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An increasing body of evidence connects non-alcoholic fatty liver disease (NAFLD) to hypertension. 0e objective of this
systematic review and meta-analysis was to estimate the nature and magnitude of the association between NAFLD and hy-
pertension. We systematically searched PubMed, Embase, Cochrane Library, and Web of Science for observational studies
published up to May 1, 2021. Cohort studies that reported data on the association between NAFLD and incident hypertension or
between hypertension and incident NAFLD were included. We used random-effects models to conduct meta-analysis on the
measures of association from individual studies. A total of 11 studies were eligible for inclusion, among which 4 studies including
25,260 participants reported the association between hypertension and new-onset NAFLD. 0e presence of hypertension was
significantly associated with an increased risk of incident NAFLD (HR 1.63, 95% CI: 1.41–1.88; I2 � 37.6%). On the other hand, 9
studies with data on 46,487 participants analyzed the effects of NAFLD on incident hypertension. Pooled analysis showed that the
presence of NAFLD was significantly associated with an increased incidence of hypertension (HR 1.55, 95% CI: 1.29–1.87;
I2 � 80.5%). 0ere was significant heterogeneity among the studies in this analysis (p< 0.01). Sensitivity analyses showed that the
magnitude of the association was significantly different in subgroups stratified by a mean age of participants and geographical
location, which explains part of the heterogeneity. In conclusion, this meta-analysis indicates the existence of a bidirectional
relationship between NAFLD and hypertension independent of traditional cardiometabolic risk factors.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) encompasses a
pathological spectrum ranging from simple steatosis
through steatohepatitis (NASH) to advanced fibrosis, cir-
rhosis, and ultimately hepatocellular carcinoma [1, 2].
NAFLD has emerged as the most common liver and met-
abolic disease plaguing the world, with a global prevalence of
about 25% in 2018 (i.e., 1.7 billion individuals). 0e number
of individuals with NAFLD even surpasses the combined
population with diabetes mellitus (400 million) and obesity
(650 million) [1, 3]. NAFLD has traditionally been con-
sidered as the simple “hepatic manifestation” of metabolic
syndrome. Obesity, type 2 diabetes, hyperlipidemia, and
insulin resistance have been established as risk factors for
NAFLD [4]. However, the association between NAFLD and

metabolic syndrome components is much more complex
and even closer than previously thought [5]. Indeed, as an
underestimated metabolic abnormality, NAFLD is now
recognized as a multisystem disease that is strongly asso-
ciated with an increased risk of a wide range of extrahepatic
complications such as cardiovascular disease (CVD) [1, 4].

Hypertension (HTN), a major component of metabolic
syndrome affecting around 30% of the general population,
has long been recognized as one of the strongest risk factors
for CVD [6, 7]. Emerging evidence suggests that elevated
blood pressure levels, even within the normal range, could
predict the onset of NAFLD [8–11]. On the other hand, the
presence and severity of NAFLD are also reported to be
correlated with the incidence of HTN [8, 9, 12–19]. Col-
lectively, these new lines of evidence imply the existence of a
possible bidirectional association betweenHTN andNAFLD
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[5–8]. However, the power of every single study may not be
adequate to draw a solid conclusion. In addition, there are
also studies that showed a non-significant association after
multiple adjustments [8, 12, 13]. 0us, the possible bidi-
rectional relationship between NAFLD and HTN and the
real effect size and power of this association remain largely
unknown.

Given the huge number of patients with NALFD and
HTN worldwide, elucidating their relationship is important
for risk prediction, primary prevention, and exploring
therapeutic regimens for these two diseases. We therefore
attempted a synthesis of the available evidence from ob-
servational cohort studies under a meta-analysis to examine
the relationship between NAFLD and HTN and to assess the
magnitude of this association.

2. Methods

2.1.Data Sources and Searches. We did a systematic literature
search of PubMed, Embase, Cochrane Library, and Web of
Science for the identification of articles reporting the results of
longitudinal observational studies published up to May 1,
2021, investigating the associations of NAFLD on incident
HTN and/or of HTN on incident NAFLD. We used a
combined text and medical subject headings (MeSH) search
strategy with the terms: “Nonalcoholic Fatty Liver Disease,”
“NAFLD,” “Non alcoholic Fatty Liver Disease,” “Nonalcoholic
Fatty Liver,” “Nonalcoholic Fatty Livers,” “Liver, Nonalco-
holic Fatty,” “Livers, Nonalcoholic Fatty,” “Fatty Liver,
Nonalcoholic,” “Fatty Livers, Nonalcoholic,” “Nonalcoholic
Steatohepatitis,” “Nonalcoholic Steatohepatitides,” “Steato-
hepatitis, Nonalcoholic,” “Steatohepatitides, Nonalcoholic,”
“Hypertension,” “High Blood Pressure,” “High Blood Pres-
sures,” “Blood Pressure, High,” and “Blood Pressures, High.”
0e search was restricted to studies in human beings, and no
language restrictions were applied. Full electronic search
strategies for PubMed and Embase are shown in Table S1. We
also checked the reference lists of potentially relevant original
articles and reviews for identifying further eligible studies.0is
systematic review was conducted by following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [20]. We followed the reporting items
proposed by the Meta-Analysis of Observational Studies in
Epidemiology (MOOSE) for the meta-analysis due to the
observational nature of the included studies [21].

2.2. Study Selection. Studies that met the following criteria
were included: (1) longitudinal design; (2) participants aged
≥18 years; (3) follow-up duration ≥2 years; (4) assessment of
the association between NAFLD and incident HTN and/or
between HTN and incident NAFLD; (5) reported data on
hazard ratios (HRs) or odds ratios (ORs) with confidence
intervals (CIs) for the outcome of interest, and the estimate
was at least adjusted for age and gender; and (6) NAFLD
diagnosed by aminotransferase levels, surrogate scores,
imaging methods, or liver biopsy and HTN diagnosed based
on blood pressure. Criteria for exclusion of selected articles
were as follows: (1) cross-sectional studies, (2) studies that

were conducted in the pediatric population, (3) studies with
a median follow-up less than 2 years, (4) studies did not
report the adjusted point estimate, and (5) review articles,
case reports, practice guidelines, commentaries or editorials.
Two authors (GL and YP) independently assessed all titles
and abstracts and reviewed full texts of potentially relevant
articles for inclusion. Any disagreement was resolved by
consensus, referring back to the original paper.

2.3. Data Extraction and Quality Evaluation. All data were
extracted into a prepiloted data extraction form developed in
Excel. For all included studies, we extracted information on
study design, country/region, follow-up duration, diagnostic
methods of NAFLD and HTN, the outcome of interest, risk
estimates (95% CI), and adjustment factors. 0e most ad-
justed estimate in the multivariable regression model was
extracted when a study presented more than one risk esti-
mate. In the case of multiple articles on the same subjects, we
included only the latest and most comprehensive one. Two
authors (GL and YP) conducted quality evaluation inde-
pendently, and any disagreement in rating was addressed by
discussion. 0e Newcastle–Ottawa Scale (NOS) was applied
for the quality evaluation of included cohort studies. 0e
quality of each study ranges from 1 to 9 points based on three
domains: the cohort selection (maximum of 4 points), the
comparability of the cohort design and analysis (maximum
of 2 points), and the adequacy of the outcome measures
(maximum of 3 points). Studies achieving a score of at least
seven points were considered high quality [22].

2.4. Data Synthesis and Statistical Analysis. For assessing the
effect of NAFLD on the risk for incident HTN, the effect size
was estimated as HRs or ORs with 95% CIs, according to
NAFLD patients versus non-NAFLD patients shown in each
included study, using non-NAFLD patients as the reference
group. For evaluating the effect of HTN on the risk for
incident NAFLD, the effect size was estimated as HRs or ORs
with 95% CIs, according to HTN patients versus non-HTN
patients reported in each eligible study, using non-HTN
patients as the reference. 0e results were pooled, and an
overall estimate of effect size was calculated using a random-
effects model to take into account the heterogeneity among
studies, as we expected a relatively large heterogeneity in our
pooled results of observational studies on different cohorts
with varying degrees of adjustment. 0e Q-statistic and the
I-squared (I2) statistic were applied to assess the heteroge-
neity across studies. Large I2 (>50%) or p< 0.1 for Q-statistic
suggests substantial heterogeneity across studies.

A funnel plot showing the logarithm of the effect
measure against the logarithm of its standard error was
constructed to evaluate the presence of publication bias. We
also applied both the Egger’s test [23] and the rank corre-
lation Begg’s test [24]. To evaluate the possible sources of
heterogeneity and the robustness of our findings, we per-
formed prespecified subgroup-sensitivity analyses by the
methodology used to diagnose NAFLD, mean age of par-
ticipants, geographical location, and follow-up duration.
Moreover, additional sensitivity analyses were performed by
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removing each individual study from the meta-analysis at a
time, to investigate whether the pooled effect estimate was
substantially influenced by a single specific study. All sta-
tistical analyses were done with Stata Version 15.0 software
(Stata Corp, College Station, TX). A two-tailed p-value <0.05
was considered significant.

3. Results

3.1. Characteristics of Included Studies and Participants.
As specified in the PRISMA flow diagram (Figure 1), our
initial search yielded 9,063 records, of which 7,247 remained
after removing duplicates. We initially identified 61 po-
tentially eligible studies in accordance with the aforemen-
tioned inclusion and exclusion criteria and further excluded
50 articles after reviewing the full texts. Finally, a total of 11
unique studies were eligible for inclusion in our meta-
analysis and were evaluated for quality [8–18], among which
2 studies assessed the association between NAFLD and
incident HTN and the association between HTN and in-
cident NAFLD simultaneously [8, 9].

0e main characteristics of the 11 included studies are
summarized in Table 1. Eight studies were conducted in Asia
(3 in China, 1 in Japan, and 4 in South Korea), 2 in Europe (1
in France and 1 in Germany), and 1 in the United States. One
study [12] was performed only in males, while all the rest
included both male and female individuals. NAFLD was
diagnosed by ultrasound in 6 studies, by CTimages in 1 study,
and by surrogate scores (fatty liver index (FLI), hepatic
steatosis index, and comprehensive NAFLD score) in 4
studies. 0e mean follow-up duration of included studies
ranges from 2.6 years to 11.6 years. All studies adjusted age
and sex, and most studies further adjusted traditional car-
diometabolic risk factors such as blood pressure, diabetes,
dyslipidemia, and obesity. Nine studies with data on 46,487
participants assessed the association between preexisting
NAFLD and new-onset HTN, whereas 4 studies with data on
25,260 participants investigated the association between
established HTN and incident NAFLD. All included cohort
studies were considered as high quality (Table 1).

3.2. Association between HTN and Incident NAFLD.
Pooling the adjusted effect estimates from individual studies
indicated that the presence of HTN was significantly asso-
ciated with an increased risk of incident NAFLD (HR 1.63;
95% CI: 1.41–1.88; n� 4 studies, 25,260 participants). 0e
test for heterogeneity among the individual studies was not
significant (I2 � 37.6%, p � 0.187; Figure 2). Asymmetry
analysis in the funnel plot showed no evidence of significant
publication bias, and both Egger’s test (p � 0.987) and rank
correlation Begg’s test (p � 0.734) did not show statistically
significant asymmetry (Figure S1). In the leave-one-out
analyses, the significantly increased risk was not materially
changed, with pooled HRs ranging from 1.56 (95% CI:
1.25–1.93) to 1.71 (95% CI: 1.53–1.91; Figure S2).

3.3. Association between NAFLD and Incident HTN.
Pooled results indicated that the presence of NAFLD was
significantly associated with an increased risk of incident

HTN (pooled HR 1.55; 95% CI: 1.29–1.87; n� 9 studies,
46,487 participants; Figure 3). Potential heterogeneity was
observed among the individual studies (I2 � 80.5%, p< 0.01).
We conducted subgroup analyses to explore potential
sources of heterogeneity (Figure 4). Subgroup analysis
stratified by NAFLD diagnostic methods showed that
compared with the studies where NAFLD was diagnosed by
imagingmethods (HR 1.38, 95%CI: 1.11–1.70; n� 5 studies),
a higher risk was seen in studies where NAFLD was diag-
nosed by surrogate scores (HR 1.81, 95% CI: 1.30–2.51; n� 4
studies). However, no significant results were found in the
test for differences between subgroups stratified by NAFLD
diagnostic methods (p � 0.17) as well as the follow-up du-
ration (p � 0.43). In contrast, a significant between-group
heterogeneity was found in subgroup analyses stratified by
mean age of participants (p � 0.02) and geographical region
(p � 0.03). Asymmetry analysis in the funnel plot showed no
evidence of significant publication bias, and both Egger’s test
(p � 0.062) and rank correlation Begg’s test (p � 0.118) did
not show statistically significant asymmetry (Figure S3). We
also conducted a sensitivity analysis to test for the possibility
of the excessive influence of individual studies by elimi-
nating each of the included studies one at a time. 0e sig-
nificantly increased risk was not substantially changed in the
leave-one-out analyses, with pooled HRs ranging from 1.39
(95% CI: 1.21–1.61) to 1.64 (95% CI: 1.35–2.00; Figure S4).

4. Discussion

In this meta-analysis of 11 observational cohort studies, we
found that the presence of NAFLD is significantly associated
with a higher risk of incident HTN (HR 1.55, 95% CI:
1.29–1.87; I2 � 80.5%; n� 9 studies, 46,487 participants). On
the other hand, the presence of HTN was significantly as-
sociated with a higher incidence of NAFLD (HR 1.63, 95%
CI: 1.41–1.88; I2 � 37.6%; n� 4 studies, 25,260 participants).
0e results from longitudinal cohort studies clearly suggest a
bidirectional relationship between NAFLD and HTN, and
this association appears to be independent of traditional
cardiometabolic risk factors. 0e close two-way association
between the two entities can conceivably form a vicious
circle during disease progression. It is therefore important to
increase public awareness of the notion that NAFLD is an
independent risk factor and might serve as a driving force in
the development and progression of HTN and vice versa.

0e findings of this meta-analysis confirm and extend
the results of a previous smaller meta-analysis published in
2016 [4]. In that meta-analysis, Wu et al. incorporated only
three studies and reported that NAFLDwas associated with a
nearly 16% increased risk of incident hypertension (HR 1.16,
95% CI: 1.06–1.27), with potential heterogeneity among the
studies (I2 � 55.9%, p � 0.059). Compared with the meta-
analysis by Wu et al., we have increased the number of
eligible studies to 9 in the analysis of the association between
NAFLD and incident hypertension. Moreover, we further
analyzed the association between hypertension and incident
NAFLD, thus enabling the investigation of a possible bi-
directional relationship.
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In light of our results and given the extremely high
prevalence of both NAFLD and HTN in the general pop-
ulation, identifying NAFLD as an emerging risk factor for
HTN and vice versa may help improve the risk prediction,
identify primary preventive strategies, and select therapeutic
regimens for the two diseases and their related complica-
tions [7, 19]. Indeed, two studies have investigated the effects
of alteration in NAFLD status over time on the risk of
developing HTN [9, 13]. While incident NAFLD was sig-
nificantly associated with new-onset HTN (HRs 1.49 (95%
CI: 1.26, 1.76) and 1.36 (95% CI: 1.10, 1.67), respectively), no
significant association was found between resolutive NAFLD
and incident HTN (HRs 1.16 (95% CI: 0.96, 1.39) and 1.21
(95% CI: 0.90, 1.63), respectively), suggesting that NAFLD
management may serve as a potentially important aspect in
the prevention of HTN. On the other hand, one study re-
ported the HR for incident NAFLD in people with controlled
HTN was 0.74 (95% CI: 0.53–1.03), suggesting that blood
pressure control may help reduce the risk of developing
NAFLD [9]. It is also suggested that patients with proven
NAFLD should receive effective blood pressure control,
which may help attenuate the progression to liver fibrosis
[6].

Despite the growing body of clinical evidence linking
NAFLD to HTN, the mechanisms underpinning this asso-
ciation has yet to be identified (Figure 5) [5–7]. In the

presence of NAFLD, several alterations occur in the liver that
may increase the risk of HTN, such as dysregulation of
glucose and lipid metabolism, disturbance of immunologic
homeostasis, and increased release of proinflammatory,
profibrinogen, and prooxidant molecules (e.g., cytokines,
hepatokines, and oxidants). 0ese alterations further pro-
mote insulin resistance, inflammation, and oxidative stress
both at the systemic and local (e.g., vascular and renal) level;
stimulate the activation of the sympathetic nervous system
(SNS) and renin-angiotensin-aldosterone system (RAAS);
and increase ectopic fat deposits (e.g., perivascular fat and
renal sinus fat) [7]. In addition, NAFLD may directly in-
crease vasoconstriction and decrease vasodilation by regu-
lating the function of nitric oxide synthase (NOS) [7]. All
these NAFLD-related pathophysiological changes may
predispose to the development of HTN [19]. On the other
hand, RAAS plays a major role in the pathogenesis of HTN.
Recent lines of evidence have indicated a relevant rela-
tionship between RAAS and NAFLD, suggesting a shared
pathophysiological pathway between the two diseases [6].
Angiotensin II has been shown to promote insulin resistance
and contribute to hepatic injury and fibrosis [6]. Moreover,
it is reported that SNS activation is also implicated in en-
hanced liver fibrogenesis in patients with NAFLD [25].
Despite these putative mechanisms, further studies are
needed to gain an in-depth understanding of the underlying
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mechanisms, which may help develop novel and effective
therapies.

0e present meta-analysis has several limitations. First,
the observational nature of the included studies could not
allow the interpretation of a causality link between the
exposure and the outcome. Second, the study protocol of this
systematic review and meta-analysis has not been prereg-
istered.0ird, in the present study, the pooled analysis of the
association between NAFLD and incident HTN revealed a
certain level of heterogeneity. 0us, these results should be
interpreted cautiously. 0e heterogeneity may be derived
from a combination of factors including diagnostic methods
for NAFLD, age of participants, geographical region, co-
variate adjustment, and other potential unmeasured con-
founders. 0e included studies have defined NAFLD by
various diagnostic methods, resulting in variations in their

reported outcomes. Our subgroup analysis stratified by
NAFLD diagnostic methods showed that compared with the
studies where NAFLD was diagnosed by imaging methods
(HR 1.38), a higher risk was seen in studies where NAFLD
was diagnosed by surrogate scores (HR 1.81), although no
significant results were found in the test for differences
between the subgroups (p � 0.17). Moreover, covariate ad-
justment and potential unmeasured variables can serve as
another important source of heterogeneity. As shown in
Table 1, although most of the included studies adjusted the
results for several potential confounders including age, sex,
cigarette smoke, and other conventional cardiometabolic
risk factors, the possibility of residual confounding by some
unmeasured factors cannot be excluded. It should be noted
that some studies reported incomplete adjustments for well-
established risk factors and potential confounders such as

NOTE: Weights are from random effects analysis

Overall (I-squared = 37.6%, p = 0.187)

Study

Zhang

Liu

Ma

Tsuneto
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Figure 2: HTN versus non-HTN on the risk of incident NAFLD. Forest plot and pooled estimates of 4 eligible studies with data on 25,260
participants.
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Figure 3: NAFLD versus non-NAFLD on the risk of incident HTN. Forest plot and pooled estimates of 9 eligible studies with data on 46,487
participants.
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baseline BMI, waist circumference, or diabetes. It was
therefore not possible to combine models in studies that
adjusted for the same set of potential confounders. More
detailed analyses of the sources of heterogeneity might re-
quire collaborative pooling of participant data at an indi-
vidual level from large cohort studies. Fourth, none of the
eligible studies applied liver biopsy, the gold standard
technique, to diagnose NAFLD. Indeed, although liver bi-
opsy is more reliable than both liver ultrasonography and
surrogate scores such as FLI, this procedure is expensive,
time-consuming, and invasive and carries a high risk of
potentially serious complications, such as severe pain,

hemorrhage, and transient hypotension, making it unsuit-
able for large-scale population studies.

Albeit these limitations, our meta-analysis also has
several important strengths. To our knowledge, this is the
first meta-analysis to directly and specifically analyze the
bidirectional association between NAFLD and HTN. In
addition, we conducted a comprehensive search, used
predetermined inclusion and exclusion criteria, and did a
robust quality assessment, which means we have included
the best available evidence to report on the association
between the two diseases. Moreover, the large number of
participants and events involved in our meta-analysis yields

1 1.5

<45y 3 1.26(1.06, 1.50) 0.010
0.02

0.03

0.43

0.17

≥45y 6 1.86(1.39, 2.48) <0.0001
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Subgroup No. of studies HR P value P for interaction
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Figure 4: Subgroup sensitivity analyses on studies assessing the association between NAFLD and incident HTN, stratified based on the
mean age of participants, geographical regions, duration of follow-up, and NAFLD diagnostic methods, respectively.
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Anti-oxidants ↓
NOS dysfunction

Insulin resistance
Inflammation

Oxidative stress
RAAS/SNS activation
Ectopic fat deposets

Vasoconstriction

NAFLD Hypertension

Figure 5: Putative mechanisms through which NAFLD may drive the development of HTN and vice versa.
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adequate statistical power to quantify the association be-
tween NAFLD and HTN. Finally, the overall quality of the
included studies in themeta-analysis was considered as high,
and there was no sign of significant publication bias affecting
the results when evaluated by both Egger and Begg’s tests.

In conclusion, our meta-analysis clearly suggests the exis-
tence of a bidirectional relationship between NAFLD and HTN
independent of traditional cardiometabolic risk factors. 0e
presence of NAFLD is significantly associated with a 1.55-fold
increased risk of incident HTN, whereas HTN is significantly
associated with a 1.63-fold increased risk of incident NAFLD.
Recognizing NAFLD as a risk factor for HTN and vice versa is
important to improve the risk prediction, identify primary
preventive strategies, and explore therapeutic regimens for these
two increasingly prevalent and burdensome diseases. More
studies in the future should investigate whether changes in
NAFLD status over time can modify the risk of developing or
worsening HTN and vice versa, thus providing more solid
evidence to definitively establish a cause-effect relationship. In
addition, further researches are needed to gain an in-depth
understanding of the underlying mechanisms and to identify
novel and effective treatments.
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