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Backgrounds This investigation seeks to explore the correlation between nonalcoholic fatty liver
disease (NAFLD) and cardiovascular diseases (CVDs), and to to provide evidence for the prevention and
treatment of CVDs.

Methods This study utilized data from the Jinchang cohort platform, including 19,399 participants
without pre-existing major CVDs. Based on the general population and gender stratification, Cox
models were used to analyze the risk of NAFLD for CVDs. The combined effect of NAFLD and different
obesity indicators on CVDs was analyzed by additive and multiplicative interaction models and
subgroups.

Results There were 3129 NAFLD patients out of 19399 subjects, and 723 (23.11%) of them had the
CVD. After adjusting for multiple confounding factors, the Cox model revealed a 1.17-fold increase

in the risk of CVDs among patients with NAFLD compared to those without NAFLD. Moreover, there
was no notable disparity in CVDs risk among most NAFLD patients at the same level of obesity. The
results indicated no additive interaction between NAFLD and obesity concerning CVDs risk, but rather
a positive multiplicative interaction. Using the normal population as a reference, it was found that
people with both obesity and NAFLD significantly increased the risk of developing CVDs, with HRs and
95% Cls of 1.790 (1.508, 2.126), 1.356 (1.213, 1.517), and 1.807 (1.503, 2.174), respectively, for BMI,
WC, and the combination of BMI and WC.

Conclusions NAFLD and obesity are independent risk factors for CVDs. The synergy of obesity and
NAFLD implies that NAFLD patients should control weight gain. Larger BMI and WC values may
increase the CVDs risk for NAFLD patients, especially women.

Keywords Non-alcoholic fatty liver disease (NAFLD), Obesity, Cardiovascular diseases (CVDs), Prospective
cohort study, Risk of disease, Interaction
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NAFLD  Non-alcoholic fatty liver disease

IR Insulin resistance

HCC Hepatocellular carcinoma

CVDs Cardiovascular diseases

T2DM Type 2 diabetes mellitus

CHD Coronary heart disease

BMI Body mass index

WwC Waist circumference

SBP Systolic blood pressure

DBP Diastolic blood pressure

TG Triglyceride

HDL-C  High-density lipoprotein cholesterol
NFS Non-alcoholic fatty liver disease fibrosis score
HR Hazard ratio

CI Confidence interval

Institute of Epidemiology and Statistics, School of Public Health, Lanzhou University, Lanzhou 730000, China.
Hemail: wangmzh@Izu.edu.cn; zhengsh@lzu.edu.cn

Scientific Reports|  (2024) 14:24024 | https://doi.org/10.1038/s41598-024-74841-3 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf

www.nature.com/scientificreports/

Non-alcoholic fatty liver disease (NAFLD), as a metabolic stress-induced liver injury, is closely associated with
insulin resistance (IR) and genetic susceptibility. Patients usually have manifestations related to overnutrition,
obesity, and metabolic syndrome, and without intervention, they can progress to liver cirrhosis and even
hepatocellular carcinoma (HCC)!. Moreover, NAFLD is a multi-system disease, which not only causes liver-
related complications, but also has metabolic comorbidities to a large extent, which increases the risk of
extrahepatic diseases such as cardiovascular diseases (CVDs), chronic kidney disease, type 2 diabetes mellitus
(T2DM), and malignant tumors?. In recent years, NAFLD has been proposed as an emerging risk factor for
CVDs’. Younossi et al. conducted a global epidemiological meta-analysis focusing on NAFLD, revealing a
striking incidence of 4.79 CVDs deaths and 0.77 liver disease-related deaths per 1000 person-years within the
NAFLD population®. Moreover, increasing clinical and epidemiological evidence has shown that after adjusting
for common cardiovascular risk factors, NAFLD is still independently associated with increased prevalence
and incidence of CVDs>°. However, current studies on the association between NAFLD and CVDs are mostly
concentrated in economically developed countries and regions, while domestic studies, especially those in
northwest China, are very lacking’~°. Therefore, it is necessary to carry out relevant studies in this region to
provide a new basis for the prevention and control of CVDs.

Studies have shown that obesity is another key and modifiable risk factor for CVDs. NAFLD increases CVD
risk through IR, low-grade systemic inflammation, adhesion molecules, and prothrombotic mechanisms!'.
And Obesity triggers adipocyte proliferation, leading to a low-grade systemic pro-inflammatory state and
pro-inflammatory cytokine secretion, which exacerbates IR and thus promotes the development of NAFLD
and CVD!. A meta-analysis'> in China showed that the risk of late-life stroke in early adulthood was 1.36
and 1.81 times higher in overweight and obese individuals than in normal-weight individuals, respectively,
and the association was stronger in the obese group than in the overweight group, suggesting a dose-response
relationship. And results from the China Health and Retirement Longitudinal Study (CHARLS)'? showed that
the prevalence of obesity-associated hypertension in people aged 45 years and older in China was 22.7%, or
about 120 million people. The meta-analysis evidence of Li et al.!* suggested a clear dose-response relationship
between body mass index (BMI) and the risk of NAFLD. At present, the prevalence of NAFLD in non-obese
people has been widely reported worldwide, ranging from 3-30%"°. Obesity, as a common risk factor for NAFLD
and CVDs, may play an important role in the development of CVDs in NAFLD. Contemporary investigations
mostly focus on the effect of obesity or NAFLD alone on the prevalence of CVDs. Moreover, it is not clear
whether non-obese individuals afflicted with NAFLD face a comparable risk of developing CVDs as their obese
counterparts with NAFLD. Therefore, further research is urgently needed, which is of great significance for the
prevention and treatment of the outcome of NAFLD population and the reduction of the risk of CVDs.

BMI and waist circumference (WC) are the main indicators of obesity. BMI is a widely used obesity measure
in clinical and epidemiological studies to classify general obesity. However, BMI doesn’t distinguish between
muscle mass and fat mass, nor does it reflect fat distribution, and it is affected by differences in age, sex, and race.
At present, the conclusions on the relationship between BMI and CVDs are inconsistent, and some studies have
reported that higher BMI is associated with a higher risk of CVD death!6. A Korean cohort showed that lower
BMI was associated with a reduced risk of coronary heart disease (CHD)"’. Simultaneously, certain scholars have
postulated that BMI exerts a safeguarding influence on CVDs among afilicted patients'®. WC is an indicator
to evaluate central obesity, which can reflect fat distribution and visceral fat accumulation to a certain extent,
and is considered to be a good indicator to predict CVDs'?. It has been reported that a 1 cm increase in WC
increases the risk of future cardiovascular events by 5%%°. However, the advantages and disadvantages of BMI
versus WC measurement are still under debate?!:?2. Therefore, it is of great significance to carry out studies on
CVDs risk assessment by combining BMI and WC indicators to clarify the evaluation indicators of obesity in
the population. In this study, we utilized data from the Jinchang Cohort Study Platform??, located in the western
region of China, employing the methodological framework of prospective cohort studies to elucidate the
pathogenetic correlation between NAFLD and CVDs. Our inquiry delved into unraveling the potential interplay
between obesity and NAFLD concerning CVDs, along with assessing the varying risk of NAFLD on CVDs
across different obesity strata. Furthermore, we meticulously stratified our analysis by gender, endeavoring to
furnish a scientific underpinning for the prevention and treatment of CVDs within local populations.

Materials and methods

Study population

Our study was based on a cohort of occupational populations that was established in a large, state-owned
enterprise in China (Jinchang cohort)?. The cohort completed a baseline survey of 48,001 individuals from
June 2011-December 2013, a first follow-up of 33,355 individuals before December 2015, and a second follow-
up of 30,291 individuals before December 201724, A total of 30,291 individuals were then matched to baseline
and follow-up information based on unique individual numbers for this study. Here, general characteristics,
physical examination and biological indicators of the subjects of this study were collected in the baseline, and
diagnostic outcomes of CVDs were determined in the follow-up. 8,248 patients with hypertension, 592 patients
with coronary artery disease and 205 patients with stroke were excluded from the baseline according to the
purpose of the study, followed by the exclusion of 1,847 patients with missing ultrasound results at baseline,
resulting in the inclusion of 19,399 patients (Fig. 1).

Data collection

This study used a self-designed questionnaire, and with the informed consent of the respondents, the survey was
conducted face-to-face by uniformly trained professional investigators. The content of the survey mainly included
general demographic and sociological characteristics, personal behavioral habits, past history of diseases, family
history of diseases, and occupational history. Physical examinations were performed by professional clinicians

Scientific Reports |

(2024) 14:24024 | https://doi.org/10.1038/s41598-024-74841-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Baseline data collection
was completed in 2013
N=48001

The follow-up study was
completed in 2017
N=30291

Excluded 10892 participants at baseline

- Patients with hypertension (N=8248)

- Patients with coronary artery disease
F———————»] (N=592)

- Patients with stroke (N=205)

Y - Patients with missing ultrasound findings
(N=1847)

Participants in the analysis
N=19399

Figure 1. Flow chart of study subject inclusion.

and included measurements of body weight, height, WC, blood pressure (BP), and abdominal liver ultrasound.
For clinical biochemical testing, all participants were required to obtain fasting venous blood in the morning.
Fasting plasma glucose (FPG), triglyceride (TG), total cholesterol (TC), high density lipoprotein cholesterol
(HDL-C), alanine aminotransferase (ALT), aspartate aminotransferase (AST), platelet (PLT) and albumin (ALB)
were detected by automatic biochemical analyzer. Inpatient medical records of all employees from January 2011
to December 2017 were collected in the employee hospital affiliated with the cohort employee’s enterprise. The
main information included the employee’s ID number, age, gender, visit number, visit time, discharge diagnosis,
and International Classification of Diseases, 10th edition (ICD-10).

Assessment of NAFLD and obesity

NAFLD: Excessive accumulation of fat in the liver as demonstrated by ultrasound; no history of alcohol
consumption or no excessive alcohol consumption (<30 g/d in men and <20 g/d in women), and exclusion
of secondary diseases that may cause hepatic steatosis (Hepatitis B Virus, Hepatitis C Virus, Liver Cirrhosis,
Autoimmune Liver Disease, etc.) are used as the criterial.

Obesity: BMI was used to determine overweight/obesity. The formula was BMI = weight(kg)/height*(m?),
where BMI < 24 kg/m? was normal weight, 24 kg/m? <BMI < 28 kg/m? was overweight, and > 28 kg/m? was
obese?®. WC is used to measure central obesity, men's WC>90 cm and women’s WC >80 cm can be judged as
central obesity?°.

Definitions of outcomes

The emergence of the study’s findings was defined as the first event of nonfatal CVDs and was coded according
to the ICD-10, including hypertension (ICD-10: I10-I15), coronary heart disease (ICD-10: 120-125), and stroke
(ICD-10: 160-165).

Hypertension: hypertension was defined as systolic blood pressure (SBP)>140 and/or diastolic blood
pressure (DBP) > 90 mmHg?’, and/or those who self-reported in epidemiological surveys and were diagnosed
as hypertensive by hospitals of the second level or above; and/or those who were diagnosed as hypertensive in
their previous hospitalized medical records. Satisfaction of one of the three criteria was sufficient. Of these, if
there was duplication with self-reporting and testing for hypertension, the record of the earliest time of diagnosis
was retained.

CHD/Stroke: patients who self-report CHD/stroke in epidemiological surveys and can provide proof of
clinical diagnosis in hospitals of the second level or above, and/or patients diagnosed with CHD/stroke in
previous hospitalized medical records.

Assessment of lifestyle factors and covariates

High-salt and high-fat diets were defined as >6 g/d of salt and >30 g/d of cooking oil use, respectively.
Physical activity status was categorized as never, occasional and regular. Never means no or very little exercise;
occasionally means more than 30 min of exercise 1-2 times per week; and regularly means more than 30 min
of exercise 3 or more times per week. Tobacco use includes smoking, quitting and non-smoking. A person who
has smoked at least one cigarette a day for more than six months is defined as a smoker, a person who has ever
met the criteria for smoking but has stopped smoking for more than six months is defined as a cessation smoker,
and non-smoking is defined as a non-smoker who has never smoked or who has smoked occasionally but has
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not met the criteria for smoking. Alcohol use included alcohol use, abstinence, and no alcohol use. People who
drink alcohol on average at least once a week for at least the past 6 months are called “drinkers”; People who met
the drinking criteria in the past but have stopped drinking for more than 6 months are considered “abstaining”;
Nondrinkers are those who never drink or who drink occasionally but do not meet drinking criteria. In addition,
according to the type, frequency and amount of alcohol consumed by the study participants, drinking index (g/
week) = number of drinks per week * amount of alcohol per drink (mL) * alcohol coefficient * 0.8. The alcohol
coeflicient for white wine was 0.50, for red wine 0.12, and for beer 0.04. Drinking > 210 g/week for males, and
> 140 g/week for females, was defined as excessive alcohol consumption. Family history of CVD: at least one of the
first-degree relatives of the study participant had a cardiovascular type (hypertension, stroke, or CHD) of disease.
T2DM was determined by FPG values, and study participants with FPG between 5.6 and 6.9 mmol/L on physical
examination were determined to be pre-diabetic?®, those with FPG > 7.0 mmol/L on physical examination or
those who self-reported T2DM in the epidemiological survey and were able to provide a certificate of diagnosis
from a hospital of the second level or higher were defined as having diabetes mellitus. In this study, we chose
three basic items for blood lipid testing: TC, TG, and HDL-C, and dyslipidemia was diagnosed when one of them
was met, i.e., when TC>6.2 mmol/L, TG > 1.7 mmol/L*, and HDL-C < 1.0 mmol/L in men or < 1.3 mmol/L
in women'. The diagnostic criteria for metabolic syndrome*® encompass WC abnormalities, along with two or
more of the following conditions: abnormal blood glucose levels, altered HDL-C levels, abnormal triglyceride
levels, and blood pressure exceeding 130/85 millimeters of mercury. The degree of hepatic fibrosis was assessed
using the NAFLD Fibrosis Score (NFS).The NFS was calculated as NFS = -1.675+0.037* Age (years) +0.094
* BMI (kg/m?)+1.13* Pre-diabetes/Diabetes (yes=1, no=0)+0.99*AST/ALT —0.013 * PLT (10°/L) -0.66 *
ALB (g/d1)*32. When NFS < -1.455, advanced liver fibrosis could be excluded, when — 1.455 < NFS < 0.676, the
degree of liver fibrosis was uncertain, and when NFS >0.676, advanced liver fibrosis could be indicated.

Statistical analysis
In this study, the number of cases and constituent ratio (n, %) were used to describe the categorical data, and
the mean + standard deviation (x & s) was used to describe the continuous variables. Continuous variables
were compared between groups using t-test or analysis of variance, and categorical data were compared between
groups using chi-square test. Multifactorial Cox proportional risk models were used to estimate hazard ratios
(HR) and 95% confidence interval (CI) for major CVDs. Additive and multiplicative models were used to assess
the interaction of NAFLD with different indicators of obesity on CVDs risk. Differences in the risk of developing
CVDs in obese patients with NAFLD were observed by stratified analyses when a population of normal weight
and without NAFLD was used as a reference.

Data analysis was completed by SPSS 26.0 and R 4.2.1 statistical software. All analyses were performed by
two-sided test, and P <0.05 was considered statistically significant.

Ethics approval and consent to participate

All study participants provided written informed consent, and the study protocol was approved by the Ethics
Committees of the Public Health School of Lanzhou University (2015-01). Moreover, all the methods of the
study were carried out in accordance with the relevant guidelines and regulations, in line with the Declaration
of Helsinki.

Result

General characteristics of the study participants

A total 0f 19,399 study participants were ultimately enrolled in this investigation, with a mean age of 42.28 +10.80
years. There were 11,341 males, with a male to female ratio of 1.41:1. The prevalence of pre-diabetes and diabetes
is 12.46% and 3.69% respectively. 37.19% had a family history of CVDs. 32.06% of them were overweight or
obese and 27.46% had abdominal obesity. The mean values of SBP and DBP were 114.52+12.93mmHg and
73.48+7.99mmHg, respectively. Abnormalities in TC, TG and HDL-C were 4.39%, 39.51% and 19.34%
respectively. 11.9% had metabolic syndrome and 1.52% had advanced liver fibrosis. Men had more high salt
diets, high fat diets, never exercised, smoked, drank alcohol, suffered from diabetes mellitus, overweight/obesity,
abdominal obesity, and triglyceride abnormalities than women; men’s mean blood pressure was also higher than
women’; and metabolic syndrome affects more men than women; as well as men’s advanced fibrosis of the liver
was more severe than women’s; in addition, women’s mean HDL-C and TC were slightly higher than men’s, and
the above differences were all statistically significant P <0.05). The mean values of HDL-C in men and women
and TG in men were higher than the diagnostic criteria for their abnormal values. See Table 1 for details.

As shown in Table 2, there were 3129 patients with NAFLD, with a mean age of 43.35+11.07 years, and 723
major cardiovascular events. The NAFLD population with and without CVD was predominantly male. The
prevalence of diabetes or pre-diabetes in patients with NAFLD was 27.78%, and 30.49% met the diagnostic
criteria for metabolic syndrome. Compared to NAFLD patients without CVD, the NAFLD population with
CVD was older, had more pre-diabetes and diabetes, higher levels of several metabolic markers (BMI, WC, SBP,
DBP, TG, TC) (p <0.05), more people with metabolic syndrome and more advanced liver fibrosis.

Association between NAFLD and CVDs

Table 3 delineates the cumulative incidence rate of these severe CVDs among NAFLD sufferers tallied at 23.11%,
markedly surpassing that observed within the general populace (P <0.001). Table S1 showed that 529 men and
194 women with NAFLD developed major CVDs, and the cumulative incidence rates of major CVDs were
21.87% and 27.32%, respectively, figures markedly eclipsing those observed in counterparts devoid of NAFLD
(P<0.001). Notably, the cumulative incidence of CVDs among women with NAFLD surpassed that among
men (P=0.002). Multivariate Cox proportional hazards regression model was used to analyze the influence of
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Total Male Female
Variables N=19,399 N=11,341 N=8058 P value
Age(years)™® 42.28+10.80 42.57+11.93 41.87+8.93 <0.001
<40 7283 (37.54%) | 4485 (39.54%) | 2798 (34.72%)
40-49 8641 (44.54%) 4494 (39.62%) 4147 (51.46%)
50-59 1931 (9.95%) 1134 (10.00%) | 797 (9.89%)
60-69 1138 (5.87%) 869 (7.66%) 269 (3.34%)
>70 406 (2.09%) 359 (3.17%) 47 (0.58%)
Occupation” <0.001
Leader 2069 (10.67%) 1010 (8.91%) 1059 (13.14%)
Technicist 1001 (5.16%) 650 (5.73%) 351 (4.36%)
Worker 15,892 (81.92%) | 9513 (83.88%) 6379 (79.16%)
Office service personnel 437 (2.25%) 168 (1.48%) 269 (3.34%)
Education
High school and below 11,643 (60.02%) | 6842 (60.33%) 4801 (59.58%)
College or above 7756 (39.98%) 4499 (39.67%) 3257 (40.42%)
Per capita monthly household income,¥" <0.001
<¥2000 9991 (51.50%) | 6230 (54.93%) | 3761 (46.67%)
>Y2000 9408 (48.50%) | 5111 (45.07%) | 4297 (53.33%)
High salt diet’ <0.001
No 15,237 (78.5%) | 8403 (74.09%) 6834 (84.85%)
Yes 4162 (21.45%) | 2938 (25.91%) | 1224 (15.19%)
High fat diet’ <0.001
No 15,823 (81.6%) | 8854 (78.07%) 6969 (86.49%)
Yes 3576 (18.43%) 2487 (21.93%) 1089 (13.51%)
Physical exercise <0.001
Never 2905 (14.97%) | 1844 (16.26%) | 1061 (13.17%)
Occasionally 8575 (44.20%) 4980 (43.91%) 3595 (44.61%)
Regularly 7919 (40.82%) 4517 (39.83%) 3402 (42.22%)
Smoking <0.001
No 11,025 (56.83%) | 3061 (26.99%) 7964 (98.83%)
Yes 7275 (37.50%) | 7196 (63.45%) | 79 (0.98%)
Smoking cessation 1099 (5.67%) 1084 (9.56%) 15 (0.19%)
Drinking’ <0.001
No 14,903 (76.82%) | 7037 (62.05%) 7866 (97.62%)
Yes 3889 (20.05%) | 3711 (32.72%) | 178 (2.21%)
Abstinence 607 (3.13%) 593 (5.23%) 14 (0.17%)
Diabetes” 715 (3.69%) 569 (5.02%) 146 (1.81%) <0.001
Pre-diabetes 2417 (12.46%) | 1603 (14.13%) | 814 (10.10%) | <0.001
Family history of CVDs" 7214 (37.19%) | 3749 (33.06%) | 3465 (43.00%) | <0.001
BMI(kg/m?)™* 22.77+£3.01 23.40+2.96 21.87+2.83 <0.001
<24 13,179 (67.94%) | 6761 (59.62%) | 6418 (79.65%)
24-28 5283 (27.23%) 3878 (34.19%) 1405 (17.44%)
>28 937 (4.83%) 702 (6.19%) 235 (2.92%)
WC(cm) ™ 82.49+8.61 87.21+7.11 75.85+5.65 <0.001
Normal 14,073 (72.54%) | 7685 (67.76%) 6388 (79.28%)
Abnormal 5326 (27.46%) 3656 (32.24%) 1670 (20.72%)
SBP(mmHg)* 114.52+12.93 117.17+12.26 110.80+12.93 | <0.001
DBP(mmHg)* 73.48+7.99 74.3+7.90 72.32+7.98 <0.001
BP(mmHg)" <0.001
<110/75 5522 (28.47%) 2436 (21.48%) 3086 (38.30%)
110~<120/75~<80 5086 (26.22%) 2911 (25.67%) 2175 (26.99%)
120~<130/80~<85 5174 (26.67%) 3420 (30.16%) 1754 (21.77%)
130~<140/85~<90 3617 (18.65%) 2574 (22.70%) 1043 (12.94%)
TC(mmol/L)* 4.60+0.85 4.59+0.85 4.62+0.84 0.029
Normal 18,548 (95.61%) | 10,851 (95.68%) | 7697 (95.52%) 0.618
Abnormal 851 (4.39%) 490 (4.32%) 361 (4.48%)
Continued
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Total Male Female

Variables N=19,399 N=11,341 N=8058 P value
TG(mmol/L) * 1.80+1.43 2.06+1.59 1.44+1.06 <0.001
Normal 11,735 (60.49%) | 5731 (50.53%) 6004 (74.51%)
Abnormal 7664 (39.51%) | 5610 (49.47%) | 2054 (25.49%)
HDL-C(mmol/L)"* 1.39+0.35 1.30+0.31 1.53+0.35 <0.001
Normal 15,648 (80.66%) | 9620 (84.82%) 6028 (74.80%)
Abnormal 3751 (19.34%) 1721 (15.18%) 2030 (25.19%)
Metabolic syndrome' 2172(11.19%) 1585(13.98%) 587(7.28%) <0.001
NFS' <0.001
<-1.455 14,125(72.81%) | 7977(70.34%) 6148 (76.30%)
-1.455-0.676 4980(25.67%) 3129 (27.59%) 1851 (22.97%)

>0.676 294(1.52%) 235 (2.07%) 59 (0.73%)

Table 1. General characteristics of the subjects at baseline. *P < 0.05: Categorical baseline characteristic
variables were compared between sexes; *P < 0.05: Continuous baseline characteristic variables were compared
between sexes.

NAFLD on the risk of major CVDs, and the results are shown in Table 3. After adjusting for some confounding
factors, the risk of major CVDs in patients with NAFLD was 1.17 times higher than that in people without
NAFLD. Among them, the HR and 95% CI for major CVDs in male and female NAFLD patients were 1.165
(1.050,1.292) and 1.220 (1.028,1.447), respectively, as shown in Table S1.

Association between obesity and CVDs

The results in Table S2 show that all three indicators, BMI, WC, and the combination of BMI and WC, were
independently associated with the risk of developing CVDs. In particular, BMI obesity was 1.77 times higher
than the risk of CVDs in the total population than in the normal population; BMI obesity increased the risk of
developing CVDs by 70.1% and 89.2% in the male and female populations, respectively. The risk of developing
CVDs in the centrally obese population was smaller than in the overweight/obese population with BMI,
increasing the risk of developing CVDs by 25.7%, 24.2%, and 30.8% in the overall, male, and female populations,
respectively. In the combined of BMI and WG, the risk of CVDs in patients with both BMI obesity and central
obesity was 1.81 times higher than that in the normal population. Among the male and female populations, the
risk of CVDs in subjects with both BMI obesity and central obesity was 1.76 times and 1.91 times higher than
that in the normal population, respectively. Data under the gender subgroups are detailed in Table S3.

Risk analysis of NAFLD and CVDs under the same obesity level

Table 4, S4, and S5 show that after adjusting for confounding factors, the risk of CVDs in NAFLD group was
1.244 times higher than that in non-NAFLD group in men with overweight and central obesity (95%CI: 1.031,
1.500). In addition, the risk values of CVDs in NAFLD patients in other groups were not statistically significant.

Additive and multiplicative interaction effects of NAFLD and obesity on the risk of CVD

The findings elucidate a significant individual association between NAFLD and obesity with the risk of CVDs
in this investigation. Therefore, further interaction analyses were conducted, revealing no additive interaction
between NAFLD and any obesity indicators. Consequently, no further subgroup analyses by sex were deemed
necessary. The “obesity*NAFLD” under different obesity indicators was included in the Cox proportional risk
model, and a multifactorial model was constructed. After adjusting for some variables, it was found that there
was a multiplicative effect of BMI, WC, and the combination of BMI and WC with NAFLD on the risk of the
development of major CVDs in the total population, men and women, respectively. The interaction effect, in
which the combination of both risk factors increased the risk of developing major CVDs above the risk of
developing CVDs in the presence of only one risk factor, was statistically significant (P, .. <0.05). Detailed
results are provided in Table 5 and S6.

Stratified analysis of the relationship between NAFLD, different obesity indicators and CVDs

Utilizing subjects with normal body weight and non-NAFLD as the reference cohort, Table 6, S7, and S8 delineate
the adjusted risk of CVDs across various combinations of obesity and NAFLD. The results found that when
compared to the cohort devoid of NAFLD and with a normal BMI, individuals harboring both NAFLD and
obesity exhibited a significantly heightened risk of major CVDs. The corresponding incidence risks and 95%CI
were as follows: 1.724 (1.404, 2.118) for males, 1.980 (1.438, 2.727) for females, and 1.790 (1.508, 2.126) for the
total population. The risk of NAFLD and obesity in women was higher than that in men and the total population.
Increased BMI affects the increased risk of developing CVDs, both within the non-NAFLD and NAFLD groups.
The risk of CVDs in overweight/obese non-NAFLD subjects was similar to that in NAFLD patients, and even in
the total study population, the risk of CVDs in obese non-NAFLD patients was slightly higher than that in obese
NAFLD subjects (1.796 VS 1.790). And in female population, overweight patients without NAFLD had a higher
risk of CVDs than overweight patients with NAFLD (1.403 VS 1.307). In addition, the risk of CVDs in NAFLD
patients with normal weight was not significant in each group.
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Total CVD
Variables N=3129 No-CVD N=2406 | N=723 P value
Gender” 0.003
Male 2419 (77.31%) | 1890 (78.55%) 529 (73.17%)
Female 710 (22.69%) | 516 (21.45%) 194 (26.83%)
Age(years)* 4335+11.07 | 42.24+10.48 47.02+12.15 | <0.001
<40 1084 (34.64%) | 913 (37.9%) 171 (23.65%)
40-49 1339 (42.79%) | 1039 (43.18%) 300 (41.49%)
50-59 407 (13.01%) | 290 (12.05%) 117 (16.18%)
60-69 222 (7.09%) 123 (5.11%) 99 (13.69%)
>70 77 (2.46%) 41 (1.70%) 36 (4.98%)
Diabetes” 259 (8.28%) 162 (6.73%) 97 (13.42%) | <0.001
Pre-diabetes” 610 (19.50%) | 448 (18.62%) 162 (22.41%) 0.028
BMI(kg/mz)'“ 25.30+2.83 25.11+2.79 2591+2.87 <0.001
<24 1033 (33.01%) | 846 (35.16%) 187 (25.86%)
24-28 1591 (50.85%) | 1210 (50.29%) 381 (52.70%)
>28 505 (16.14%) | 350 (14.54%) 155 (21.44%)
WC(cm) ™ 88.20+8.52 87.89+8.54 89.22+8.38 <0.001
Normal 1444 (46.15%) | 1163 (48.34%) 281 (38.87%)
Abnormal 1685 (53.85%) | 1243 (51.66%) 442 (61.13%)
SBP(mmHg)* 120.02+11.49 | 118.58 +11.56 124.80+9.83 | <0.001
DBP(mmHg)* 75.97+7.61 75.02+7.53 79.16 +6.96 <0.001
BP(mmHg)" <0.001
<110/75 439 (14.03%) | 397 (16.50%) 42 (5.81%)
110~<120/75~<80 | 710 (22.69%) | 615 (25.56%) 95 (13.14%)
120~<130/80~<85 | 1055 (33.72%) | 813 (33.79%) 242 (33.47%)
130~<140/85~<90 | 925 (29.56%) | 581 (24.15%) 344 (47.58%)
TC(mmol/L)™* 4.82+091 4.78+0.89 4.95+0.97 <0.001
Normal 2891 (92.39%) | 2239 (93.06%) 652 (90.18%) 0.013
Abnormal 238 (7.61%) | 167 (6.94%) 71 (9.82%)
TG(mmol/L)"* 2.52+1.86 245+1.72 2.77+2.24 <0.001
Normal 1070 (34.20%) | 848 (35.25%) 222 (30.71%) | 0.027
Abnormal 2059 (65.80%) | 1558 (64.75%) 501 (69.29%)
HDL-C(mmol/L)" 1.22+0.28 1.22+0.28 1.23+0.31 0.441
Normal 2212 (70.69%) | 1726 (71.74%) 486 (67.22%) 0.022
Abnormal 917 (29.31%) | 680 (28.26%) 237 (32.8%)
Metabolic syndrome” | 954(30.49%) 657(27.31%) 297(41.07%) | <0.001
NFS’ <0.001
<-1.455 2114(67.56%) | 1698 (70.57%) 416 (57.54%)
-1.455-0.676 949(30.33%) 670 (27.85%) 279 (38.58%)
>0.676 66(2.11%) 38 (1.58%) 28 (3.87%)

Table 2. Baseline characteristics of NAFLD patients with and without CVD.

HR(95%CI)
N n % Model 1 Model 2 Model 3
Non- o
NAFELD 16,270 2500 15.37% | 1 1 1
NAFLD 3129 723 23.11% | 1.606(1.478,1.745) | 1.482(1.362,1.612) | 1.171(1.072,1.278)
P value <0.05 |<0.001 <0.001 <0.001

Table 3. Incidence and risk of CVDs in patients with NAFLD. Modell: unadjusted; Model2: adjusted age,
gender, education level, smoking, drinking, physical activity, family per capita monthly income, occupation,
family history of CVDs, high-salt diet, and high-fat diet; Model3: adjusted age, gender, education level,
smoking, drinking, physical activity, family per capita monthly income, occupation, family history of CVDs,
high-salt diet, high-fat diet, HDL-C, FPG, TC, TG and blood pressure (gender was not adjusted in subgroup
analysis).
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Group N n % HR(95%CI)
BMI Non-NAFLD | 12,146 | 1569 | 12.92% |1
Normal BMI
NAFLD 1033 | 187 | 18.10% | 1.073(0.917,1.255)
Non-NAFLD 3692 | 800 | 21.67% |1
Overweight
NAFLD 1591 | 381 |23.95% | 1.044(0.920,1.185)
Non-NAFLD 432 | 131 | 30.32% |1
Obesity
NAFLD 505 | 155 | 30.69% | 1.040(0.810,1.336)
wC Non-NAFLD | 12,629 | 1731 | 13.71% |1
Normal WC
NAFLD 3641 | 769 | 21.12% | 1.125(0.987,1.284)
Non-NAFLD 1444 | 281 | 19.46% |1
Central obesity
NAFLD 1685 | 442 | 26.23% | 1.105(0.977,1.251)
BMI+WC Non-NAFLD | 10,732 | 1330 | 12.39% | 1
normal BMI+ normal WC
NAFLD 777 | 138 | 17.76% | 1.157(0.996,1.385)
Non-NAFLD 1414 | 239 | 16.90% |1
Normal BMI + central Obesity
NAFLD 256 49 | 19.14% | 0.826(0.598,1.142)
Non-NAFLD 1834 | 386 | 21.05% |1
Overweight +normal WC
NAFLD 607 | 122 | 20.10% | 0.907(0.733,1.123)
Non-NAFLD 1858 | 414 | 22.28% |1
Overweight + central obesity
NAFLD 984 | 259 | 26.32% | 1.134(0.965,1.334)
Non-NAFLD 63 15 | 23.81% | 1
Obesity 4+ normal WC
NAFLD 60 21 | 35.00% | 1.671(0.702,3.978)
Non-NAFLD 369 | 116 | 31.44% |1
Overweight + central obesity
NAFLD 445 | 134 | 30.11% | 0.971(0.744,1.267)

Table 4. Risk analysis of NAFLD and CVDs under the same obesity level. Model: adjusted age, gender,
education level, smoking, drinking, physical activity, family per capita monthly income, occupation, family
history of CVDs, high-salt diet, high-fat diet, HDL-C, FPG, TC, TG and blood pressure.

Total Male Femal
Group HR(95%CI) P, .. | HR(95%CI) P, .| HR(95%CI) P,
NAFLDxBMI 1.113(1.066,1.161) | <0.001 1.110(1.056,1.167) | <0.001 1.133(1.042,1.232) | 0.004
NAFLDXWC 1.239(1.115,1.377) | <0.001 1.249(1.104,1.414) | <0.001 1.247(1.014,1.534) | 0.036
NAFLDX(BMI+ WC) 1.061(1.037,1.085) | <0.001 1.060(1.033,1.089) | <0.001 1.069(1.023,1.118) | 0.003

Table 5. Multiplicative interaction between NAFLD and different obesity status on major CVDs. Model:
adjusted age, gender, education level, smoking, drinking, physical activity, family per capita monthly income,
occupation, family history of CVDs, high-salt diet, high-fat diet, HDL-C, FPG, TC, TG and blood pressure
(gender was not adjusted in subgroup analysis).

The factor-adjusted risks of developing CVDs for different combinations of WC and NAFLD are shown
in Table 6, respectively, using those with normal baseline waist circumference indices without NAFLD as the
reference. In the total population and different gender groups, the risk of NAFLD and central obesity was higher
than other groups, and the HR (95%CI) were 1.356(1.213,1.517), 1.356 (1.188, 1.548) and 1.405 (1.132, 1.744),
respectively. Similarly, Tables S7 and S8 show that the risk of developing NAFLD in the female population
with abdominal obesity group was higher than that of both the male and total population. Also there was no
meaningful risk of developing CVDs in NAFLD patients with normal waist circumference in all groups.

The association of BMI and WC with NAFLD on CVDs was further analyzed. In the female population, a
concurrent diagnosis of BMI obesity and abdominal obesity had the greatest impact on the occurrence of CVDs
in patients with NAFLD, with an HR(95% CI) of 2.112 (1.498, 2.977) (Table S7). However, in the overall and
male populations BMI obese with normal WC instead had a greater impact on the risk of developing CVDs in
the NAFLD population than the other groups, with the risk of developing CVDs being 2.161 and 2.365 times
greater than that of those without NAFLD and with normal weight, respectively. See Table 6 and Table S8.

Discussion

A prospective investigation, conducted within the framework of the esteemed Jinchang cohort, has corroborated
that NAFLD and obesity stand as independent precursors to CVDs. Moreover, this study has illuminated the
potential synergistic interplay between NAFLD and obesity in precipitating the onset of CVDs. Notably, in
comparison to the singular assessment of obesity, the amalgamated assessment incorporating both BMI and
WC demonstrates superior efficacy in gauging the nexus between obesity, NAFLD, and CVDs. Gender-stratified

Scientific Reports |

(2024) 14:24024 | https://doi.org/10.1038/s41598-024-74841-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Group N n % HR(95%CI)
Non-NAFLD | normal BMI 12,146 | 1569 | 12.92% | 1
overweight 3692 | 800 | 21.67% | 1.320(1.208,1.442)
obesity 432 | 131 | 30.32% | 1.796(1.496,2.155)
M NAFLD normal BMI 1033 | 187 | 18.10% | 1.115(0.955,1.301)
overweight 1591 | 381 |23.95% | 1.348(1.196,1.518)
obesity 505 | 155 | 30.69% | 1.790(1.508,2.126)
Non-NAFLD | normal 12,629 | 1731 | 13.71% | 1
- central obesity 3641 | 769 | 21.12% | 1.254(1.149,1.369)
NAFLD normal 1444 | 281 | 19.46% | 1.153(1.013,1.312)
central obesity 1685 | 442 |26.23% | 1.356(1.213,1.517)

Non-NAFLD | normal BMI+normal WC 10,732 | 1330 | 12.39% | 1

normal BMI + central obesity 1414 | 239 [ 16.90% | 1.214(1.057,1.395)
overweight 4+ normal WC 1834 | 386 |21.05% | 1.376(1.225,1.545)
overweight 4 central obesity 1858 | 414 |22.28% | 1.345(1.200,1.508)
obesity + normal WC 63 15 | 23.81% | 1.548(0.928,2.581)

BMI4+WC obesity + central obesity 369 | 116 | 31.44% | 1.900(1.564,2.307)
NAFLD normal BMI + normal WC 777 | 138 | 17.76% | 1.206(1.010,1.440)
normal BMI + central obesity 256 49 | 19.14% | 1.014(0.760,1.353)

overweight +normal WC 607 | 122 |20.10% | 1.225(1.013,1.481)
overweight + central obesity 984 | 259 |26.32% | 1.485(1.291,1.710)
obesity + normal WC 60 21 | 35.00% | 2.161(1.400,3.337)
obesity + central obesity 445 | 134 | 30.11% | 1.807(1.503,2.174)

Table 6. Stratified analysis of the relationship between NAFLD, different obesity indicators and CVDs. Model:
adjusted age, gender, education level, smoking, drinking, physical activity, family per capita monthly income,
occupation, family history of CVDs, high-salt diet, high-fat diet, HDL-C, FPG, TC, TG and blood pressure.

analysis reveals consistently heightened risks among females relative to their male counterparts. In light of
these discernments, prudent counsel advocates for the vigilant management of excess adiposity and waist girth
within the Jinchang cohort, with a view to mitigating the cardiovascular risk burden among NAFLD-afflicted
individuals. Particular emphasis is warranted for female NAFLD patients exhibiting elevated BMI and WC
metrics.

The current investigation has discerned that individuals afflicted with NAFLD face an elevated susceptibility
to CVDs compared to the broader populace, mirroring the findings of numerous antecedent inquiries***!. Not
only is NALFD associated with established cardiovascular risk factors such as abdominal obesity, atherogenic
dyslipidemia, and IR*-%’, patients with NAFLD also exhibit a range of non-traditional cardiovascular risk factors.
These include hyperuricemia®®, vitamin D deficiency’, etc. Our study found that the cumulative incidence and
risk of developing major CVDs were higher in women than in the male population. This is similar to the findings
of Allen et al.’. Another study also indicated that the female advantage in protection from CVDs was lost
in NAFLD subjects, with the occurrence of CVDs and deaths being twice as common in women as in men
among approximately 108,711 NAFLD patients*!. NAFLD has been reported to be diagnosed predominantly
in middle-aged men and estrogen-deficient menopausal women*2. Estrogen is a protective factor in the
development of NAFLD®, and deficiency leads to the development of postmenopausal metabolic syndrome
thus leading to the development of severe steatosis and fibrosis in women closely related. Additional evidence
from epidemiologic studies suggests that menopause puts women at increased risk for CVDs, influenced by
visceral obesity, atherogenic dyslipidemia, dysregulated glucose homeostasis, NAFLD, and hypertension®!. The
average age of women in the population included in this study was relatively older, leading to a greater likelihood
of female NAFLD patients being in a menopausal state, and therefore a greater risk of increased development of
CVDs compared to men. However, there are also different research results. A retrospective observational cohort
study®in the United States and the Du et al.* study both indicated that women with NAFLD generally have a
more favorable CVDs risk profile than men. The difference of results was significantly related to factors such as
gender and age.

Although obesity has been shown to be a traditional risk factor for CVDs*”*8, we still explored the relationship
between obesity and CVDs, confirming that obesity also has an independent effect on the risk of developing
CVDs in the Jinchang cohort population. Upon further adjustment for covariates, it emerged that the risk of
developing CVDs manifested a higher magnitude when influenced by the presence of obesity as opposed to
the independent impact of NAFLD. It is posited that this discrepancy may be correlated with the diminished
degree of hepatic fibrosis observed within the confines of the present study cohort. In the same obesity group,
there was no significant difference in the risk of major CVDs between people exposed to NAFLD and those not,
indicating that regardless of NAFLD, obesity significantly affected the occurrence of CVDs, and the impact of
obesity on CVDs was more significant than that of NAFLD. Such findings lay the groundwork for postulating
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the existence of a plausible synergistic interplay between NAFLD and obesity in the pathogenesis of CVDs. A
study derived from the Kailuan cohort*® corroborates the findings of the present investigation, indicating a
lack of statistically significant variance between non-NAFLD and NAFLD cohorts within the normal-weight
populace. There are fewer and controversial studies on the incidence and risk of CVD in NAFLD at the same
level of obesity, and studies comparing NAFLD to non-NAFLD in normal weight populations lack high-quality
evidence®. A study conducted by Feng et al.>! based on a population in northern China showed that NAFLD
increased the risk of hypertension within the normal weight group, but within the obese group, the difference in
the risk of hypertension with and without NAFLD was not statistically significant.

The interaction effect analysis of obesity and NAFLD in this study found that obesity and NAFLD had a
positive multiplicative interaction, but not an additive interaction, on CVDs. The risk of developing major CVDs
was found to increase with increasing BMI class in both non-NAFLD and NAFLD populations. And the risk of
major CVDs in the obese female NAFLD population was higher than that in males, which was associated with
a higher cumulative prevalence of both NAFLD and obesity in females than in males in this study. In addition,
the risk of NAFLD was not statistically significant in people with normal body weight. This is consistent with
the results of a cross-sectional study that reported a lower incidence of CVDs in Americans with NAFLD but
not obesity than in obese NAFLD subjects®2. Lin et al.**found a synergistic effect of fatty liver and overweight
on the development of ischemic heart disease based on a cross-sectional study of middle-aged male workers in
Taiwan. This may be due to the fact that high levels of adiposity worsen most CVD risk factors, including lipids,
blood pressure, insulin resistance, and inflammation®*. Thus the normal weight NAFLD group was healthier
than obese NAFLD subjects in terms of blood pressure and lipids*’. The WC metrics selected for grouping
found that, unlike the BMI results, patients with NAFLD who were centrally obese also had a slightly higher
risk of developing CVDs compared with those with non-NAFLD who were centrally obese. This is similar to
the results of a previous study. Matina et al.>® found a multiplicative interaction between NAFLD and WC in
a 10-year follow-up of 3042 participants with CVDs in Greece. There are fewer studies on the association of
NAFLD and WC on major CVDs, and the critical value of WC varies in studies from different countries>¢~,
and more prospective clinical studies are needed to make a possible interpretation. Previous studies have shown
that the combination of BMI and WC not only better identifies high-risk obesity phenotypes, but also has better
predictive power for CVDs risk factors than either metric alone®*. The results of the present study also support
the conclusion that the combination of BMI and central obesity metrics identified a higher risk of CVDs in both
the total population and in both sexes than did BMI and central obesity metrics alone. The same results were
obtained in a study that observed that the relationship between NAFLD and obesity status and CVDs was altered
by central obesity (P, ...on = 0-062), with central obesity being associated with a higher risk of CVDs in the
obese NAFLD group and in the obese non-NAFLD group®.

This study possesses certain limitations warranting acknowledgment. Given the chronic nature of CVDs and
their propensity to manifest in middle-aged and elderly cohorts, there exists the potential for underestimation of
study outcomes. While the study spanned a commendable 7-year follow-up period, an extended duration would
afford a more nuanced understanding of risk dynamics. Furthermore, the reliance on baseline obesity metrics
neglects potential fluctuations in adiposity over time, which may influence long-term CVDs susceptibility.
Moreover, considering that there is no definitive treatment for NAFLD medication, pharmacological treatment
for T2DM may be effective for NAFLD, and we will consider the effect of this factor on the occurrence of CVD in
obese NAFLD in future follow-up. Second, the data in this study came from the Chinese metal-exposed workers
cohort®!, and the Jinchang cohort had higher levels of urinary metals compared with the general occupational
population. There is evidence that heavy metals have a lipotropic effect, resulting in obesity and increasing
the risk of NAFLD and CVD%2%3, e.g., serum copper bioavailability can help predict the risk of CVD in obese
NAFLD patients®*. However, the effect of heavy metals on the results of the study was not considered in this
study for the time being. In the future, this study will delve deeper to assess the effect of heavy metal exposure in
the context of the relationship between obesity, NAFLD, and CVDs.

Conclusion

In conclusion, we found that NAFLD was independently associated with CVDs. Moreover, we found a
significant synergistic effect of NAFLD and obesity on CVDs risk. According to our findings, the prevention
and intervention of NAFLD and the control of body weight within the normal range are the key to healthy
intervention of CVDs, and we should pay more attention to obese patients with NAFLD.

Data availability
The data from this study will not be shared publicly. All data included in this study are available upon request by
contact with the corresponding author.
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