailed examinations
of subgroups. Additionally, the risk associated with kid-
ney cancer varied by combinations of MetS component
in this study. High-risk populations were characterized
by the coexistence of multiple components, such as the
combination of ‘BP+HDL+ WC: Furthermore, this study
found the combined effect of PRS and MetS on kidney
cancer initially.
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Fig. 2 Restricted cubic spline analysis for the associations between MetS components and kidney cancer risk

Table 4 Risk of kidney cancer according to the joint effect of MetS and PRS

Cases/Person-years Incidencerates HR (95% Cl)

(per 100,000)
Model1 P Model2 P Model3 P

PRS

low PRS 369/1,356,865 27.20 Reference Reference Reference

high PRS 502/1,355,276 37.04 1.36(1.19-156)  <0.001 1.36(1.19-1.56)  <0.001 1.36(1.19-1.56)  <0.001

continuous 1.16(1.09-1.24)  <0.001  1.16(1.09-1.24) <0.001 1.16(1.09-1.24)  <0.001
Joint effect of MetS and PRS

No MetS/low PRS 213/989,257 2153 Reference Reference Reference

MetS/low PRS 156/367,608 4244 1.65(1.34-203) <0001 157(1.27-193) <0.001 1.28(1.02-1.60) 0.032

No MetS/high PRS  289/986,870 29.28 1.36(1.14-162) <0001 1.36(1.14-162) <0.001 136(1.14-1.62)  <0.001

MetS/high PRS 213/368,405 57.82 224 (1.85-2.71)  <0.001  2.14(1.77-2.59) <0.001 1.74(1.41-2.14)  <0.001

Model1: Adjusted for age and sex

Model2: Adjusted for age, sex, townsend deprivation index, education level, smoking status, alcohol status and intakes of vegetables, fruit, fish, and red meat
Model3: Adjusted as model 2 plus body mass index

low PRS referred to 0-50th percentiles; high PRS referred to 50-100th percentiles

Abbreviations: MetS metabolic syndrome, PRS polygenic risk score, HR hazard ratio, 95% Cl 95% confidence interval

Several limitations existed in this study. First, MetS factors cannot be completely eliminated, though the
components were measured only once at baseline. models were adjusted for a variety of factors; Third,
Therefore, the dynamic trends of metabolic risks can-  kidney cancer cases (N=19) identified by death regis-
not be evaluated; Second, the impact of confounding tries data may overestimate follow-up period, poten-

tially influencing the findings. Finally, the extrapolation
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of the results is limited since study population were
mostly of European ancestry.

Conclusion

In this study, both pre-MetS and MetS were associ-
ated with higher risk of kidney cancer. Combinations of
MetS components had various effects on kidney cancer.
BP, HDL and WC were among the strongest metabolic
risk factors for kidney cancer. Consequently, inclusion
of the population’s metabolic status becomes impera-
tive in designing primary prevention strategies for kid-
ney cancer. Additionally, the combination of MetS and
PRS may better predict the kidney cancer risk in popu-
lation, facilitating early prevention efforts.

Abbreviations

MetS Metabolic syndrome

pre-MetS  Pre metabolic syndrome

PRS Polygenic risk score

BMI Body mass index

SBP Systolic blood pressure

DBP Diastolic blood pressure

WC Waist circumference

HbAlc Glycated haemoglobin

HDL-C High-density lipoprotein cholesterol
TG Triglyceride

HR Hazard ratio

@ Confidence interval

ICD International Classification of Diseases
SD Standard deviation

UKB UK Biobank

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512944-024-02138-5.

[ Supplementary Material 1. }

Acknowledgements
We gratefully acknowledge the participants in the UK Biobank. The authors
also thank the staff of the UK Biobank study for their important contributions.

Author’s contributions

L.W.: Conceptualization, methodology, acquisition, data curation, formal
analysis, software, visualization, writing-original draft. H. Du: Formal analysis,
validation, methodology. C.S.: Data curation, methodology. H. Dai.: Conceptu-
alization, funding, design, methodology, writing-review & editing. K.C.: Con-
ceptualization, funding, project administration. All authors read and approved
the final manuscript.

Funding

This project was supported by National Key Research and Development
Program of China (2021YFC2500400), Tianjin Municipal Science and Technol-
ogy Bureau (22JCYBJC01040), the 14th five-year Special Project of Cancer
Prevention and Treatment for the Youth Talents of Tianjin Cancer Institute and
Hospital (YQ-08) and Tianjin Key Medical Discipline (Specialty) Construction
Project (TJYXZDXK-009A).

Availability of data and materials
UK Biobank data is available at https://www.ukbiobank.ac.uk/. This research
was conducted under approved project #76092.

Page 10 of 11

Declarations

Ethics approval and consent to participate

Ethics approval for the UK Biobank was obtained from the North West
Multi-centre Research Ethics Committee (Ref: 11/NW/0382). All participants
provided written informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 15 February 2024 Accepted: 8 May 2024
Published online: 17 May 2024

References

1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA Cancer
JClin. 2021;71:7-33.

2. SungH, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021;71:209-49.

3. Safiri S, Kolahi A-A, Mansournia MA, Almasi-Hashiani A, Ashrafi-Asgarabad
A, Sullman MJM, et al. The burden of kidney cancer and its attribut-
able risk factors in 195 countries and territories, 1990-2017. Sci Rep.
2020;10:13862.

4. Scelo G, Larose TL. Epidemiology and risk factors for kidney cancer. J Clin
Oncol. 2018;36:3574-81.

5. Rossi SH, Klatte T, Usher-Smith J, Stewart GD. Epidemiology and screening
for renal cancer. World J Urol. 2018;36:1341-53.

6. Eckel RH, Grundy SM, Zimmet PZ. The metabolic syndrome. Lancet.
2005;365:1415-28.

7. Alberti KGMM, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA,
et al. Harmonizing the metabolic syndrome: a joint interim statement
of the international diabetes federation task force on epidemiology
and prevention; national heart, lung, and blood institute; american
heart association; world heart federation; international atherosclerosis
society; and international association for the study of obesity. Circulation.
2009;120:1640-5.

8. Esposito K, Chiodini P, Colao A, Lenzi A, Giugliano D. Metabolic syndrome
and risk of cancer: a systematic review and meta-analysis. Diabetes Care.
2012;35:2402-11.

9. Fahed G, Aoun L, Bou Zerdan M, Allam S, Bou Zerdan M, Bouferraa Y, et al.
Metabolic syndrome: updates on pathophysiology and management in
2021. Int J Mol Sci. 2022;23:786.

10. Massari F, Ciccarese C, Santoni M, Brunelli M, Piva F, Modena A, et al. Meta-
bolic alterations in renal cell carcinoma. Cancer Treat Rev. 2015;41:767-76.

11 Chakraborty S, Balan M, Sabarwal A, Choueiri TK, Pal S. Metabolic repro-
gramming in renal cancer: events of a metabolic disease biochimica et
biophysica acta (BBA). Rev Cancer. 2021;1876:188559.

12. Lee HY, Han K-D, Woo IS, Kwon H-S. Association of metabolic syndrome
components and nutritional status with kidney cancer in young adult
population: a nationwide population-based cohort study in korea. Bio-
medicines. 2023;11:1425.

13. Jiang R, Li Z, Wang X, Cai H,Wu S, Chen S, et al. Association of metabolic
syndrome and its components with the risk of kidney cancer: A cohort-
based case-control study. THC. 2023;31:1235-44.

14. OhTR, Han K-D, Choi HS, Kim CS, Bae EH, Ma SK, et al. Metabolic syn-
drome resolved within two years is still a risk factor for kidney cancer. J
Clin Med. 2019;8:1329.

15. DuW, GuoK, Jin H, Sun L, Ruan S, Song Q. Association between meta-
bolic syndrome and risk of renal cell cancer: a meta-analysis. Front Oncol.
2022;12:928619.

16. Jiang R, Wang X, Li Z, Cai H, Sun Z, Wu S, et al. Association of metabolic
syndrome and its components with the risk of urologic cancers: a pro-
spective cohort study. BMC Urol. 2023;23:150.


https://doi.org/10.1186/s12944-024-02138-5
https://doi.org/10.1186/s12944-024-02138-5
https://www.ukbiobank.ac.uk/

Wang et al. Lipids in Health and Disease

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31

32.

33.

34.

35.

36

37.

38.

(2024) 23:142

Haggstrém C, Rapp K, Stocks T, Manjer J, Bjerge T, UImer H, et al.
Metabolic factors associated with risk of renal cell carcinoma. PLoS One.
2013;8:e57475.

van Kruijsdijk RCM, van der Graaf Y, Peeters PHM, Visseren FLJ. Second
manifestations of ARTerial disease (SMART) study group Cancer risk

in patients with manifest vascular disease: effects of smoking, obe-

sity, and metabolic syndrome. Cancer Epidemiol Biomarkers Prev.
2013;22:1267-77.

Choe JW, Hyun JJ, Kim B, Han K-D. Influence of metabolic syndrome on
cancer risk in hbv carriers: a nationwide population based study using
the national health insurance service database. J Clin Med. 2021;10:2401.
Ko S, Yoon S-J, Kim D, Kim A-R, Kim E-J, Seo H-Y. Metabolic risk profile

and cancer in korean men and women. J Prev Med Public Health.
2016;49:143-52.

Lépez-Jiménez T, Duarte-Salles T, Plana-Ripoll O, Recalde M, Xavier-

Cos F, Puente D. Association between metabolic syndrome and 13

types of cancer in Catalonia: A matched case-control study. PLoS One.
2022;17:0264634.

Bulut S, Aktas BK, Erkmen AE, Ozden C, Gokkaya CS, Baykam MM, et al.
Metabolic syndrome prevalence in renal cell cancer patients. Asian Pac J
Cancer Prev. 2014;15:7925-8.

Suarez Arbelaez MC, Nackeeran S, Shah K, Blachman-Braun R, Bronson

|, Towe M, et al. Association between body mass index, metabolic syn-
drome and common urologic conditions: a cross-sectional study using

a large multi-institutional database from the United States. Ann Med.
2023;55:2197293.

Hsieh JJ, Purdue MP, Signoretti S, Swanton C, Albiges L, Schmidinger M,
et al. Renal cell carcinoma. Nat Rev Dis Primers. 2017;3:17009.

Scelo G, Purdue MP, Brown KM, Johansson M, Wang Z, Eckel-Passow JE,
et al. Genome-wide association study identifies multiple risk loci for renal
cell carcinoma. Nat Commun. 2017;8:15724.

Lewis CM, Vassos E. Polygenic risk scores: from research tools to clinical
instruments. Genome Med. 2020;12:44.

Harrison H, Li N, Saunders CL, Rossi SH, Dennis J, Griffin SJ, et al. The cur-
rent state of genetic risk models for the development of kidney cancer: a
review and validation. BJU Int. 2022;130:550-61.

Matthews PM, Sudlow C. The UK Biobank. Brain. 2015;138:3463-5.
Dregan A, Rayner L, Davis KAS, Bakolis I, de la Torre JA, Das-Munshi J, et al.
Associations between depression, arterial stiffness, and metabolic syn-
drome among adults in the UK biobank population study: a mediation
analysis. JAMA Psychiatry. 2020;77:598-606.

Liang YY, Chen J, Peng M, Zhou J, Chen X, Tan X, et al. Association
between sleep duration and metabolic syndrome: linear and nonlinear
Mendelian randomization analyses. J Transl Med. 2023;21:90.

Henrion MYR, Purdue MP, Scelo G, Broderick P, Frampton M, Ritchie A,

et al. Common variation at 1g24.1 (ALDH9AT) is a potential risk factor for
renal cancer. PLoS One. 2015;10:e0122589.

Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, et al. The UK
biobank resource with deep phenotyping and genomic data. Nature.
2018;562:203-9.

Kim T-E, Kim H, Sung J, Kim D-K, Lee M-S, Han SW, et al. The association
between metabolic syndrome and heart failure in middle-aged male and
female: Korean population-based study of 2 million individuals. Epide-
miol Health. 2022;44.2022078.

Kwon CH, Kim H, Kim SH, Kim BS, Kim H-J, Sung JD, et al. The impact of
metabolic syndrome on the incidence of atrial fibrillation: a nationwide
longitudinal cohort study in South Korea. J Clin Med. 2019;8:1095.
Campi R, Rebez G, Klatte T, Roussel E, Ouizad |, Ingels A, et al. Effect of
smoking, hypertension and lifestyle factors on kidney cancer — per-
spectives for prevention and screening programmes. Nat Rev Urol.
2023;20:669-81.

Nam GE, Cho KH, Han K, Kim CM, Han B, Cho SJ, et al. Obesity, abdominal
obesity and subsequent risk of kidney cancer: a cohort study of 23.3 mil-
lion East Asians. Br J Cancer. 2019;121:271-7.

Zhang C,Yu L, XuT, HaoY, Zhang X, Liu Z, et al. Association of dyslipi-
demia with renal cell carcinoma: a 1:2 matched case-control study. PLoS
One. 2013;8:€59796.

Merland JG, Magnus P, Vollset SE, Leon DA, Selmer R, Tverdal A. Associa-
tions between serum high-density lipoprotein cholesterol levels and
cause-specific mortality in a general population of 345 000 men and

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 11 of 11

women aged 20-79 years. Int J Epidemiol. 2023;52(4):1257-67. https://
doi.org/10.1093/ije/dyad011.

Van Hemelrijck M, Garmo H, Hammar N, Jungner |, Walldius G, Lambe M,
et al. The interplay between lipid profiles, glucose, BMI and risk of kidney
cancer in the Swedish AMORIS study. Int J Cancer. 2012;130:2118-28.

Lai SW, Liao KF, Lai HC, Tsai PY, Sung FC, Chen PC. Kidney cancer and
diabetes mellitus: a population-based case-control study in Taiwan. Ann
Acad Med Singap. 2013;42:120-4.

Chapman MJ, Sposito AC. Hypertension and dyslipidaemia in obesity and
insulin resistance: pathophysiology, impact on atherosclerotic disease
and pharmacotherapy. pharmacology & Therapeutics. 2008;117:354-73.
Archambault AN, Su Y-R, Jeon J, Thomas M, Lin Y, Conti DV, et al. Cumula-
tive burden of colorectal cancer-associated genetic variants is more
strongly associated with early-onset vs late-onset cancer. Gastroenterol-
ogy. 2020;158:1274-1286.e12.

Godsland IF. Insulin resistance and hyperinsulinaemia in the develop-
ment and progression of cancer. Clin Sci (Lond). 2009;118:315-32.
Chiefari E, Mirabelli M, La Vignera S, Tanyolag S, Foti DP, Aversa A, et al.
Insulin resistance and cancer in search for a causal link. Int J Mol Sci.
2021;22:11137.

Gati A, Kouidhi S, Marrakchi R, El Gaaied A, Kourda N, Derouiche A, et al.
Obesity and renal cancer: role of adipokines in the tumor-immune
system conflict. Oncoimmunology. 2014;3:e27810.

Mendonga FM, De Sousa FR, Barbosa AL, Martins SC, Araujo RL, Soares

R, et al. Metabolic syndrome and risk of cancer: which link? Metabolism.
2015;64:182-9.

Sharifi N, Farrar WL. Perturbations in hypoxia detection: a shared link
between hereditary and sporadic tumor formation? Med Hypotheses.
2006;66:732-5.

Gago-Dominguez M, Castelao JE, Yuan J-M, Ross RK, Yu MC. Lipid
peroxidation: a novel and unifying concept of the etiology of renal cell
carcinoma (United States). Cancer Causes Control. 2002;13:287-93.
Sobczuk P, Szczylik C, Porta C, Czarnecka AM. Renin angiotensin system
deregulation as renal cancer risk factor. Oncol Lett. 2017;14:5059-68.
Cheung BMY, Li C. Diabetes and hypertension: is there a common meta-
bolic pathway? Curr Atheroscler Rep. 2012;14:160-6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1093/ije/dyad011
https://doi.org/10.1093/ije/dyad011

	Association between metabolic syndrome and kidney cancer risk: a prospective cohort study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design and participants
	Assessment of MetS status
	Ascertainment of outcomes
	Covariates
	Polygenic risk score
	Statistical analysis

	Results
	Baseline characteristics
	MetS and kidney cancer
	MetS components and kidney cancer
	MetS, PRS and kidney cancer

	Discussion
	Study strengths and limitations

	Conclusion
	Acknowledgements
	References


