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Association between lLiver fat level and risk of
hypertension: evidence from a Chinese health

examination dataset

Yongbing Sun?, Xin Qi®, Xuan Wang®, Xinbei Lin? Yang Zhou®, Yawei Du®, Ao Liu? Xue Lv®,
Jing Zhou, Zhonglin Li?, Xiaoling Wu?, Zhi Zou?, Shewei Dou?, Michael Zhang", Jiadong Zhu',
Feifei Shang', Fengli Li!, Yangxi Hul, Hao Li¥, and Yongli Li'

Background: Hypertension development is predominantly
influenced by inflammation, excessive fat deposition, and
metabolic irregularities. Among these factors, liver fat
accumulation is a critical metabolic disorder. However, the
quantification of liver fat levels and its associated risk for
hypertension incidence remain ambiguous. This project is
designed to explore the association between liver fat levels
and the risk of hypertension in a healthy population.

Methods: This cross-sectional study involved 4955
participants from the Health Management Center at
Henan Provincial People’s Hospital who were surveyed
between February 2020 and February 2023. Participants
were categorized into four groups based on liver fat
quartiles. Subgroup analyses, restricted cubic spline
regression models, and logistic regression were utilized to
assess the association between liver fat levels and
hypertension risk. The relationships between liver fat

levels and inflammatory markers were examined using
multiple linear regression models. Additionally, a mediation
analysis was conducted to explore the role of inflammatory
factors in the relationship between liver fat and
hypertension risk.

Results: Participants with hypertension exhibited greater
liver fat levels than did those without hypertension. An
increased risk of hypertension was associated with elevated
liver fat levels, even after adjusting for other covariates [Q4
vs. Q1 in model Il: odds ratio (OR=1.28), 95% confidence
interval (Cl)=1.04-1.59, P=0.022; P for trend =0.039].

A nonlinear relationship was observed between liver fat
level and hypertension risk, with a notable increase in
hypertension risk occurring at liver fat levels greater than
8.65%. Additionally, a positive correlation was found
between inflammatory markers and liver fat levels. A
mediation effect of 4.76% was noted, linking hypertension
risk and liver fat levels through neutrophils.

Conclusion: Liver fat levels exceeding 8.65% significantly
elevated the risk of hypertension. Inflammatory factors
serve as crucial mediators of the relationship between liver
fat and hypertension.
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Abbreviations: ALT, alanine aminotransferase; AST,
aspartate transaminase; Cl, confidence interval; FBG,
fasting blood glucose; GGT, glutamyl transpeptidase; HDL-
C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; MASLD, metabolic dysfunction-
associated steatotic liver disease; OR, odds ratio; QCT,
quantitative CT; ROI, regions of interest

INTRODUCTION

ypertension, a prevalent cardiovascular disease
H risk factor that is preventable, is characterized by

persistent systemic arterial hypertension and is the
leading cause of global mortality and disability, accounting
for 14% of all deaths [1]. In the United States, hypertension
affects approximately one-third of adults [2]. According to
the latest survey data in China, approximately 24.7% of the
adult population currently suffers from hypertension [3],
and high SBP has been linked to more than 25 million
disability-adjusted life years attributed to stroke [4]. This
condition poses a significant burden on individuals,
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property safety, and healthcare resources. Several studies
have consistently identified inflammation, abnormal fat
accumulation, and metabolic abnormalities as the primary
factors contributing to the development of hypertension [5],
and recent increases in the prevalence of hypertension
among the obese population in Shanghai have further
supported these findings [6]. Therefore, investigating and
mitigating abnormal fat accumulation to prevent the devel-
opment of hypertension is crucial.

Normal hepatocellular fat accounts for 2—4% of the wet
weight of the liver, and metabolic dysfunction-associated
steatotic liver disease (MASLD) is diagnosed when triglyc-
erides are present in more than 5% of hepatocytes, along
with the presence of metabolic dysregulatory factors such
as obesity, type 2 diabetes mellitus, hypertension, and
dyslipidemia [7,8]. Abnormal hepatic fat accumulation
may lead to cirrhosis, liver failure, and hepatocellular
carcinoma [9]. Numerous studies have established a corre-
lation between blood pressure and MASLD, with 49.5% of
hypertensive patients having MASLD [10]. Epidemiological
evidence also indicates that the incidence of hypertension
within the MASLD population is greater than that in the
general population [11]. Similar findings regarding the
relationship between MASLD and hypertension were ob-
served in another prospective cohort study, the Framing-
ham Heart Study [12]. Despite the correlation between the
two diseases and current data are insufficient to clarify the
causal relationship between MASLD and hypertension, the
exact impact of quantified liver fat levels on the risk of
developing hypertension has not yet been determined.
MASLD can induce adverse systemic responses, such as
insulin resistance, activation of the renin—angiotensin sys-
tem, activation of the sympathetic nervous system, and local
and systemic inflammatory responses [13]. In turn, the
inflammatory response can expedite the development
and progression of hypertension [14].

Given the substantial role of inflammation in the devel-
opment of hypertension, our study aimed to investigate the
association between the risk of hypertension and liver fat by
analyzing data from a population of medical examination
participants.

MATERIALS AND METHODS

Individuals and the criteria for inclusion

The data for the study were obtained from the medical
records of participants examined at the Health Management
Center of Henan Provincial People’s Hospital between
February 2020 and February 2023, and consent was
obtained from the participants. The research protocol re-
ceived ethics approval from the Ethics Committee at Beijing
Jishuitan Hospital, in conformity with the Declaration of
Helsinki guidelines (No. 2015-12-02). This dataset, which is
registered with clinicaltrials.gov (code: NCT03699228), is an
integral part of the China Health Quantitative CT Big Data
Research Project Group.

The screening criteria for participants included age be-
tween 20 and 80 years; complete general demographic and
questionnaire information; and routine low-dose chest
computed tomography (CT) scan, blood pressure, and
blood immune cell tests. The exclusion criteria included
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a history of any form of cancer; previous or existing
metabolic conditions associated with the liver (including
chronic hepatitis, autoimmune hepatitis, hepatomegaly,
alcoholic fatty liver disease, etc.); history of antiinfective
medication use in the last 2 weeks; missing data for alkaline
phosphatase, monocyte, white blood cell, or neutrophil
cells; and secondary hypertension due to other diseases [e.
g. primary aldosteronism, pheochromocytoma (a neuroen-
docrine tumor of the adrenal gland or other neuroendo-
crine tissue), or renal artery stenosis]. A total of 10607
participants were recruited for liver fat quantification in
this study. Of these, 7491 participants met the inclusion
criteria, 2536 participants were excluded, and ultimately,
4955 participants were included in further analysis. Skilled
research staff conducted on-site surveys to collect compre-
hensive data on all participants, including age, sex, ethnici-
ty, medical history, and medication history. The process of
subject screening is visually depicted in Fig. 1.

Hypertension status

Prior to the measurements taken by the research staff in the
morning, the participants fasted for 12 h. Following a 5 min
rest period, the research staff utilized an electronic sphyg-
momanometer (Omron Company, OMRON U30, Kyoto,
Japan) to measure SBP and DBP, respectively, with the
right arm placed in a semiflexed position at heart level. Two
measurements were reported, and an analysis was con-
ducted using the mean of the two readings.

Two consecutive blood pressure readings SBP at
least 140 mmHg or DBP at least 90 mmHg, self-reported
hypertension, antihypertensive medication use, or antihy-
pertensive treatment, were considered to indicate hyper-
tension [3]. Individuals who met the above diagnostic
criteria were categorized as hypertensive, whereas those
who did not meet this category were categorized
as nonhypertensive.

Laboratory measurements

Prior to commencing the surveys, all the researchers un-
derwent standardized training to ensure data impartiality
and accuracy. A standardized questionnaire was utilized to
obtain the necessary data from the participants. This ques-
tionnaire included disclosure of the participants’ medical
history, such as previous or current experiences with vari-
ous cancers, liver diseases, thyroid and endocrine diseases,
and recent antibiotic medication usage within the past 2
weeks. Once the questionnaire was completed, the data
were compiled, summarized, and verified.

Total cholesterol (TC), low-density lipoprotein choles-
terol (LDL-C), triglycerides, high-density lipoprotein
cholesterol (HDL-C), globulin, indirect bilirubin, alanine
aminotransferase (ALT), aspartate transaminase (AST), glu-
tamyl transpeptidase (GGT), total protein, white protein,
fasting blood glucose (FBG), alkaline phosphatase, mono-
cyte cells, white blood cells, and neutrophil cells were
among the various laboratory parameters measured from
fasting blood samples at 8 a.m. Blood glucose levels were
measured using an Olympus AU 5400 automated biochem-
istry analyzer (Olympus Corporation, Japan, Shizuoka Pre-
fecture). Standard laboratory procedures were employed to
evaluate the remaining indicators.
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10,607 participants were obtained liver fat from the physical examination department 2020-2023

y

7,607 participants aged between 20 and 80 years; possessing comprehensive demographic
information; underwent blood press and immune cell assessments.

Excluded:

A history of any form of cancer (n=432);

Previous or existing metabolic conditions associated with the liver (n=1,431)
History of anti-infective medication use in the last two weeks (n=202)

| Missing hypertension data (n=116);

Missing data for alkaline phosphatase or monocyte cell or white blood cell,

or neutrophil cells (n=204);

Secondary hypertension due to other diseases [for example, primary

aldosteronism, pheochromocytoma (a neuroendocrine tumor of the adrenal

gland or other neuroendocrine tissue), or renal artery stenosis] (n=267);

4,955 participants with complete data in final analysis

FIGURE 1 Flowchart of participant selection.

Liver fat measurement

Liver fat was measured based on a low-dose chest CT scan,
which can include the liver. This was also part of the
participants’ routine health assessment. This approach
avoided further radiation exposure. All participants had
uniform CT data. The Quantitative CT (QCT) Pro 6.0
Supplementary Tissue Measurement application from
Mindways software was used to measure the amount of
liver fat in the chest CT images. The program utilized
Hounsfield units and information from the calibration
phantom to directly measure liver fat in regions of interest
(ROIs) within the liver parenchyma. ROIs were positioned
at the entry point of the right branch of the portal vein into
the liver. Three ROIs were assigned to the periphery of the
left lobe, right anterior lobe, and right posterior lobe, each
measuring 300 mm? (deviation: 10 mm?). In cases where
the left lobe was not visible, measurements were taken at
the level with the largest transverse area of the left lobe. The
mean of the three ROIs was used for the final quantitative
CT measurement of liver fat. Care was taken to avoid
intrahepatic calcification, liver cysts, major blood vessels
and bile ducts, rib-related artifacts, and gas in the gastroin-
testinal or lung tracts when selecting ROIs. All the radiol-
ogists who had received specialized training performed all
the analyses using QCT software. The applicability of this
strategy in Chinese individuals was confirmed by a previ-
ously published study [15].

To ensure uniform quality control throughout the study,
regular calibrations and cross-comparisons between sys-
tems were conducted using the European Spinal Prosthesis-
145 (ESP-145) as a reference.

Variables

Covariate data were collected as follows: demographic
data, including age, sex, and ethnicity; physical examina-
tion parameters: BMI, SBP, and DBP; laboratory indicators:
TC, LDL-C, triglycerides, HDL-C, globulin, ALT, AST, GGT,
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total protein, white protein, FBG, alkaline phosphatase,
monocyte cells, white blood cells, and neutrophil cells.

The formula for calculating BMI was weight divided by
height squared (kg/m®). Additionally, BMI was categorized
based on thresholds for overweight (24 kg/m?) and obesity
(28kg/m?). In addition to immune cells, laboratory indices
were grouped according to their clinical significance.
Among them, lipids were grouped according to the criteria
of the latest Chinese lipid management guidelines [16]. FBG
levels were divided into two groups based on the threshold
value for diabetes. The other indicators were divided into
three groups based on tertiles.

Statistical analysis

Statistical analysis was performed using R software version
4.2. For each dataset, a normality test was used to identify
continuous variables with a normally distributed mean
+ standard deviation. Descriptive statistics are presented
as the means or medians with quartiles for continuous
variables and proportions for categorical variables and
were used to describe participant characteristics. Variance
estimation and chi-square tests were employed to address
significant variations in the dataset. Univariate and multi-
variate logistic regression analyses were also conducted to
investigate the association between liver fat levels and the
risk of hypertension, considering confounding variables.
The rudimentary model did not include any covariate
adjustment. Model 1 was modified to account for age,
sex, and ethnicity, while model II was adjusted for each
covariate individually. The relationship between liver fat
levels and the risk of hypertension was investigated using
restricted cubic spline analysis. Subgroup analysis was also
conducted to evaluate the correlation between liver fat
levels and the risk of hypertension. Additionally, multivari-
able linear regression models were used to assess the
associations between liver fat concentrations and potential
inflammatory factors. Causal mediation analysis was
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employed to investigate the potential mediating role of
inflammation in the relationship between liver fat levels
and the risk of hypertension.

RESULTS

Baseline details about the participants

A total of 4955 participants from the health management
department of Henan Provincial People’s Hospital between
February 2020 and February 2023 were included in this
study. Liver fat was greater in hypertensive patients than in
nonhypertensive patients, as depicted in Fig. 2. The preva-
lence of hypertension in the study population was 27.59%.
Participants were divided into four groups based on liver fat
quartiles: Q1 group (0.10% < liver fat <6.31%, n=1239),
Q2 group (6.32% < liver fat <8.60%, = 1238), Q3 group
(8.61% < liver fat <11.45%, n=1239), and Q4 group
(11.46% < liver fat <39.32%, n=1239). As shown in Table
1, significant differences were observed in sex, BMI, TC,
LDL-C, triglycerides, HDL-C, ALT, AST, GGT, total protein,
white protein, FBG, alkaline phosphatase, monocyte cells,
white blood cells, and neutrophil cells among the four
groups (P <0.05). However, no significant differences were
found in age, nationality, or globulin level (> 0.05).

Relationship between liver fat and
hypertension

As shown in Supplemental Table 1, http://links.lww.com/
HJH/C527, the results of the univariate logistic regression
analysis demonstrated a correlation between liver fat levels
and an increased risk of hypertension [odds ratio (OR) 1.07,
95% confidence interval (CI) 1.05-1.08; P<0.001]. The
independent relationship between liver fat levels and hy-
pertension was further confirmed using multivariate logistic
regression analysis. Table 2 shows that in both model I (OR
1.04, 95% CI 1.02—1.05, P < 0.001) and model II (OR 1.02,

95% CI 1.01-1.04, P=0.004), continuous liver fat levels
remained independently associated with the risk of hyper-
tension after accounting for confounding factors. To convert
continuous variables into categorical variables, quartiles of
liver fat levels were utilized. According to all three models,
participants in the highest quartile (Q4) had a significantly
greater risk of hypertension than did those in the lowest
quartile (Q1) (Q4 in the crude model: OR 2.22, 95% CI 1.86—
2.66, P<0.001, P for trend < 0.001; Q4 in model I: OR 1.50,
95% CI1.22-1.83, P=0.001, Pfor trend <0.001; Q4 in model
II: OR 1.28,95% CI 1.04—1.59, P=0.022, Pfor trend = 0.039).
This relationship is depicted in Fig. 3, which shows that even
after adjustment for all confounding factors, there was a
nonlinear association (P for nonlinearity = 0.017) between
liver fat levels and the risk of hypertension. The OR per
SD =1.15(95% CI 0.95-1.39, P=0.164) for liver fat less than
8.65%. Notably, when liver fat greater than 8.65%, the risk of
hypertension significantly increases (OR per SD = 1.03, 95%
CI 1.01-1.04, P=0.002).

Subgroup analysis

Consistency was observed in the subgroup analyses, as
illustrated in Fig. 4. Interactions were not significant when
stratified by age, sex, ethnicity, BMI, TC, LDL-C, triglycer-
ides, HDL-C, globulin, ALT, AST, GGT, total protein, white
protein, or FBG. These findings validate the significant
association between liver fat levels and the likelihood of
hypertension across various subcategories (P for interaction
>0.05).

Associations between liver fat and
inflammatory factor levels

A multivariate linear regression model was used to investi-
gate the associations between inflammatory factors and liver
fat. As presented in Table 3, liver fat levels were significantly
positively associated with alkaline phosphatase activity

40
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|
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Liver fat (%)
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Non-Hypertensive group

Hypertensive group

FIGURE 2 Liver fat levels in the nonhypertensive and hypertensive groups. ****P < 0.0001, compared with the nonhypertensive group.
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TABLE 1. Characteristics of participants according to quartiles of liver fat

Variables Q1 (0.10-6. Q2 (6.32-8.60) Q3 (8.61-11.45) Q4 (11.46-39.32)
Age [n (%)] 0.438
<40 years 201 (16.22) 221 (17.85) 199 (16.06) 229 (18.48)
40-50 years 380 (30.67) 382 (30.86) 385 (31.07) 383 (30.91)
51-60 years 437 (35.27) 390 (31.50) 409 (33.01) 385 (31.07)
>60 years 221 (17.84) 245 (19.79) 246 (19.85) 242 (19.53)
Sex [n (%)] <0.001
Female 593 (47.86) 496 (40.06) 388 (31.32) 316 (25.50)
Male 646 (52.14) 742 (59.94) 851 (68.68) 923 (74.50)
Nationality [n (%)] 0.887
Nonhan 14 (1.13) 13 (1.05) 12 (0.97) 16 (1.29)
Han 1225 (98.87) 1225 (98.95) 1227 (99.03) 1223 (98.71)
BMI [n (%)] <0.001
<24 kg/m2 710 (57.30) 560 (45.23) 386 (31.15) 210 (16.95)
24-28 kg/m2 448 (36.16) 569 (45.96) 629 (50.77) 608 (49.07)
>28 kg/m2 81 (6.54) 109 (8.80) 224 (18.08) 421 (33.98)
TC [n (%)] 0.011
<3.0mmol/l 5 (0.40) 13 (1.05) 19 (1.53) 16 (1.29)
3.0-5.7 mmol/l 981 (79.18) 998 (80.61) 993 (80.15) 947 (76.43)
>5.7 mmol/l 253 (20.42) 227 (18.34) 227 (18.32) 276 (22.28)
LDL-C [n (%)] <0.001
<2.1Tmmol/l 167 (13.48) 178 (14.38) 217 (17.51) 150 (12.11)
2.1-3.1mmol/l 625 (50.44) 596 (48.14) 600 (48.43) 568 (45.84)
>3.1 mmol/l 447 (36.08) 464 (37.48) 422 (34.06) 521 (42.05)
TG [n (%)] <0.001
<0.5mmol/l 11 (0.89) 12 (0.97) 4(0.32) 1(0.08)
0.5-1.7 mmol/l 878 (70.86) 815 (65.83) 684 (55.21) 494 (39.87)
>1.7 mmol/l 350 (28.25) 411 (33.20) 551 (44.47) 744 (60.05)
HDL-C [n (%)] <0.001
<0.9 mmol/I 49 (3.95) 60 (4.85) 99 (7.99) 143 (11.54)
0.9-1.8 mmol/l 1096 (88.46) 1123 (90.71) 1087 (87.73) 1066 (86.04)
>1.8mmol/l 94 (7.59) 55 (4.44) 53 (4.28) 30 (2.42)
Globulin [n (%)] 0.428
<20g/l 61 (4.92) 58 (4.68) 78 (6.30) 57 (4.60)
20-309/I 1059 (85.47) 1048 (84.65) 1043 (84.18) 1052 (84.91)
>309/l 119 (9.60) 132 (10.66) 118 (9.52) 130 (10.49)
ALT [n (%)] <0.001
<40 U/ 1185 (95.64) 1166 (94.18) 1111 (89.67) 928 (74.90)
>40 U/l 54 (4.36) 72 (5.82) 128 (10.33) 311 (25.10)
AST [n (%)] <0.001
<= 40U/l 1217 (98.22) 1214 (98.06) 1205 (97.26) 1124 (90.72)
>40 U/l 22 (1.78) 24 (1.94) 34 (2.74) 115 (9.28)
GGT [n (%)] <0.001
<40 U/ 1088 (87.81) 1061 (85.70) 953 (76.92) 797 (64.33)
>40 U/ 151 (12.19) 177 (14.30) 286 (23.08) 442 (35.67)
TP [n (%)] 0.002
Low (g/l) 434 (35.03) 422 (34.09) 414 (33.41) 340 (27.44)
Middle (g/l) 405 (32.69) 389 (31.42) 411 (33.17) 450 (36.32)
High (g/1) 400 (32.28) 427 (34.49) 414 (33.41) 449 (36.24)
White protein [n (%)] <0.001
Low (g/l) 435 (35.11) 418 (33.76) 417 (33.66) 347 (28.01)
Middle (g/1) 424 (34.22) 411 (33.20) 394 (31.80) 408 (32.93)
High (g/) 380 (30.67) 409 (33.04) 428 (34.54) 484 (39.06)
FBG [n (%)] <0.001
<7 mmol/I 1186 (95.72) 1171 (94.59) 1149 (92.74) 1096 (88.46)
>7 mmol/l 53 (4.28) 67 (5.41) 90 (7.26) 143 (11.54)
Alkaline phosphatase (U/l) 67.80420.89 69.16 +19.40 70.824+22.69 73.84+20.74 <0.001
Monocyte cells (1000 cells/pl) 0.35+0.15 0.35+0.13 0.36+0.13 0.39+0.13 <0.001
White blood cells (1000 cells/w.l) 5.55+2.04 5.65+1.43 5.80+1.42 6.08 +1.48 <0.001
Neutrophil cells (1000 cells/pl) 3.15+£1.05 3.27+1.05 3.39+1.03 3.56+1.11 <0.001

ALT, alanine aminotransferase; AST, aspartate transaminase; BMI, body mass index; FBG, fasting blood glucose; GGT, glutamyl transpeptidase; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides; TP, total protein.
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Crude model

OR (95% CI)

TABLE 2. Multivariate logistic regression analysis of liver fat for risk of hypertension

OR (95% ClI)

OR (95% ClI)

Liver fat 1.07 (1.05-1.08) <0.001 1.04 (1.02-1.05) <0.001 1.02 (1.01-1.04) 0.004
Q1 Reference Reference Reference

Q2 1.26 (1.04-1.52) 0.016

Q3 1.46 (1.21-1.76) <0.001 1.11 (0.90-1.36) 0.323 1.04 (0.85-1.29) 0.679
Q4 2.22 (1.86-2.66) <0.001 1.50 (1.22-1.83) 0.001 1.28 (1.04-1.59) 0.022
P for trend 1.30 (1.22-1.37) <0.001 1.13(1.06-1.21) <0.001 1.07 (1.00-1.15) 0.039

Crude model: no adjustment for model variables. Model | was adjusted for age, sex, and nationality. Model Il was adjusted for all covariates. Cl, confidence interval; OR, odds ratio.

(8=0.01; 95% CI —0.12 to 0.13; P<0.001D) and neutrophil
counts (B = 0.04; 95% CI 0.02—0.06; P < 0.001) but not with
monocyte (8=0.01; 95% CI 0.12—0.13; P=0.910) or white
blood cell counts (8=-0.01; 95% CI —0.02 to 0.01;
P=0.492). These findings suggest a link between inflamma-
tion and liver fat.

Analysis of the mediating effects of
inflammatory factors

To understand the potential mediating role of inflammatory
factors in the association between liver fat and the risk of
hypertension, mediation analysis was conducted. Table 4
shows that the correlation between liver fat and the risk of
hypertension was significantly mediated by neutrophils.
The mediation percentage was calculated to be 4.76%
(P=0.012). Conversely, other inflammatory cells did not
significantly change.

DISCUSSION

The WHO has identified hypertension as a key global
prevention target because it is the primary cause of

4.07

P for nonlinear = 0.017

Median=8.65
3.0

< median = 8.65

Odds ratio of hypertension

0.0

>= median = 8.65

OR perSD = 1.15 OR perSD = 1.03
95% CI (0.95, 1.39) 95% CI (1.01, 1.04)
P=0.164 P=0.002

premature death and affects approximately 1.6 billion peo-
ple worldwide [17]. As a result, it is crucial to identify risk
factors early to prevent the development of hypertension.
MASLD, a multisystemic disease characterized by excessive
hepatic lipid accumulation, can have a significant impact on
extrahepatic organs and lead to increased morbidity and
mortality [5]. To explore the relationship between liver fat
levels and the risk of hypertension, a cross-sectional
study was conducted using data from 4955 patients who
underwent physical examinations at a health management
center. The study showed that liver fat levels were signifi-
cantly greater in patients with hypertension than in those
without hypertension. Additionally, a positive correlation
between the risk of hypertension and liver fat levels was
observed across all the subgroups. Furthermore, liver fat
levels above 8.56% significantly increased the risk of hy-
pertension. Neutrophils were found to play a role in the
impact of liver fat on hypertension risk, and liver fat levels
were also positively correlated with inflammatory factor
levels. Therefore, this study demonstrated that liver fat
promotes inflammation, ultimately leading to a greater risk
of hypertension.

5 10 15

20 25 30 35

Liver fat (%)

FIGURE 3 Odds ratio of hypertension according to liver fat levels in the overall population. A nonlinear association was found (P for nonlinearity =0.017) between liver fat
levels and risk of hypertension in a restricted cubic spline regression model. The solid line and shadow represented the odds ratio of hypertension and 95% confidence
interval, respectively. Dashed vertical line indicated the threshold (liver fat=8.65%) with the lowest risk of hypertension. All covariates were adjusted in this model.
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Variables No. OR (95%CI) P for interaction
Age (year) 0.088
<40 850 1.03 (0.99,1.06) —_—————
40-50 1530 1.05 (1.02,1.08) ————
51-60 1621 1.02 (1.00,1.05) L —————
> 60 954 0.99 (0.96,1.03) ——
Gender 0.736
Male 3162 1.03 (1.01,1.05) ——i
Female 1793 1.02 (0.99,1.05) ———
Nationality 0.589
Han 4900 1.02 (1.01,1.04) ——i
Non-han 55 1.06 (0.94,1.19) -
BMI (kg/m?) 0.257
<24 1866 1.03 (1.00,1.07) ————
>=24<28 2254 1.04 (1.02,1.06) ——i
>=28 835 1.01 (0.98,1.04) —t—
TC (mmol/L) 0.644
<52 3135 1.02 (1.00, 1.04) I —
>=52,<6.2 1363 1.04 (1.01, 1.06) ———i
>=6.2 457 1.02 (0.98, 1.07) RN P —
LDL-C (mmol/L) 0.939
<34 3746 1.02 (1.01, 1.04) ——
>=34 <41 898 1.03 (1.00, 1.07) L
>=4.1 311 1.03 (0.97, 1.08) PR
TG (mmol/L) 0.777
<17 2883 1.02 (1.00, 1.05) i
>=17,<23 966 1.04 (1.00, 1.07) I
>=23 1106 1.02 (1.00, 1.05) | .
HDL-C (mmol/L) 0.919
<1.0 745 1.03 (0.99, 1.06) o .
>=1.0 4210 1.03 (1.01, 1.05) ——i
Globulin (g/L) 0.918
Low 1631 1.03 (1.00, 1.06) .
Middle 1635 1.02 (1.00, 1.05) °
High 1689 1.02 (1.00, 1.05) *
ALT (U/L) 0.615
Low 1639 1.01 (0.97, 1.05) —_—t————
Middle 1652 1.03 (1.00, 1.06) L
High 1664 1.03 (1.00, 1.05) i
AST (U/L) 0.811
Low 1627 1.02 (0.98, 1.05) —l
Middle 1673 1.03 (1.00, 1.06) | .
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GGT (U/L) 0.473
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FIGURE 4 The relationship between liver fat and risk of hypertension according to different subgroups. ALT, alanine aminotransferase; AST, aspartate transaminase; Cl,

confidence interval; FBG, fasting blood glucose; GGT, glutamyl transpeptidase HDL-C,
odds ratio; TC, total cholesterol; TG, triglycerides; TP, total protein.

The complex interactions between pathophysiological
and environmental factors that impact various systems,
along with genetic predispositions, constitute the cause
of hypertension. Visceral obesity and metabolic diseases

Journal of Hypertension

high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; OR,

are well known risk factors for hypertension [18]. The
MASLD score serves as a reliable indicator of visceral
obesity and strongly correlates with hypertension [19].
Therefore, identifying metabolic changes arising from
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TABLE 3. Multivariate linear regression of liver fat levels with inflammatory factors

n
Alkaline phosphatase (U/l) 4955
Monocyte cells, (1000 cells/pl) 4955
White blood cells (1000 cells/pl) 4955
Neutrophils (1000 cells/p.) 4955

B 95%Cl P-value
0.01 (=0.12 t0 0.13) <0.001*
0.01 (0.12 t0 0.13) 0.910
—0.01 (—0.02 t0 0.01) 0.492
0.04 (0.02 to 0.06) <0.001*

All covariates were adjusted in this model. Cl, confidence interval.
“P<0.05.

adipose tissue is crucial for preventing hypertension. Re-
cently, MASLD has been recognized as the abnormal accu-
mulation of fat in the liver, but its health risks extend
beyond hepatic implications. Numerous studies have
reported that MASLD contributes to cardiovascular disease,
chronic kidney disease, polycystic ovarian syndrome, and
malignancies [20]. Furthermore, substantial evidence indi-
cates a link between the presence and severity of MASLD
syndrome and the risk of hypertension. Ultrasound-
detected hepatic steatosis has been identified as an inde-
pendent risk factor for hypertension in the Korean popula-
tion [21]. This association persisted even after considering
several confounding factors, such as variations in BMI
(hazard ratio=1.36, 95% CI 1.10-1.67; P=0.004) [22]. A
fatty liver index (FLD exceeding 60, a screening tool for
steatosis, is considered an unfavorable predictor of the
development of hypertension. This correlation remained
significant even after controlling for sex differences and
conventional risk factors [23]. A study conducted by Siafi
et al. [24] demonstrated that in hypertensive patients not
receiving antihypertensive therapy, the FLI independently
predicted the occurrence of cardiovascular events. Using
MRI, Lorbeer et al. [10] measured liver fat content and
discovered that higher levels of liver fat were associated
with an increased risk of hypertension (hazard ratio = 2.16,
P=0.025). Additionally, a study conducted in Shanghai,
China, identified liver fat as a sensitive early warning
indicator for hypertension and its complications [25]. How-
ever, the aforementioned studies lacked direct measure-
ments of liver fat levels. In the present study, we identified a
nonlinear correlation between the risk of hypertension and
liver fat level, with liver fat exceeding 8.65% substantially
increasing the risk of hypertension. These findings suggest
that the pathophysiology of hypertension may involve liver
fat. To the best of our knowledge, this study is the first to
directly measure liver fat levels using QCT technology and
quantify its relationship with hypertension risk. QCT is a
simple, well tolerated, efficient, and cost-effective tech-
nique for measuring liver fat levels. Clinically, it is

Indirect effects
OR (95% CI)

Inflammatory factors

Alkaline phosphatase 2.49e-04 (—3.49e-04 8.84e-04)  2.00e-02 (!
Monocyte cells 0.01e-02 (—0.04e-02, 0.08e-02) 2.00e-02 (
White blood cells 0.71e-04 (—0.25e-03, 0.53e-03)  2.00e-02 (
Neutrophils 0.10e-02 (0.02e-02, 0.23e-02)" 2.00e-02 (

TABLE 4. The mediating effects of inflammatory factors on the association between liver fat and risk of hypertension

Direct effects
OR (95% Cl)

0.62e-02, 3.35e-02
0.62e-02, 3.34e-02
0.62e-02, 3.34e-02
0.62e-02, 3.34e-02

particularly suitable for liver fat level assessments in par-
ticipants of large-scale health screenings, thereby helping
them evaluate and reduce their risk of hypertension. More-
over, elucidating the quantitative relationship between liver
fat levels and hypertension will aid clinicians in better
understanding and managing the cause of hypertension,
as well as in exploring its pathogenesis.

Multiple cellular processes are implicated in the patho-
genesis of hypertension. Numerous studies have suggested
that inflammation plays a pivotal role in the cause of
hypertension [26]. Hypertensive patients exhibit height-
ened levels of systemic inflammation, which is closely
associated with arterial stiffness and the development of
atherosclerosis [27]. Experimental animal studies have dem-
onstrated that inhibiting the inflammatory response can
attenuate hypertension [28]. The activation of Ras and the
sympathetic nervous system, which are key pathophysio-
logical mechanisms of hypertension, can be triggered by
MASLD, resulting in various systemic adverse effects, in-
cluding insulin resistance and local as well as systemic
inflammatory responses. These findings are corroborated
by a growing body of literature [13]. Hepatic steatosis leads
to a substantial accumulation of diverse immune cells in the
liver, which subsequently triggers the release of cytokines
into the bloodstream and induces systemic inflammatory
responses [29]. Haukeland et al. [30] discovered that the
development of hypertension in individuals with MASLD is
largely mediated by the inflammatory response, which is
complexly linked to a systemic inflammatory reaction.
Moreover, local inflammatory responses in the kidneys,
adipose tissues, and blood vessels within the context of
MASLD can directly expedite the onset and progression of
hypertension [14]. Furthermore, neutrophil activation pro-
motes endothelial dysfunction and accelerates the progres-
sion of hypertension [31]. Nevertheless, the underlying
mechanisms that connect liver fat accumulation with hy-
pertension are not yet fully understood. The results of the
present study align with previous research by demonstrat-
ing a positive correlation between liver fat levels and

Total effects
OR (95% CI)

Mediated

proportion (%) P value

* 2.03e-02
© 2.02e-02
* 2.00e-02
* 2.10e-02

0.64e-02, 3.37e-02
0.63e-02, 3.37e-02
0.63e-02, 3.36e-02
0.73e-02, 3.45e-02

i 1.22 0.496
X 0.71 0.494
B 0.36 0.690
X 4.76 0.012"

All covariates were adjusted in this model. Cl, confidence interval.
“P<0.05.
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inflammatory factors that mediate the effects of liver fat on
hypertension. Therefore, inflammation could serve as a
potential mechanism, underlying the association between
hypertension and liver fat.

This study has several notable strengths. First, the par-
ticipants were drawn from a health checkup population
that accurately reflects the general community population,
enhancing the study’s external validity. Second, the study
was diligently adjusted for potential confounders and uti-
lized subgroup analyses, yielding results that were robust
and consistent across various subgroups. Third, the study
employed QCT technology, which is a straightforward and
efficient method that does not prolong the scanning time or
increase radiation exposure, to measure liver fat levels. This
feature facilitated the conduction of large-scale reproduc-
ible studies. The limitations of the present study must be
acknowledged. First, the accuracy of liver fat quantification
based on CT scanning may be somewhat different from that
of MRI-measured liver fat content, but CT scanning has the
advantage of being inexpensive, with no increase in scan-
ning time and no increase in radiation dose and allows for
large-scale population screening for liver fat. Second,
there may have been confounding variables that were
not considered in the study, such as a history of alcohol
consumption, but we excluded participants with alcoholic
fatty liver disease when we asked for a history. Finally,
because of its cross-sectional design, this study cannot
establish a causal relationship between liver fat levels
and the risk of hypertension. Consequently, further re-
search is necessary to explore and understand the connec-
tion between the risk of hypertension and liver fat levels.

In conclusion, the present study revealed a noteworthy
link between elevated liver fat levels (above 8.65%) and an
increased risk of hypertension. Notably, a nonlinear corre-
lation was revealed between liver fat levels and hyperten-
sion in individuals undergoing physical examination.
Furthermore, inflammation has emerged as a conceivable
mechanism mediating the association between liver fat and
hypertension progression. To establish the validity of these
findings, comprehensive prospective studies are warranted.
(Supplemental Table 2, http://links.lww.com/HJH/C527;
Supplemental Fig. 1, http://links.Iww.com/HJH/C527; Sup-
plemental Fig. 2, http://links.lww.com/HJH/C527).
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