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Abstract: Nonalcoholic Fatty Liver Disease (NAFLD) is a growing global phenomenon, and its
damaging effects in terms of cardiovascular disease (CVD) risk are becoming more apparent. NAFLD
is estimated to affect around one quarter of the world population and is often comorbid with other
metabolic disorders including diabetes mellitus, hypertension, coronary artery disease, and metabolic
syndrome. In this review, we examine the current evidence describing the many ways that NAFLD
itself increases CVD risk. We also discuss the emerging and complex biochemical relationship
between NAFLD and its common comorbid conditions, and how they coalesce to increase CVD risk.
With NAFLD’s rising prevalence and deleterious effects on the cardiovascular system, a complete
understanding of the disease must be undertaken, as well as effective strategies to prevent and treat
its common comorbid conditions.

Keywords: NAFLD; CVD; MAFLD

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a highly prevalent and potentially life-
threatening illness that has become the world’s most common chronic liver disease, affecting
more than 1 in 4 people globally [1]. The prevalence of NAFLD exists in Africa (14%),
Europe (23%), United States (24%), Asia (27%), South America (31%), and the Middle
East (32%) [2]. NAFLD currently exists as the second most common indication for liver
transplant and may increase hepatic and non-hepatic morbidity and mortality [3]. There
is evidence that NAFLD has a causative relationship with metabolic syndromes [4], and
a surplus of research reveals that NAFLD and nonalcoholic steatohepatitis (NASH) are
linked to atherosclerosis and major cardiovascular events [5,6]. A meta-analysis of 27 cross
sectional studies reported that there exists an association between markers of atherosclero-
sis and NAFLD [5]. Furthermore, this meta-analysis illustrated increased arterial stiffness
indexes, carotid intimal-medial thickness, and coronary artery calcification scores [5]. An-
other meta-analysis incorporated 16 observational studies in literature and concluded that
NAFLD demonstrated an increased risk of cardiovascular morbidity and mortality ([OR]
1.64, 95% CI 1.26–2.13) and a higher risk of CVD in severe NAFLD (OR 2.58; 1.78–3.75) [4].
On the other hand, more recent literature debates there is no significant association be-
tween NAFLD and CVD mortality incorporating 14 studies and 498,501 subjects [7]. A
significant need exists for further research to investigate the relationships between NAFLD
and specific cardiac complications, including ASCVD risk, heart failure, arrhythmias, HTN,
CAD/atherosclerosis, and MI.
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Metabolic syndrome and subsequent obesity, diabetes, and hypertension have been
considered the most indicative of a pathophysiological association of mortality between
NAFLD and CVD. It is important to make a note that NAFLD is present in normal body
mass index (BMI) patients as well—where non-obese is defined as BMI < 25 kg/m2 [8].
Curiously, there is recent NAFLD literature that supports similar metabolic profiles of non-
obese patients with obese patients. Some investigations posit that non-obese patients have
lower levels of BMI, waist circumstance (WC), triglycerides (TG), total cholesterol (CHOL),
fasting blood glucose (FBG), alanine aminotransferase (ALT), and histological indications
such as steatosis, inflammation and fibrosis yet similar metabolic profile [9,10]. Of note,
NAFLD prevalence appeared higher in the non-overweight females’ group vs. male group,
indicating a difference with regard to biological sex, when separating overweight and
non-overweight individuals in a recent study [11].

The primary goal of the present review is to evaluate cardiovascular disease risk in
association with nonalcoholic fatty liver disease. This literature reviews CVD comorbidities
in NAFLD patients including an analysis of hypertension, diabetes mellitus, metabolic syn-
drome, coronary artery disease, heart failure, and more. Systemic inflammation, endothelial
dysfunction, dyslipidemia, and altered glucose metabolism act as biophysiological factors
to precipitate CVD in NAFLD while genetics and heritable risk factors have been connected
to NAFLD and CVD. Currently, NAFLD treatments remain absent yet the interconnection
between NAFLD and CVD postulates that diabetes treatment, relevant lifestyle adjust-
ments, and medications such as antihypertensives may prove useful. A review of CVD
and NAFLD will provide a greater understanding of the interplay between disease states
and aim to improve clinical management of patients, public health directives, burdens of
NAFLD and CVD, and future clinical studies and literature.

2. NAFLD Epidemiology

Over the past few decades, the global prevalence of obesity has contributed to the rise
of nonalcoholic fatty liver disease (NAFLD) as the most common liver disease worldwide
and the second most common indication for liver transplant. NAFLD affects about 25%
of the global population (95% confidence interval 22.10–28.65) [12,13]. The prevalence
of NAFLD worldwide is 25%, with the lowest prevalence in Africa (14%), Europe (23%),
and the United States (24%), with higher prevalence in South America (31%), and the
Middle East (32%). In Asia, the prevalence overall is 27%; however, the prevalence of
NAFLD is much higher in the urban areas of India and China than in the rural locations
in those countries [13]. In the United States, the prevalence of NAFLD varies based on
race: 45% Hispanic Americans, 33% Caucasian American, and 25% African Americans [14].
Researchers also found that Mexican Latinos had higher rates of NAFLD (22%) than did
Puerto Rican (15.8%), Dominican (15%), Cuban (16.5%), Central American (21%), or South
American (17.8%) Latinos [14]. African Americans have a lower rate of NAFLD despite
having higher rates of medically co-morbid conditions associated with NAFLD, such as
obesity and type 2 diabetes mellitus [15,16].

Genome-wide association studies (GWAS) have uncovered a strong association be-
tween the Patatin-like phospholipase domain containing 3 (PNPLA3) gene and NAFLD
incidence [17]. A follow-up prospective cohort study showed that the PNPLA3 gene was
associated with increased risk of liver-related decompensation and death [18,19]. The PN-
PLA3 gene did not have any effect on cardiovascular events or overall mortality [18]. People
of Mexican descent have higher frequencies of the PNPLA3 gene than do non-Hispanic
white or non-Hispanic black people, leading to increased risk of NAFLD incidence and
progression. [20]

The prevalence of NAFLD appears to be higher in men than in women; however, when
separating the data into overweight and non-overweight individuals, the non-overweight
cohort had a higher prevalence of females with NAFLD [11]. Post-menopausal females
have an increased risk of NAFLD because they lose their premenopausal estrogen that
inhibited stellate cell activation and fibrinogenesis [21]. In a cohort of liver biopsy proven
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non-alcoholic steatohepatitis (NASH) patients, postmenopausal women and men had
equally severe liver fibrosis [11]. Premenopausal women had less severe liver fibrosis than
men [21]. In premenopausal women, elevated testosterone conferred a 2-fold higher risk of
NASH and NASH fibrosis, representing an early risk factor in NASH progression in young
women [22]. Premenopausal women with PCOS also carry a higher risk of NAFLD than
healthy controls (34–70% vs. 14–34%) [23]. Diagnosing and preventing NAFLD in women
is especially important because they have a 1.5× higher likelihood of all-cause mortality
and a 2× higher likelihood of mortality from a cardiovascular event [24].

NAFLD incidence has increased dramatically over the past two decades. In a com-
munity population study based out of Minnesota starting in 1997, researchers observed a
5-fold increase in the incidence of NAFLD, with a particularly dramatic increase of NAFLD
incidence in younger adults aged 18–39 [25]. The increase in NAFLD incidence among
young adults is a worldwide phenomenon, with an estimated annual percentage increase of
around 1% in both men and women between 1990 and 2017 [26]. As discussed later in this
review, studies also show that metabolic conditions increase the incidence of NAFLD, with,
for example, up to 60% of patients with diabetes found to develop NAFLD [27]. Further, an
increase in patients with NAFLD and Metabolic Associated Fatty Liver Disease (MAFLD)
leads to increases in cardiovascular events [28].

NASH is the inflammatory subtype of NAFLD. NASH can only be identified via liver
biopsy, which shows hepatocyte ballooning and inflammation with or without fibrosis [29].
Because a NASH diagnosis requires a liver biopsy, determining the population-wide
prevalence of NASH is difficult. A recent prospective cohort study of asymptomatic middle
aged US adult demonstrated an NAFLD prevalence of 38% and NASH prevalence of
14% in those patients with NAFLD, a 12.2% increase from a similar study conducted ten
years prior [30,31]. In a recent randomized controlled trial of simtuzumab (which was
deemed ineffective), researchers monitored the long-term progression of patients with
NASH. In 475 patients with NASH, progression of the disease to cirrhosis occurred in 22%
of Fibrosis scale 3 patients (n = 217) and liver-related clinical events occurred in 19% of
patients with cirrhosis (n = 258) over 96 weeks [32]. Models predict that the incidence of
NASH will increase 7% between 2015 and 2030, leading to a 168% increased incidence of
decompensated cirrhosis, 137% increased incidence of hepatocellular carcinoma, and 178%
increased incidence of liver related deaths by 2030 [33].

3. Overall NAFLD Cardiac Complications

Cardiac complications of NAFLD have been documented, but it remains unclear
whether this translates to increased cardiac mortality. A meta-analysis published in 2016
containing 34 studies and 164,949 subjects demonstrated that NAFLD was significantly
associated with increased incidence of cardiovascular disease (CVD), increased incidence of
hypertension, and increased prevalence of atherosclerosis [34]. However, the meta-analysis
demonstrated no significant relationship between NAFLD and CVD mortality or overall
mortality. In the same year, Targher et al. (2016) demonstrated the opposite with their
meta-analysis, which contained 16 studies and 34,043 subjects; they found that NAFLD
was associated with adverse fatal and non-fatal cardiac events and that the correlation
strengthened with the severity of NAFLD [4]. More recent meta-analyses perpetuated
debate about cardiac mortality, including Liu et al.’s (2019) meta-analysis, which included
14 studies and 498,501 subjects and demonstrated no significant associations between
NAFLD and CVD mortality. However, this study did demonstrate elevated risk of all-cause
mortality compared to those without NAFLD (HR = 1.34, 95% CI 1.17–1.54) [35]. De-
spite the debate about CVD mortality and NAFLD, research has explored the relationship
between NAFLD and specific cardiac complications, including Atherosclerotic Cardiovas-
cular Disease (ASCVD) risk, heart failure, arrhythmias, Hypertension (HTN), Coronary
Artery Disease (CAD)/atherosclerosis, and Myocardial Infarction (MI). Table 1 summarizes
overall complication.
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Table 1. Overall NAFLD cardiac complications.

Overall NAFLD Cardiac Complications

General ACSVD Scores Meta-analyses suggest higher degrees of NAFLD are associated with higher
ACSVD scores (34–36)

Heart Failure Meta-analyses demonstrate that NAFLD is associated with higher odds ratios
for developing diastolic dysfunction (43–44)

Myocardial Infarction Meta-analyses show NAFLD is associated with increased odds ratio for
developing a myocardial infarction (44, 46–48)

Cardiac Arrhythmias Meta-analyses demonstrate NAFLD is associated with higher risk of
developing cardiac arrhythmias, most notably atrial fibrillation (44, 53–55)

Coronary Artery Disease Epidemiologic data shows that patients with NAFLD have higher rates of
cardiovascular events and development of coronary artery plaques (4, 56–58)

3.1. General ASCVD Scores

Many cohort and cross-sectional studies have demonstrated independent associations
between NAFLD and higher ASCVD scores [36–38]. The specific ASCVD risk score calcula-
tors and NAFLD severity measurements differed between studies. The risk calculators for
ASCVD risk included American Heart Association (AHA)/American College of Cardiol-
ogy (ACC) risk calculator, ASCVD risk score, the Framingham Risk Score, and the Korean
Risk Prediction Model. Methods of evaluating NAFLD severity included biopsy-proven
NAFLD, FIB-4 scores, other NAFLD fibrosis scores, and various forms of ultrasound graded
severity. The heterogeneity of these studies furthered debate about a causal relationship,
especially given that some studies used direct measures of NAFLD (biopsy) while oth-
ers used indirect measures (FIB-4 scores) [39]. Recent studies have shown that certain
measures of hepatic fibrosis, including the FIB-4 score, Forns index, and Hepamet fibrosis
scores positively correlate with CVD risk [40]. Emerging data suggest that the effects of
NAFLD on CVD risk may be misattributed and instead due to MALFD [41,42]. MAFLD is
a relatively new term and encompasses hepatic steatosis and one of the following: Type
2 diabetes, overweight/obesity, or clinical evidence of metabolic dysregulation [43,44].
MAFLD and NAFLD overlap, but previous studies have argued that metabolic syndrome
(MetS) or metabolic comorbidities are more important than hepatic steatosis in developing
ASCVD risk.

3.2. Heart Failure

Three meta-analyses have demonstrated a relationship between heart failure and
NAFLD. The meta-analysis by Wijarnpreecha et al. (2018) contained 12 studies and
280,645 subjects and found a relationship between NAFLD and diastolic dysfunction. West-
ern countries had a higher odds ratio 1.76 (95% CI, 1.14–2.72) compared to subjects from
eastern countries with an odds ratio of 2.59 (95% CI, 1.42–4.69), suggesting that genetic
or environmental factors contribute to this association [45]. The other two meta-analyses
focused on all causes of heart failure and suggested an independent relationship. The
meta-analysis by Salah et al. (2022) contained 5 studies with 1,433,066 total subjects and
demonstrated an association between all cause heart failure and NAFLD, with an odds ratio
of 1.60 (95% CI 1.24 to 2.05) [46]. The meta-analysis by Alon et al. (2022), which contained
20 studies, found an odds ratio of 1.62 (95% CI: 1.43–1.84) [47]. All three meta-analyses
demonstrated that NAFLD and heart failure are related.

3.3. Myocardial Infarction

The prevalence of MI is estimated to be 1.72% of the world’s population, approximately
126 million cases [48]. Many studies have argued that NAFLD increases risk for MI,
including multiple cohort studies and one meta-analysis [47,49–51]. The recent meta-
analysis by Alon et al. (2022) reported an increased risk of MI with an odds ratio of 1.66
(95% CI: 1.39–1.99) compared to those without NAFLD [47]. Emerging data suggest the



J. Cardiovasc. Dev. Dis. 2022, 9, 419 5 of 36

severity of NAFLD may be correlated with increased MI risk, as higher FIB-4 scores have
been associated with increased MI risk [50,51]. The FIB-4 score was developed to estimate
the extent of liver fibrosis and includes laboratory measurements of AST, ALT, and platelet
count in addition to age [52]. Data also supports that increased fatty liver index scores
confer higher risk of MI in patients with NAFLD [49,53]. The fatty liver index score was
created to estimate the extent of hepatic steatosis and includes measurements of BMI,
waist circumference, GGT, and triglycerides [54]. These studies support that NAFLD is
associated with increased incidence of MI, and this risk appears to be correlated with
severity of disease.

3.4. Cardiac Arrhythmias

NAFLD and some arrhythmias have documented associations, especially the relation-
ship between NAFLD and Atrial Fibrillation (AFib). AFib is the world’s most common
cardiac arrythmia and is estimated to affect approximately 0.51% of people globally [55].
Associations between AFib and NAFLD have been demonstrated in four meta-analyses,
the largest of which, by Gong et al. (2021), included 7,012,960 subjects [47,56,57]. The odds
ratios from these meta-analyses suggest that people with NAFLD have approximately
1.2 to 2 times greater risk of developing AFib than individuals without NAFLD. AFib
remains the most studied arrhythmia associated with NAFLD, but the meta-analysis by
Gong et al. (2021) also demonstrated increased risk of prolonged QT intervals (odds ratio
2.86, 95% CI: 1.64–4.99), PACs/PVCs (odds ratio 2.53, 95% CI: 1.70–3.78), and heart block
(odds ratio 2.65, 95% CI: 1.88–3.72) [58]. This meta-analysis was the only one we found
that included arrhythmias other than AFib. NAFLD appears to be an important risk factor
in the development of arrhythmias, but more research is needed to explore the risk of
arrhythmias other than AFib.

3.5. Coronary Artery Disease

Based on epidemiologic data, NAFLD is associated with increased fatal and non-
fatal cardiovascular events, including CAD (OR 1.64 95% CI 1.26–2.13) [4]. Patients with
steatosis and elevated gamma-glutamyltransferase (GGT) or increasing fibrosis on liver
biopsy had even higher rates of cardiovascular events (OR 2.58 95% CI 1.78–3.75) [4].
Patients with NAFLD have a higher risk of high-risk coronary artery plaques than a non-
NAFLD population with similar risk factors when analyzed by CT angiography (59.3%
vs. 19.0% OR 2.13 95% CI 1.18–3.85) [59]. Early detection of NAFLD after CAD detected
by coronary artery calcium scans has not shown correlation thus far [60]. Genome-wide
association studies (GWAS) have begun to confirm the causal relationship between NAFLD
and CAD and have made strides to elucidate the relationship between NAFLD and CAD.
Using the UK Biobank, researchers have discovered 94 independent GWAS loci, which
suggest a causal relationship between NAFLD and CAD [61]. Studies continue to emerge
in the field of GWAS to further our understanding of NAFLD and CAD.

4. NAFLD Pathophysiology of Cardiac Disease

Though NAFLD is highly comorbid with other metabolic and cardiac risk factors
such as obesity, Type 2 Diabetes, and a western style dietary pattern, the condition of
NAFLD itself confers an increased risk for cardiac disease [62]. Many biochemical and
physiological factors are at play in the relationship between NAFLD and cardiac disease.
Several of the principal causes are discussed below. The overarching pathophysiology of
each relationship is summarized in Figure 1.

4.1. Systemic and Vascular Inflammation

It is well established that systemic and vascular inflammation lead to increased plaque
and clot formation and act as a main driver for the development of cardiac disease. The
milieu of systemic inflammation brought on by NAFLD is a combination of a failure of the
liver to properly metabolize certain vaso-altering substances or properly clear inflammatory
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cytokines from the blood. A principal way this inflammatory state comes about is the
accumulation of fatty substances inside the liver parenchyma affecting the proper function
of the liver. The inadequate uptake of lipids and altered secretion of certain fatty acids
combined with insufficient fatty acid oxidation leads to systemic and vascular inflammation
via the pathways described below [63]. Apolipoprotein excess has been linked to increased
risk of CVD [64]. The mishandling and subsequent accumulation of apolipoprotein 3
(Apo3) acts as a damage-associated molecular pattern (DAMP) that activates TLRs 2
and 4 by dimerization, thus activating the NLRP3 inflammasome [64]. In its usual role,
the NLRP3 inflammasome modulates the activity of caspase-1, an IL-1Beta converting
enzyme, activating pro-inflammatory cytokines. In the setting of NAFLD, the increased
Apo3 over-activates the NLRP3 inflammasome, increasing flux through the IL-1 to IL-6 to
CRP pathway [64]. Other fatty acids, such as palmitic acid, can also activate the NLRP3
inflammasome, representing another distinct pathway for production of inflammatory
cytokines [65]. Studies have shown that higher concentrations of palmitic acid are linked to
higher rates of cardiovascular mortality, likely due to the increased activity of inflammation
through the pathway described above [66]. The mishandling and accumulation of fatty
acids in NAFLD lead to higher levels of systemic inflammatory mediators, increasing
vascular inflammation and tone, the development of atherosclerotic plaques, and the risk
for CVD.
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4.2. Endothelial Dysfunction

Endothelial dysfunction is one of the first steps in developing atherosclerosis. In
patients with NAFLD, increased endothelial dysfunction is a sequela of the liver’s inability
to regulate vaso-inflammatory substances or produce protective substances like nitric oxide.
The liver in its normal state is able to conjugate Methionine s-adenosylmethionine (SAM),
which is a common source of methyl in other metabolic reactions, such as the synthesis
of phosphatidylcholine and creatine. When SAM is subsequently demethylated, it forms
s-adenosylhomocysteine (SAH) and homocysteine. Though the exact mechanism is un-
known, it is believed that the above pathways of metabolizing Methionine are altered in
patients with NAFLD, leading to high levels of homocysteine in many patients [67]. Meta-
analyses have shown that NAFLD patients have consistently higher levels of homocysteine
compared to controls [68]. Once homocysteine begins to accumulate in the bloodstream,
several deleterious effects on coagulation and inflammation occur. High levels of homocys-
teine in the blood have been shown to cause oxidative damage to platelets by decreasing
the available stores of glutathione, thus causing an increase in platelet activation and a
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hypercoagulable state [69]. Homocysteine has also been associated with increased endothe-
lial cell dysfunction, impaired protein folding, and increased oxidative stress, providing
another avenue for ongoing inflammation. Hyperhomocysteinemia has deleterious effects
even on the liver, increasing intrahepatic vascular tone and inhibiting the production of
nitric oxide, leading to even further widespread vascular stress [70].

NAFLD also causes endothelial dysfunction via decreased levels of the vaso-protective
substance nitric oxide due to the liver’s inability to break down certain metabolites. Nitric
oxide acts locally as a vasodilator by activating guanylate cyclase, cleaving a phosphate
group from guanosine triphosphate (GTP) to be used for phosphorylation and relaxation of
vascular smooth muscle. However, patients with NAFLD have increased levels of asymmet-
ric dimethyl arginine (ADMA), which is a natural antagonist to nitric oxide synthase. These
increased levels of ADMA are due to impaired hepatic breakdown of the substance, leading
to over-inhibition of nitric oxide synthase and a subsequent increase in vascular stress
and damage [71]. Endothelial dysfunction is an important step in forming atherosclerotic
plaques, and in NAFLD, this step is greatly accelerated by hyperhomocysteinemia and
decreased levels of nitric oxide.

4.3. Atherogenic Dyslipidemia

Hepatic lipid metabolism changes that lead to NAFLD also result in atherogenic
dyslipidemia, characterized by plasma hypertriglyceridemia, increased small dense low-
density lipoprotein (LDL) particles, and decreased high-density lipoprotein cholesterol
(HDL-C) [72,73]. In NAFLD, increased hepatic triglycerides are due to insulin resistance,
which leads to increased peripheral lipolysis and den novo lipogenesis (DNL). Elevated
plasma insulin and glucose drive DNL via Liver X-Receptor (LXR) and carbohydrate re-
sponse element binding protein (ChREBP) pathways [74]. DNL increases malonyl-coA via
ACC. Malonyl-coA then inhibits CPT1, decreasing fatty acid oxidation and mitochondrial
function [75]. Fatty acid availability is further increased by lipoprotein lipase (LPL) inhibi-
tion through overexpression of ANGPTL8 and 3, also produced through the LXR pathway.
ANGPTL8 also decreases triglyceride hydrolysis via adipose triglyceride lipase These
processes increase hepatic triglycerides, thereby increasing hepatic triglyceride secretion
and plasma triglyceride level [76].

In adipocytes, triglycerides are hydrolyzed by lipases into free fatty acids (FFA).
FFA enter the bloodstream and subsequently enter the liver and muscles [77]. Upon re-
esterification of FFA with posttranslational stabilization of ApoB, very low-density lipopro-
tein (VLDL) particles form. VLDL production is further amplified by hyperglycemia [78].
Specifically, the liver produces larger triglyceride-rich VLDL-1 and smaller triglyceride-poor
VLDL-1. Atherogenic dyslidemia, insulin resistance, and type 2 diabetes are characterized
by overproduction of VLDL-1. VLDL-1 overproduction is a central driver in atheroscle-
rosis, as it changes levels of other lipoproteins, including increased LDL and decreased
HDL [78,79]. Increased hepatic cholesterol, namely intracellular VLDL-1, decreases LDLR
and PCSK9 mRNA expression via inhibition of the SREBP2 pathway. Posttranscriptional
regulation of PSCK9 also decreases membrane bound LDLR. Downregulation of LDL recep-
tors decreases intracellular uptake of LDL with a consequent rise in plasma levels [80,81].

Elevated plasma triglycerides, remnant lipoprotein cholesterol levels, and small dense
LDL particles all invade the arterial wall and cause atherosclerotic plaques. Apo-B con-
taining lipoproteins, most notably VLDL1 and LDL, act as damage-associated molecular
patterns (DAMPs) to activated Toll-like receptors (TLRs), resulting in a cascade of inflamma-
tory pathways [64]. Additionally, triglyceride-rich lipoproteins containing apolipoprotein
C3 (ApoC3) activate TLRs 2 and 4 via dimerization. TLRs 2 and 4, DAMPs, pathogen
associated molecular patterns (PAMPs), activate the NOD-like receptor family and pyrin
domain-containing protein 3 (NLRP3) inflammasome, which regulate the activity of the
enzyme caspase-1, also known as interleukin (IL)-1β converting enzyme [64,82]. Caspase-1,
via proteolytic activation, increases the production of proinflammatory cytokines through
the IL-1, IL-6, and CRP pathways, leading to endothelial cell damage and atherosclerotic
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disease [83]. Therefore, upregulation of TLRs by an atherogenic favoring lipid profile, and
the resultant production of inflammatory cytokines via the NLRP3 inflammasome, is an
important link between atherogenic dyslipidemia and the development of CVD in NAFLD
patients [83]. Plaque formation is further exacerbated by oxidized LDL, which is derived
from LDL or small dense LDL (sdLDL). Oxidized LDL interacts with scavenger receptors,
macrophages, and smooth muscle cells, causing a large deposition of cholesterol within the
blood vessel [84]. These plaques then undergo lipid-deposition, inflammation, fibrosis, and
calcification over decades [85]. Another mechanism leading to upregulation of TLRs 2 and
4 in NAFLD is seen via increased hepatic DNL. Notably, hepatic DNL in NAFLD leads to
increased saturated fatty acid, specifically palmitic acid (C 16:0), flux, and density in VLDL
particles [64,65]. Saturated fatty acids trigger further endothelial inflammation via TLRs
2 and 4, contributing to vascular injury and atherosclerosis in NAFLD [64,86]. Notably,
higher concentrations of palmitic acid or palmitoleic acid (16:1n-7) correlated positively
with all cause and cardiovascular mortality in a stepwise fashion [66,87,88].

4.4. Altered Glucose Metabolism

Hallmarks in the pathogenesis of NAFLD are altered glucose metabolism and hepatic
insulin resistance [70,71]. The mechanisms of insulin resistance in NAFLD have been well
studied and can be attributed to systemic inflammation, visceral obesity, increased body
weight, and maladaptive ectopic fatty tissue [64,89]. Ectopic fat not only accumulates in the
liver but also in the pancreas, leading to insulin resistance and beta cell dysfunction [89,90].
Additionally, hyperinsulinemia ensues due to insulin resistance, contributing to the de-
velopment of CVD [64]. Specifically, hyperinsulinemia drives hepatic glucose production,
raising plasma levels of glucose, which then stimulates more insulin production. This self-
reinforcing cycle is exacerbated by a decreased clearance of insulin by the liver in NAFLD.
Additionally, insulin activates transcription factors sterol regulatory element-binding pro-
tein 1c (SREBP-1c) and carbohydrate-responsive element binding protein (ChREBP), which
increase flux of DNL via lipogenic enzyme production [91]. The combination of hepatic fat
accumulation and increased saturated fatty acids, in addition to persistent hyperglycemia,
is a central driver in the altered metabolic profile of NAFLD. This altered metabolic profile,
as detailed earlier, is central to the development of CVD.

As it relates directly to plaque formation, insulin resistance results in oxidative stress
and severe inflammation through multiple pathways. Upregulation of inflammatory signal-
ing pathways, inflammasome activation, and increased production of advanced glycosyla-
tion end products (AEG) are all consequences of persistent hyperglycemia and postprandial
glucose spikes [64,90]. Additionally, insulin resistance has been associated with cardiac
autonomic neuropathy due to renin-angiotensin-aldosterone system dysregulation and
fibrinolytic dysfunction. This may favor a microenvironment that results in systolic and
diastolic dysfunction, cardiac arrhythmias, and endothelial dysfunction [64,92–94].

4.5. Plaque Formation in the Setting of an Altered Gut Microbiome

A recent study investigated how altered gut microbiomes in patients with NAFLD
affect normal free cholesterol metabolism [95]. High levels of triglycerides are associated
with both calcified and non-calcified plaque formation [96]. Part of the reason patients with
NAFLD have a high level of triglycerides is that their altered gut microbiome increases
choline metabolism, and as choline is essential to VLDL synthesis, this lack of VLDL secre-
tion limits triglyceride hydrolyzation and clearance [95]. Dongiovanni et al. have theorized
that VLDL synthesis is impaired due in large part to lipid oxidative DNA damage [96].
Another connection between CVD and NAFLD is shown in the deranged metabolism of
choline and carnitine as represented by trimethylamine oxide (TMAO) levels within the
gut microbiome. TMAO is typically a marker of severity and risk for cardiovascular events.
There is need for further research in this is an area, but it has already been shown to be
positively correlated with the severity of disease in NAFLD [96]. In addition to TMAOs,
short-chain fatty acids and bile acids can have disrupted metabolism and signaling. This
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may lead to an inability to properly metabolize components of red meat, leading to a
higher risk of atherosclerosis [97]. Additionally, there is some evidence that higher levels of
ApoC3 in patients with NAFLD may lead to increased activation of inflammatory pathways,
further contributing to plaque formation [96].

The increased production of ethanol in patients with NAFLD leads to intestinal tissue
permeability, which allows PAMPs derived from the gut to enter portal circulation and
descend on the liver [95]. PAMPs damage and fibrose the liver by inducing their standard
inflammatory pathway, leading to increased levels of TNF-alpha, interleukin (IL-6), mono-
cyte chemotactic protein-1, and C-reaction protein. These proinflammatory markers are
linked to endothelial dysfunction and lead to vascular plaque formation [95]. Any envi-
ronment that leads to systemic inflammation can lead to clotting and plaque formation by
endothelial dysfunction and altered vascular tone [96]. Further, metalloproteinases and ho-
mocysteine, which are also pro-atherosclerotic, are increased in patients with NAFLD [95].
In addition to leading to an increased risk of atherosclerotic plaque formation, NAFLD is
associated with worse clinical outcomes in the event that the plaque ruptures and leads to
an acute coronary event [97].

4.6. Genetic Susceptibility

Originally, Tarnoki et al. studied 208 adult Hungarian twins who were monozygotic or
dizygotic, and heritability analysis found no genetic component to ultrasound diagnosed
NAFLD [98]. Later, a study of overweight children with biopsy proven NAFLD and
overweight children without NAFLD found that when adjusted for age, sex, race, and
BMI, the heritability of fatty liver was 1.000 [99]. The heritability of hepatic steatosis was
found to be 0.52 in a study of 60 pairs of community-dwelling twins. In a meta-analysis
of data, CT-diagnosed hepatic steatosis was found to have a heritability of 0.26–0.27 [100].
In one study utilizing data from the Framingham Heart Study, participants with at least
one parent with hepatic steatosis had nearly two-fold increased odds of hepatic steatosis
compared to participants without a parental history of hepatic steatosis [101]. Studies
have also measured the heritability of NAFLD/hepatic steatosis in African Americans
and Hispanic Americans. Wagenknecht et al. found that CT-scan diagnosed NAFLD
was modestly heritable, with 0.21 in Hispanic Americans (n = 795) and 0.19 in African
Americans (n = 347) [102]. Another study in 2013 found that CT-measured hepatic steatosis
was 0.22–0.34 heritable in three African American cohorts (n = 836, 965, 405) and 0.20 in
one Hispanic American cohort (n = 849) [103].

Multiple studies have also established the heritability of risk factors associated with
NAFLD. One twin study found that blood pressure, triglycerides, glucose, insulin resistance,
hemoglobin A1C, and high-density lipids had significant shared gene effects with hepatic
steatosis (n = 130) [104]. Makkonen et al. found that in a study of 313 individual twins,
the heritability of S-ALT was 0.55 and fS-insulin was 0.61. In 66 of these subjects, liver
fat was measured, and S-ALT and fS-insulin were correlated with liver fat content [105].
Another twin study of Danish twins found that ALT, LDH, GGT, and bilirubin are 0.35–0.61
heritable (n = 580) and that adjustment for alcohol consumption and BMI had no influence
on heritability [106]. In a study of 157 familial combined hyperlipidemia and 20 spouses,
heritability calculations revealed 0.20–0.36 of the variability in ALT levels was attributed to
genetic factors [107].

The frequency of NAFLD varies significantly between ethnicities, with the general
pattern being Hispanic Americans > White Americans > African Americans. Browning et al.
examined magnetic resonance spectroscopy-identified hepatic steatosis among 2287 multi-
ethnic subjects and showed that 45% of Hispanic Americans, 33% of White Americans, and
24% of African Americans had hepatic steatosis [108]. A study of 795 Hispanic Americans
and 347 African Americans found that NAFLD was more common in Hispanic Americans
(24%) and African Americans (10%) [102]. Fleishman et al. compared the prevalence rates
of NAFLD between Hispanics of Mexican origin (33%) and Hispanics of Dominican (16%)
and Puerto Rican (18%) origin in 788 participants. Even after controlling for age, sex,
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BMI, waist circumference, hypertension, serum HDL, triglyceride, CRP level, and insulin
resistance, Mexican Americans remained significantly more likely to have NAFLD than
Dominicans and Puerto Ricans [109].

A genome-wide association scan of nonsynonymous sequence variations in a multi-
ethnic population (n = 9229) found that an allele in PNPLA3 was strongly associated with
increased hepatic fat levels and hepatic inflammation. This study found that the allele was
most common in Hispanic Americans. A different allele was associated with lower hepatic
fat content in African Americans [110]. In a very diverse study of 4804 adults, it was shown
that there is and NCAN and ultrasound-measured hepatic steatosis. Variants in PNPLA3,
NCAN, GCKR, and PPP1R3B were associated with non-Hispanic whites. PNPLA3 variants
were associated with Mexican Americans [111]. Palmer et al. found an association be-
tween variants in or near PNPLA3, NCAN, GCKR, and PPP1R3B and CT-measured hepatic
steatosis in African Americans and an association between variants in or near PNPLA3 and
PPP1R3B and CT-measured hepatic steatosis in Hispanic Americans [103]. A variant in
the TM6SF2 gene was associated with high hepatic fat content diagnosed by MRI in White
Americans and African American obese children (n = 454). A joint effect was observed
among TM6SF2, PNPLA3, and GCKR determining intrahepatic fat accumulation [112]. A
meta-analysis of 9 papers found lower risks of NAFLD for patients with the CC genotype
of the TM6SF2 gene, a transmembrane 6 superfamily 2 gene, which had previously been
linked with lipid metabolism [113].

Certain genetic variants are also associated with more aggressive NAFLD. A meta-
analysis of 16 studies with 2937 subjects found that variations in PNPLA3 exerted a strong
influence on liver fat accumulation and on susceptibility of more aggressive disease [114].
A study of 502 European NAFLD patients found that carriage of SDO2 C47T polymor-
phism was associated with more advanced fibrosis in NASH. PNPLA3 was also associ-
ated with susceptibility to advanced fibrotic disease [115]. A study of 702 patients with
biopsy proven NAFLD and 310 healthy controls from Italy and the UK found that the
Lys121Gln ENPP1/PC1 and IRS-1 972Arg polymorphisms affecting insulin receptor activity
predisposed patients with diabetes to liver damage and decreased hepatic insulin [116].
Miele et al. found that in a study of 415 patients, KLF6 expression increased with increased
steatosis, inflammation, and fibrosis in NAFLD livers [117].

5. Cardiovascular Comorbidities in NAFLD Patients and Preventive Strategies to
Lower ASCVD
5.1. Hypertension

Hypertension is estimated to affect more than 31% of adults across the world and is
the most common risk factor for CVD [118,119]. Recent evidence suggests a significant
association between NAFLD and hypertension. An observational study estimated the
prevalence of NAFLD to be nearly 50% among patients with hypertension [120]. Both in
this patient cohort and in a larger population study, hypertension was significantly more
prevalent among patients with NAFLD than in patients without NAFLD [121]. Additional
cross-sectional studies have demonstrated a similar association between NAFLD and in-
creased blood pressure among normotensive individuals with elevated blood pressure and
pre-hypertensive individuals [122,123]. A 2022 meta-analysis of more than 390,000 patients
indicated that NAFLD is associated with an approximately 1.6-fold increased risk for devel-
oping hypertension [124]. While the association between NAFLD and arterial hypertension
is well supported by clinical evidence, the precise relationship in terms of causality between
the two remains unclear.

The 2017 American College of Cardiology/American Heart Association High Blood
Pressure Guidelines do not list NAFLD as a cause of hypertension [125]. However, emerg-
ing evidence suggests that preexisting NAFLD may contribute to the development of
hypertension [126]. In a large prospective analysis of more than 22,000 non-hypertensive
males with varying degrees of baseline NAFLD diagnosed by ultrasound, patients with
NAFLD were more likely to develop hypertension after 5 years of follow-up than patients
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without NAFLD [127]. This association was more significant in patients with moderate to
severe NAFLD compared to mild NAFLD (hazard ratio, 1.14 vs. 1.07), suggesting that the
development of hypertension might be more strongly associated with more severe NAFLD.
A large retrospective cohort analysis found similar results after 5 years of follow-up, demon-
strating that NAFLD was associated with the development of incident hypertension (odds
ratio, 1.36) [128]. Resolution of fatty liver at follow-up was not associated with increased
incidence of hypertension, further supporting that NAFLD is likely an independent risk
factor for developing hypertension. Additionally, NAFLD has been found to independently
increase the risk of developing elevated systolic blood pressure among normotensive
individuals (odds ratio, 2.13) [120]. The pathophysiology of NAFLD as a causative con-
tributor to incident hypertension is still a topic of investigation, but preliminary studies
suggest etiological factors may include NAFLD-induced systemic inflammation, insulin
resistance, oxidative stress, increased vasoconstriction, decreased vasodilation, and arterial
stiffness [126,129–132].

Conversely, multiple studies have demonstrated that hypertension may contribute
to the development of NAFLD. Two large prospective cohort studies have found hyper-
tension to be an independent predictor of incident NAFLD (relative risk and hazard ratio,
1.31 and 1.75, respectively) [133,134]. Another small prospective cohort study showed
hypertension to be an independent risk factor for the progression of liver fibrosis (odds
ratio, 4.8) [135]. In a retrospective study of patients with NAFLD diagnosed using transient
elastography, the prevalence NAFLD was progressively increased among higher tiers of
blood pressure, suggesting a correlation between blood pressure severity and risk of de-
veloping NAFLD [136]. Further evidence suggests that NAFLD and hypertension might
be independent risk factors for each other. A prospective study involving a subgroup for
participants from the Framingham Heart Study demonstrated a bidirectional relationship
between NAFLD and hypertension after a follow up period of six years [137]. Specifically,
NAFLD was identified as a risk factor for developing hypertension (odds ratio, 1.42), while
hypertension was shown in a parallel analysis to be a risk factor for incident NAFLD
(odds ratio, 3.34). Two additional studies demonstrated similar bidirectional relationships
between NAFLD and hypertension [138,139]. This is due to a cyclical progression of dis-
ease, such that increasing blood pressure status facilitates liver damage and vice versa.
Additional prospective investigation is needed to further elucidate the precise relationship
between these two diseases.

Evidence-based approaches for managing coexistent NAFLD and hypertension re-
main limited, and there are no current recommendation guidelines for pharmacologic or
nonpharmacological treatment for these individuals. Lifestyle adjustments, including nutri-
tional changes, improved physical activity, and weight loss continue to be the cornerstone
of NAFLD therapy [140,141]. Numerous trials of specialized dietary programs including
the Dietary Approaches to Stop Hypertension (DASH) Diet and the Mediterranean Dietary
Pattern (MedDiet) have shown success in reducing hypertension risk, thereby reducing the
risk of developing hepatic steatosis NAFLD and improving other cardiovascular comorbidi-
ties among individuals with NAFLD [142–145]. However, prospective investigation into
the efficacy of the DASH diet for managing NAFLD is limited. One randomized controlled
trial demonstrated that overweight/obese subjects with NAFLD in a DASH diet group
had higher degrees of improvements in liver enzymes, insulin sensitivity, and body weight
compared to matched subjects in a low-energy diet group [146]. Unfortunately, this study
did not evaluate outcomes of specific histologic or radiographic features of NAFLD. The
MedDiet has been found to reduce the degree of hepatic steatosis among patients with
NAFLD in a crossover trial [147]. However, this study only evaluated a dietary period
of six weeks, and the reductions in hepatic fat content were only significant up until the
6-month follow-up. Other studies with follow-up periods up to 6 years have suggested
that the MedDiet may be associated with reduced prevalence of NAFLD and decreased
degree of hepatic steatosis [148,149].
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Regarding pharmacologic therapy for coexistent NAFLD and hypertension, renin-
angiotensin-aldosterone system (RAAS) inhibitors have shown some favorability. This
is predicated on the current understanding that upregulation of the RAA system seems
to be involved in the pathogenesis of NAFLD [150]. One small study of seven patients
with coexistent NASH and hypertension treated for 48 weeks with losartan demonstrated
improved blood markers of hepatic fibrosis and improved hepatic necroinflammation
and fibrosis as determined by biopsy [151]. Larger studies have shown similar favorable
results in improving hepatic fibrosis, liver stiffness, and other markers of NAFLD after
treatment with either angiotensin-converting enzyme (ACE) inhibitors or angiotensin
receptor blockers (ARBs) [152–154].

Several newer biologic therapies have been evaluated in phase II and phase III clinical
trials [155]. Modulators of the farnesoid X receptor (FXR) are thought to be involved in the
pathogenesis of hepatic fibrosis and are the topic of several clinical trials. Obeticholic acid
is an FXR agonist currently under investigation in two Phase 3 clinical trials to evaluate
the efficacy in improving hepatic fibrosis [156,157]. A previous trial has demonstrated that
obeticholic acid improved systolic blood pressure and reduced the degree of necroinflam-
mation in patients with NASH [158]. Analogs of fibroblast growth factor 19/21 (FGF 19/21)
are also currently undergoing phase II clinical trials to evaluate utility in improving fibrosis
in NASH patients [159,160]. FGF21 is thought to reduce progression of NAFLD, and posi-
tive results have already been demonstrated in a small phase II trial of the PEGylated FGF21
analog Pegbelfermin [161]. Additional agents of interest in managing hepatic fibrosis were
PPARα/δ agonist Elafibranor and the CCR2/5 antagonist cenicriviroc. Unfortunately, nei-
ther drug’s clinical trial results warranted continuing the study, and both were terminated
early. Cenicriviroc was shown in a randomized placebo-controlled trial to improve fibrosis
without progressing to steatohepatitis, and a preclinical study has demonstrated that a
different experimental CCR2 inhibitor improved elevated blood pressure in mice [162,163].
Further preclinical and clinical investigations are ongoing and required to evaluate the
efficacy of these and other biologic agents for their utility in managing coexistent NAFLD
and hypertension.

5.2. Diabetes Mellitus

The global prevalence of type 2 diabetes mellitus (T2DM) has continued to rise and
is projected to increase to 7079 individuals per 100,000 worldwide by the year 2030 [164].
The association between NAFLD and T2DM is well established. A 2015 meta-analysis
of 729 studies including more than 8.5 million individuals demonstrated that the global
prevalence of T2DM was 22.5% among patients with radiographically diagnosed NAFLD
and greater than 43.6% among NAFLD diagnosed via biopsy [2]. A 2019 meta-analysis
revealed that the prevalence of biopsy-proven NAFLD in patients with T2DM is greater
than 55%, more than 2-fold higher than the general population [165]. Among the major
components of metabolic syndrome, including obesity, hypertension, and hyperlipidemia,
T2DM appears to be the most important risk factor for the predicting NAFLD-associated
sequela, such as hepatic fibrosis [166,167]. Furthermore, T2DM has also been demonstrated
to increase the risk of hepatocellular carcinoma, liver-related mortality, and overall mortality
among NAFLD patients [165,168–170].

Multiple studies have demonstrated that the presence of NAFLD in individuals with
T2DM increases the risk of CVD, independent of other components of metabolic syndrome.
Among these, a prospective case–control study demonstrated a significantly higher risk for
developing CVD (including MI, coronary revascularization procedures, ischemic stroke,
or cardiovascular-related death) among T2DM individuals with ultrasound diagnosed
NAFLD compared to those without evidence of NAFLD (odds ratio, 1.84) [171]. A larger
cross-sectional study of nearly 3000 T2DM individuals conducted by the same researchers
demonstrated an increased prevalence of coronary (26.6 vs. 18.3%), cerebral (20.0 vs. 13.3%),
and peripheral (15.4 vs. 10.0%) vascular disease among NAFLD patients compared to those
without NAFLD [172]. More recently, among a Turkish cohort of individuals with NAFLD,
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patients with T2DM compared to non-diabetic patients were shown to have higher mean
carotid intima-media thickness, the study’s endpoint for assessment of cardiovascular
risk [173]. Additionally, NAFLD was shown to be associated with an increase in the
development of atrial fibrillation in patients with T2DM [174]. The results of these studies
were significant after adjusting for other CVD risk factors, demonstrating that coexistent
T2DM and NAFLD are independently associated with multiple subtypes of CVD.

Numerous studies have demonstrated that NAFLD increases the risk of develop-
ing T2DM, with some estimating the risk is increased approximately 2-fold to 3-fold
compared to the general population [175–177]. One large 2010 prospective study with
a mean follow-up of 11.5 years found that unadjusted NAFLD significantly increased
the risk of incident T2DM (19% vs. 6%), though this became statistically nonsignificant
after adjusting for confounders [178]. Multiple meta-analyses performed within the past
decade have demonstrated an increased NAFLD-associated risk for developing T2DM
after adjusting for confounding variables. Among these, two meta-analyses demonstrated
ultrasonographic-diagnosed NAFLD increased the risk for incident T2DM (odds ratio, 3.51
and 1.86, respectively) [179,180]. A larger 2018 meta-analysis of nearly 300,000 individuals
from 19 studies indicated that individuals with NAFLD have a greater than 2-fold increased
risk for developing incident T2DM [181]. Within this cohort of studies, individuals with
more severe ultrasonographic steatosis and greater degree of fibrosis tended to have a
higher risk of developing T2DM than individuals with less severe liver disease [182,183].

At present, there is far less conclusive evidence indicating whether T2DM is a signifi-
cant contributor to the development of NAFLD. In a cross-sectional analysis of nondiabetic
Korean individuals, ultrasound diagnosed NAFLD was associated with increased HbA1c
level and insulin resistance, independent of obesity and other metabolic confounders [184].
These authors concluded that abnormal glucose tolerance and the phenomenon of pre-
diabetes might contribute to the development or progression of steatosis in patients who
do not meet criteria for a formal diagnosis of diabetes. Evidence has also suggested that the
percentage of liver fat is higher in patients with T2DM compared to patients without T2DM,
supporting the authors’ theories [185]. One recent study showed that among overweight
and obese patients with NAFLD, T2DM significantly increased the risk of steatosis (48.3%
vs. 17.4% and 79.9% vs. 57.6%, respectively) and moderate-to-high risk fibrosis (31.8% vs.
20.1%) [186]. However, this study exclusively evaluated overweight and obese patients
and did not include patients of normal BMI. Currently, no prospective studies among the
general population have demonstrated a causal relationship between T2DM and the risk
for developing NAFLD. Some evidence has suggested that the risk of NAFLD might be
lowered in patients with Type 1 Diabetes Mellitus (T1DM), though these reports are purely
observational and are limited by differences in lipid profiles, liver enzymes, and degree of
visceral adipose in study versus control groups [187–189].

Despite the high coexistence of NAFLD and T2DM and increased risk of cardiovascular
sequela among these individuals, evidence does not currently support screening for NASH
or NAFLD in patients with T2DM. Due to the lack of quality evidence-based therapeutic
options and inconsistent efficacy of diagnostic modalities, a recent analysis demonstrated
that screening for NAFLD in these patients is not currently cost effective [141,190]. In
its 2017 practice guideline, the American Association for the Study of Liver Diseases
did not recommend routine NAFLD screening for high-risk patients in primary care,
diabetes, or obesity clinics [141]. No pharmacological agents are currently approved
for treating coexistent NAFLD and T2DM, though utility of pharmacologic and non-
pharmacologic therapies is under investigation. Given the current understanding of the
pathophysiological interplay between insulin resistance in both T2DM and NAFLD, most
therapeutic strategies tend to target insulin resistance. At present, lifestyle modification
appears to be the most effective strategy in reducing adverse cardiovascular outcomes
among individuals with coexistent NAFLD and T2DM [191]. Among T2DM patients with
NAFLD, one study demonstrated that a 15% decrease in BMI through aerobic exercise
and diet effectively improved liver function, marked by a reduction in liver enzymes [192].
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Other researchers showed that aerobic exercise alone without change in body weight also
improved liver enzymes in patients with concomitant T2DM and NAFLD and that intense
exercise is more effective than moderate exercise [141,193]. However, a major limitation
of lifestyle modifications is the poor adherence to exercise and weight loss, particularly
among overweight and obese individuals, in whom the risk of NAFLD is greatest [194].

While evidence supporting the use of antihyperglycemic agents remains limited,
multiple classes of agents have shown promise [195]. Several studies showed metformin
improved liver enzymes, reduced histologic liver damage, and improved weight loss
in T2DM patients with NAFLD [196,197], though a small randomized controlled trial
between metformin and a placebo showed no significant improvement in liver enzymes
or histopathology [198]. The experimental mitochondrial pyruvate carrier agent MSD-
0602K has shown similar efficacy in reducing NAFLD histopathology after 12 months,
though additional trials evaluating its longer-term efficacy in managing NAFLD and
NASH are ongoing [199]. Incretin modulators, including agents from both the glucagon-
like peptide-1 (GLP-1) agonist and dipeptidyl peptidase-4 (DPP-4) inhibitor classes, have
recently shown promise in potentially reducing the progression of NAFLD. To date, the
GLP-1 agonist liraglutide has been most widely investigated for this purpose. In a small
prospective study of obese individuals with known T2DM on stable doses of metformin
and evidence of hepatic steatosis, those treated for 6 months with either liraglutide or
the GLP-1 agonist exenatide demonstrated reduced hepatic steatosis and decreased liver
enzyme levels [200]. Studies have reported similar effectiveness of exenatide, liraglutide,
and the DPP-4 inhibitor sitagliptin

5.3. Metabolic Syndrome

The metabolic syndrome (MetS) is characterized by a cluster of metabolic derange-
ments including elevated blood pressure, atherogenic dyslipidemia, impaired glucose
tolerance and insulin resistance, and abdominal obesity [201]. Multiple sets of varying cri-
teria are commonly used to diagnose MetS, including those described by the World Health
Organization (WHO), the American Association of Clinical Endocrinologists, the National
Cholesterol Education Program’s Adult Treatment Panel III report (ATP III), and the Inter-
national Diabetes Foundation [44,202,203]. The association of MetS with an increased risk
of cardiovascular-associated morbidity and mortality is well established [204–206]. The
prevalence of MetS varies based on which organizational criteria is used for diagnosis, but
prevalence rates of the non-obese international population range from 26% to more than
35% [207,208]. Among obese individuals, prevalence has been estimated to be as high as
65% in women and 78% in men, with hypertension being the most frequently occurring
factor contributing to MetS prevalence [209].

NAFLD is widely considered the hepatic manifestation of MetS given the large degree
of metabolic overlap [210]. In one study, 88% of individuals with NAFLD had at least one
component of MetS, and approximately one third had three or more MetS components [211].
Furthermore, MetS is considerably associated with the prevalence and severity of NAFLD.
In a large cohort study of nearly 12,000 individuals, the prevalence of NAFLD diagnosed
with ultrasound and the NAFLD Fibrosis score (NFS) was 43% greater in those with MetS
(odds ratio, 11.5) [212]. These investigators also showed that the prevalence of NAFLD
increased with the number of MetS components, such that the prevalence of NAFLD
among individuals with all five MetS components was 67% greater than that of the general
population. Additionally, the presence of MetS has been shown to increase morbidity and
mortality risk in NAFLD patients. Among a cohort of NAFLD patients from the National
Health and Nutrition Examination Survey (NHANES III), the presence of coexistent MetS
was found to be an independent predictor of all-cause, liver-specific, and cardiovascular
mortality, whereas NAFLD without MetS conferred no increased risk [213]. In another
cross-sectional study, the presence of at least one MetS component increased the risk of
mortality of NAFLD patients compared to individuals without MetS after both 8 and
16 years of follow-up (4.7% vs. 2.6% and 11.9% vs. 6%, respectively) [214].
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Due to the multifactorial and multicomponent nature of MetS, precisely evaluating
the causal relationship between MetS and NAFLD is challenging. Nevertheless, numerous
studies have demonstrated that MetS and its individual components independently con-
tribute to the development and progression of NAFLD [135,215]. The number of metabolic
abnormalities also seems to be positively associated with NAFLD risk. Adjusted for lifestyle
risk factors, one study associated NAFLD with either one, two, or three components of MetS
(hazard ratio, 1.92, 2.64, 3.51, respectively) compared to individuals without MetS [135].
Among these metabolic abnormalities, obesity and hyperlipidemia were more highly asso-
ciated with NAFLD compared to hypertension or hyperglycemia. In a 2020 study, Kim et al.
demonstrated that MetS, regardless of obesity, was associated with increased progression of
fibrosis among patients with NAFLD [215]. This study also showed that among individuals
with biopsy proven NAFLD, non-obese metabolically abnormal individuals had similar
degrees of histological abnormalities compared to obese otherwise metabolically normal
counterparts. These results suggest that the diagnosis of MetS without a diagnosis of
obesity contributes to clinically significant NAFLD and progression to NASH and cirrhosis.

Unfortunately, the diagnosis of NAFLD remains challenging. While the gold standard
for diagnosing NAFLD is liver biopsy, most studies evaluating and risk stratifying NAFLD
employ noninvasive techniques, including ultrasound, magnetic resonance elastography,
or laboratory-based diagnostics. The FIB-4, NFS, and other scoring systems such as the
AST/platelet ratio index (APRI) have also been used to risk stratify for liver-related mor-
bidity in NAFLD patients [140,216]. This can complicate evaluating the causal relationship
between NAFLD and MetS, particularly when NAFLD progression is assessed using one
of these scoring systems, given that both NAFLD and MetS can independently elevate
liver enzymes.

Evidence suggests that the relationship between MetS and NAFLD is likely bidirec-
tional, such that preexisting NAFLD can contribute to the development and worsening of
metabolic derangements and MetS [217]. Among a cohort of nearly 18,000 Chinese individu-
als without baseline MetS, researchers found that after 6 years of follow-up, NAFLD was an
independent risk factor for the development of MetS (hazard ratio, 1.55) [218]. Additional
studies have also found that NAFLD is an independent risk factor for MetS [219–221].

Lifestyle modification remains the primary management strategy for reducing cardio-
vascular risk among individuals with MetS and NAFLD. Weight loss, either due to diet
alone or diet combined with physical activity, has been shown to decrease progression of
hepatic steatosis, inflammation, and fibrosis [222]. Additional studies have shown that
physical exercise alone without weight loss can decrease liver enzymes and steatosis [223].
Among patients with NAFLD, these lifestyle modifications have considerably decreased the
risk of cardiovascular and cardiac complications [224]. Managing individual components
of MetS continues to be the mainstay of reducing cardiovascular risk in NAFLD individuals.
Maintaining adequate blood pressure and blood glucose control is important in mitigat-
ing cardiovascular risk in NAFLD patients and was discussed previously in this review.
In addition to managing hypertension and improving overall cardiovascular risk, some
evidence suggests that ARBs may improve serum liver enzyme levels and liver histology
in NAFLD patients [225]. Multiple analyses have shown support for the use of anti-lipid
therapies, including statins, in reducing adverse cardiovascular outcomes among NAFLD
patients [226–228]. While fibrates have not been shown to improve histology in NAFLD
patients, they have been demonstrated to decrease overall cardiovascular morbidity and
mortality and are effective in managing dyslipidemia in NAFLD patients with MetS [229].

A 2016 non-systematic review suggested that bariatric surgery might be helpful in
managing NAFLD in patients with MetS [230]. Multiple studies included in this review
showed that bariatric surgery improved multiple metabolic comorbidities and resulted in
decreased lobular inflammation, hepatic ballooning, and steatosis. Similar results have
been demonstrated in small prospective studies [231]. However, these studies secondar-
ily evaluated NAFLD and MetS outcomes in patients who otherwise had indications for
bariatric surgery. A 2019 meta-analysis of 32 studies reported that bariatric surgery de-
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creased ballooning degeneration, fibrosis, and inflammation and showed biopsy-confirmed
resolution of steatosis in 66% of patients [232]. While bariatric surgery is not currently
recommended as a means of managing coexistent MetS and NAFLD, further investigation
with larger prospective clinical trials may show utility in select populations.

5.4. Coronary Artery Disease

Despite NAFLD being a liver pathology, the most common cause of death among
NAFLD patients stems from CVD, mainly ischemic heart disease [233–235]. Previous
literature has shown the prevalence of coronary heart disease (CHD), including coronary
atherosclerosis and established coronary artery disease (CAD), to be around 47% in NAFLD
patients [236]. A 2021 meta-analysis from Toh et al. demonstrated a pooled prevalence of
CAD of 44.6% (95% CI: 36.0–53.6%) among 67,070 patients with NAFLD [237]. Moderate to
severe steatosis had a higher prevalence of CHD compared to mild steatosis (37.5%, 95%
CI: 15.0–67.2% vs. 29.6%, 95% CI: 13.1–54.0%) [238].

Myriad factors contribute to the association between CAD and NAFLD including
dyslipidemias, systemic inflammation, insulin resistance, endothelial dysfunction, oxida-
tive stress, and disturbances in gut microbiota [233,239]. NAFLD is also associated with
increased arterial thickness, epicardial fat thickness, and presence of calcified and non-
calcified coronary plaques, all contributing to CAD [240,241]. As mentioned, there seems to
be a correlation between the degree of NAFLD and prevalence of CAD. One study showed
that as the severity of NAFLD increases, the percentage of non-CAD patients decreases
(p < 0.001) [242]. One way of defining the severity of CAD is using the Coronary Artery
Diseases Reporting and Data System (CAD-RADS) [243]. Multiple studies have shown that
more severe NAFLD was associated with multiple vessel coronary disease and more severe
CAD scores [235,244–247].

While robust evidence connects NAFLD and CHD, the relationship between NAFLD
and mortality is less clear. Several cohort studies and a 2016 meta-analysis from Targher et al.
of 34,000 patients demonstrated that NAFLD was associated with an increase in all-cause
mortality and fatal and/or non-fatal cardiovascular events [4,248–250]. However, several
other studies have shown differing results. A cohort study in the United States using the
NHANES III: 1988–1994 demonstrated that NAFLD was not associated with increased risk
of all-cause mortality [251]. A 2016 meta-analysis by Wu et al. also did not show increased
cardiovascular or all-cause mortality in NAFLD patients [34]. However, Wu et al. (2016)
did show an increased incidence and prevalence of CVD in NAFLD patients, including
CAD and atherosclerosis [34]. A large 2016 meta-analysis showed a non-significant pooled
incidence rate ratio (IRR) for overall mortality between NAFLD and non-NAFLD patients
of 1.05 (95% CI: 0.70–1.56) but a significantly increased adjusted hazard ratio for overall
mortality in NAFLD patients of 1.04 (95% CI: 1.03–1.04) [2]. If only studies that identified
NAFLD by imaging (versus imaging and serum enzymes) were included, the pooled IRR
for cardiovascular mortality became significant with an IRR of 1.37 (95% CI: 1.23–1.54).
Similarly, the relationship between NAFLD and acute MI is poorly characterized. Several
cohort studies showed that NAFLD was associated with an increased risk of MI compared
to non-NAFLD patients [252–254]. However, a cohort study from 2019 consisting of 18
million patients from Italy, the Netherlands, Spain, and the United Kingdom demonstrated
that NAFLD was not associated with increased MI (HR of 1.01, 95% CI: 0.91–1.12) and
stroke (HR: 1.04, 95% CI: 0.99–1.09) after controlling for covariates such as blood pressure,
type 2 diabetes status, cholesterol level, statin use, and hypertension [255].

A 2020 meta-analysis including approximately 21 million patients identified NAFLD
as an independent risk factor for acute coronary syndrome (ACS) in Asian populations, but
this association conflicts with American and European studies [235]. Further, Ismaiel et al.
characterized NAFLD as an independent predictor of all-cause and CV mortality as well
as in-hospital major adverse cardiac events in ACS patients [235]. The impact of sex on
NAFLD and CVD is poorly studied [239,256]. Female sex was associated with protection
against ischemic cardiac events; however, female patients with NAFLD lose this benefit
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and experience increased CVD and mortality compared to men [257]. A 2020 meta-analysis
by Khalid et al. demonstrated that in a population of 108,711 patients with NAFLD, with
44% being women with weighted mean age of 50 years, female sex was associated with
increased all-cause mortality with odds ratio of 1.65 (95% CI: 1.12–2.43, p < 0.012) and
increased CV events and mortality with OR of 2.12 (95% CI 1.65–2.73, p < 0.001) [24].
Meta-regression showed that women experienced higher mortality with advancing age
beginning at age 42 [24]. Further studies are needed to elucidate the interplay of NAFLD,
sex, CVD, and mortality.

Modifying risk factors remains critical for preventing and managing NAFLD [97,141,258].
Many of the same lifestyle modifications, such as diet, weight loss, and exercise, are also ben-
eficial for managing CAD [259–262]. Weight loss of about 5% has been shown to decrease
hepatic steatosis, while weight loss of around 10% is required to improve non-alcoholic
steatohepatitis and fibrosis [140,141]. Bariatric surgery is known to have cardiovascular
benefits and may also have a role in managing NAFLD [263–265]. Adherence to a calorie
restricted diet can improve both NAFLD and atherogenesis [259–261]. Refs. [265–269] Par-
ticularly, a caloric reduction of at least 30% (750–1000 kcal/day) can improve both insulin
resistance and hepatic steatosis. [27]. The MedDiet and DASH diet have both had positive
effects in NAFLD patients, with the MedDiet improving hepatic steatosis [141,266–269].
Sedentary behavior increases mortality and may predispose patients to NAFLD [270,271].
While exercise has been shown to improve NAFLD, the specific parameters relating to the
type of exercise and duration are unclear.

Ref. [239] Several studies, including the Pioglitazone versus Vitamin E versus Placebo
for the Treatment of Nondiabetic Patients with Nonalcoholic Steatohepatitis (PIVENS) trial
and a 2017 meta-analysis by Musso et al., showed that pioglitazone improved fibrosis
even in non-diabetic patients with NASH [272–274]. Pioglitazone also has cardiovascular
benefits, including reducing coronary disease, which may be beneficial in limiting mortality
and cardiovascular events in NAFLD patients [275–277]. However, these medications have
fallen to the background with the advent of GLP-1 agonists and SGLT-2 inhibitors. Liraglu-
tide, a glucagon like peptide-1 analog, has been shown to reduce serum liver enzymes and
fibrosis, improve steatosis, and reduce adverse cardiovascular events [278–282]. Vitamin
E has also been suggested as a treatment for NAFLD given its anti-oxidative properties.
Early studies of vitamin E were confounded by differing doses and formulations that could
affect bioavailability [141]. However, vitamin E can improve serum liver enzymes, inflam-
mation, and steatosis [141,283–285]. Previous concerns about increased all-cause mortality
related to vitamin E have been unable to be reproduced in large meta-analyses [286–288].
Concerns remain about vitamin E and an increased risk of prostate cancer in limited patient
populations [289–291].

Statins, which limit cholesterol biosynthesis through inhibition of 3-hydroxy-3-
methylglutaryl coenzyme A reductase, have been shown to improve steatosis and NAFLD
activity scores across multiple small studies, although robust, high-quality evidence is
lacking, which limits their indication in managing liver disease in NAFLD [292–297]. Re-
searchers have hypothesized that the beneficial effects of statins in NAFLD may in part be
mediated through alterations in gut microbiota [298]. In contrast, statins have a definitive
role in treating dyslipidemias and improving cardiovascular outcomes [227,228]. Despite
some concern about statin use in patients with pre-existing liver disease, multiple stud-
ies have established the safety of statins in patients with NAFLD regardless of elevated
baseline liver enzymes, and statins should be started in patients with NAFLD who meet
criterion [299–302].

5.5. Heart Disease

Extensive evidence associates NAFLD with myocardial changes, including support
for a graded relationship between functional and structural myocardial abnormalities and
severity of NAFLD histology [303–306]. A cohort study of 181 patients showed that the
prevalence of NAFLD in heart failure (HF) with preserved rejection fraction (HFpEF) may
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reach 50% [307]. Another cohort study of 102 patients found that the prevalence of NAFLD
in heart failure with reduced ejection fraction (HFrEF) was 36.3% [308]. A Korean cohort
study of 3300 patients by Chung et al. revealed that the prevalence of left ventricular (LV)
diastolic dysfunction increased with NAFLD fibrosis grade (30.4% in non-NAFLD patients,
35.2% in NAFLD patients without advanced fibrosis, and 57.4% in NAFLD patients with
advanced fibrosis, p < 0.001) [309].

Researchers have hypothesized that the relationship between NAFLD and structural
cardiac changes stems primarily from systemic inflammation and other processes including
insulin resistance, oxidative stresses, activation of the renin-angiotensin aldosterone system,
and gut microbiota [70,310]. Inflammatory cytokines such as tumor necrosis factor-alpha
(TNF-a), nuclear factor kappa-B (NF-kB), and interleukin-6 may result in inflammatory
responses in myocardium and ventricular remodeling [310,311]. Multiple studies have
confirmed these radiographic findings of cardiac dysfunction including increased myocar-
dial, pericardial, and epicardial fat by magnetic resonance imaging and reduced early
diastolic and systolic velocities in NAFLD patients [305,312]. In an analysis of patients from
the multicenter, community-based Coronary Artery Risk Development in Young Adults
(CARDIA) study, VanWagner et al. found that patients with NAFLD had lower early
diastolic relaxation (e’) velocity (10.8 ± 2.6 vs. 11.9 ± 2.8 cm/s), higher LV filling pressure
(E/e’ ratio: 7.7 ± 2.6 vs. 7.0 ± 2.3), and worse absolute GLS (14.2 ± 2.4% vs. 15.2 ± 2.4%)
(p < 0.001 for all) suggestive of early subclinical LV systolic dysfunction [303]. Prior studies
support the association between severity of NAFLD and severity of LV diastolic dysfunc-
tion [306,309,313]. Chung et al. demonstrated a significant incremental increase in risk of
LV diastolic dysfunction in non-obese patients with NAFLD compared to patients without
NAFLD (OR: 1.40, 95% CI: 1.06–1.84 for NAFLD without advanced fibrosis, OR: 1.44, 95%
CI: 0.95–2.17 for NAFLD with advanced fibrosis, p = 0.022) [309].

Most investigations examining the relationship between NAFLD and HF have primar-
ily combined HFpEF with HFrEF or looked at HFpEF alone, and strong evidence supports
this association [307,308,314–316]. In a study of 870,535 Medicare beneficiaries, Fudim et al.
found that the cumulative incidence and hazard ratio in Cox models were only signifi-
cant for HFpEF, but not for HFrEF, when comparing patients with NAFLD vs. without
NAFLD [317]. Recent studies have attempted to classify NAFLD and HFpEF into different
subgroups through phenomapping, a clustering analysis that utilizes dense phenotypic
data to identify phenotypically distinct classifications of HFpEF [318–320]. Salah et al.
proposed three distinct phenotypes: obstructive HFpEF, metabolic HFpEF, and advanced
liver disease/cirrhosis HFpEF (PMID: 34869957). Due to physiological differences between
these phenotypes, additional investigation is required to further characterize mortality and
optimal management of these phenotypic groups. A growing body of evidence supports
the negative association between NAFLD and outcomes of patients with HF, including
in-patient and post-discharge mortality as well as hospital readmissions [314,321–323].
In a cohort of elderly patients, Valbusa reported a 5-fold increase in 1-year all-cause re-
hospitalization rate in NAFLD patients admitted for acute HF compared to non-NAFLD
patients admitted for acute HF (HR: 5.05, 95% CI: 2.78–9.10, p < 0.001) [314]. In a large
cohort study of about 3.5 million patients, Minhas et al. reported NAFLD was associated
with higher mortality for both HFrEF and HFpEF (HFrEF, aOR: 1.84, 95% CI 1.66–2.04,
p < 0.001, HFpEF, aOR: 1.65, 95% CI 1.43–1.9, p < 0.001) as well as increased length of stay
and cost compared to non-NAFLD patients with HFrEF and HFpEF [323]. In an analysis of
the SwedeHF registry, Ergatoudes showed that liver disease may be associated with worse
outcomes in HFrEF compared to HFpEF (HR: 2.13, 95% CI 1.83–2.47 vs. HR 1.42, 95% CI
1.09–1.85, p = 0.02) [324]. This highlights the need for further work comparing the impact
of NAFLD on HFrEF and HFpEF.

Lifestyle management remains an integral part of preventing and treating NAFLD and
HF [140,141,325,326]. As discussed, weight loss has been shown to improve NAFLD, and
prior studies demonstrated that weight loss ameliorated myocardial structural changes in
obesity [140,141,327]. Therefore, weight loss of at least 5% is recommended in patients with
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NAFLD for hepatic and cardiac benefits [140,141]. Weight reduction via diet or bariatric
surgery was shown to have these benefits [328–331]. Another benefit of bariatric surgery
is that it may be used as a bridge for weight loss in morbidly obese patients ineligible for
cardiac transplantation [332]. The visceral fat deposits commonly seen in obese patients
may be resistant to mild changes in diet-induced weight reductions [316,331]. In a small
randomized controlled trial studying dietary interventions in obese subjects, de las Fuentes
observed partial weight regain at 24 months (average percent weight loss at 3: 7.3 ± 4.0%, 6:
9.2 ± 5.6%, 12: 7.8 ± 6.6%, 24: 3.8 ± 7.9% months) [331]. Although the maximal beneficial
effects of weight loss were reduced, structural cardiovascular parameters still showed
significant improvement compared to baseline [331]. From a dietary perspective, it is
recommended that NAFLD patients adhere to a hypocaloric diet with a daily consumption
of 1200–1800 kcal or daily deficit of 500–1000 kcal from baseline [140,333,334]. The DASH
diet and MedDiet have been shown to improve NAFLD and may improve cardiovascular
risks as well [146,269]. The MedDiet is thought to modulate hepatic and cardiovascular
risks through alterations in insulin resistance, serum triglyceride levels, intrahepatic triglyc-
eride levels, and serum cholesterol levels [147,149]. Given these benefits, multiple societies
recommend the MedDiet for patients with NAFLD [140,333,334]. As discussed, exercise
offers numerous benefits including decreased intrahepatic fat, improved serum metabolic
markers, and cardiac function parameters such as early diastolic filling [335,336]. Several
studies have shown no difference in aerobic vs. resistance training in reducing intrahepatic
fat content in NAFLD patients [337–339]. However, a 2021 meta-analysis by Xiong et al.
showed that aerobic exercise reduced more metabolic indicators compared to resistance
exercise and high-intensity interval training in NAFLD patients specifically [340]. Addition-
ally, robust evidence supports the association between the aggressiveness of weight loss
intervention and improvement in NAFLD [268,341–343]. A paradoxical relationship exists
between obesity and cardiac dysfunction [326]. When patients have clinically symptomatic
HF, higher BMI has a protective mortality benefit [344–347]. Thus, patients with advanced
cardiac dysfunction must be cautious before beginning weight loss regimens.

Multiple medications have been investigated for treating NAFLD and the ability to
concomitantly manage HF symptoms. Pioglitazone was previously mentioned as having
beneficial effects related to ischemic CVD; however, pioglitazone can lead to weight gain
and increased peripheral edema in a dose-dependent fashion in approximately 5–10% of
patients [348,349]. The concern for fluid retention and possible triggering of HF limits
the use of pioglitazone in these patients. GLP1-receptor agonists are rapidly becoming
of interest, given weight loss benefits and improved insulin resistance. In several stud-
ies, including the Liraglutide Effect and Action in Diabetes (LEAD) program, LEAD-2
study, and Liraglutide Efficacy and Action in NASH (LEAN) trial, liraglutide improved
hepatic steatosis and resolution of NASH in biochemistry-based or in biochemistry-defined,
imaging-defined, and biopsy-defined NAFLD, although liraglutide failed to improve hep-
atic fibrosis [279,280,350,351]. Semaglutide, another GLP-1 receptor agonist, has also shown
promising results in several trials [350]. A 2019 meta-analysis of eight studies by Kris-
tensen et al. demonstrated that GLP-1 receptor agonists reduced hospitalizations for heart
failure by 9% [281]. This evidence supports the use of these medications in managing
diabetes in patients with comorbid heart failure. SGLT2-inhibitors have also demonstrated
extraordinary promise in NAFLD patients with heart failure. Multiple meta-analyses have
demonstrated that SGLT2-inhibitors improved liver function tests and hepatic fat as as-
sessed by imaging techniques [280,352–354]. Many meta-analyses and trials, including the
Empagliflozin Outcome Trial in Patients With Chronic Heart Failure With Reduced Ejection
Fraction (EMPEROR-Reduced), Empagliflozin Outcome Trial in Patients With Chronic
Heart Failure With Preserved Ejection Fraction (EMPEROR-Preserved), and Dapagliflozin
and Prevention of Adverse Outcomes in Heart Failure (DAPA-HF), showed that SGLT2
inhibitors can decrease hospitalization for HF in both HFrEF and HFpEF patients regardless
of diabetes status [355–358]. A 2021 meta-analysis by Salah et al. quantified this effect
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and demonstrated a 31% reduction in hospitalization for HF in patients taking SGLT2
inhibitors [359].

Novel agents that can treat NAFLD and reverse fibrosis continue to be developed.
Four medications are currently farthest along in development, undergoing phase III tri-
als [158,326,360]. Current evidence does not reveal any impact of obetacholic acid on
HF [158,239]. Elafibranor, a peroxisome proliferator−activated receptor-alpha and peroxi-
some proliferator−activated receptor-delta agonist, improves steatohepatitis without wors-
ening fibrosis [360]. Elafibranor did not cause weight gain or increase cardiac events [360].
Cenicrivoric, a dual chemokine receptor (CCR) 2 and 5 antagonist, has been shown to
improve liver fibrosis without worsening steatohepatitis [162]. While the trial did not
report cardiovascular benefits, prior studies using mouse models have shown CCR2 block-
ade may decrease atherosclerotic lesion development, possibly portending cardiovascular
benefit in humans [162,361]. Selonsertib is an apoptosis signal-regulating kinase 1 (ASK1)
inhibitor that has also been shown to improve liver fibrosis [362]. This trial also did not
report cardiovascular benefits, but ASK1 is known to affect the cellular stress response and
apoptosis pathway, contributing to diseases such as heart failure and ischemia/reperfusion
injury [362–366]. ASK1 deficient mice displayed reduced levels of cardiomyocyte apoptosis,
hypertrophy, and interstitial fibrosis [367]. Thus, although further investigation is needed,
ASK1 inhibitors represent an ideal class of medications for NAFLD patients with HF. The
above subsections are summarized here below in Table 2.

Table 2. Summary of Co-morbidities in NAFLD and preventives to lower ASCVD.

Cardiovascular Co-morbidities in NAFLD and Preventive Strategies to Lower ASCVD

Hypertension Lifestyle modifications, RAAS inhibitors, selected agents in clinical trials (Obeticholic
acid, Pegbelfermin, Elafibranor)

Diabetes Mellitus Lifestyle modifications, metformin, GLP-1 agonists, DPP-4 inhibitors

Metabolic Syndrome Lifestyle modifications, fibrates, aldosterone receptor blockers, bariatric surgery

Coronary Artery Disease Lifestyle modifications, pioglitazone, statins, bariatric surgery

Heart Disease Lifestyle modifications, GLP-1 receptor agonists, selected agents in clinical trials
(Obeticholic acid, Elafibranor, Cenicrivoric, Selonsertib)

6. Conclusions

This narrative review aims to provide a contemporary understanding of NAFLD and
its associations with cardiovascular disease, while highlighting strategies to combat the
rising prevalence of both conditions, each of which confers notable morbidity and mortality.
Both inherent and preventable risk factors for NAFLD pathogenesis largely parallel those
for cardiovascular disease. Accordingly, a variety of studies have demonstrated associations
between NAFLD and various CVD states including CHF, MI, cardiac arrhythmias, and
CAD. While NAFLD itself is not implicated in CVD pathophysiology, various biochemical
and physiological factors ranging from systemic inflammation, endothelial dysfunction,
dyslipidemia, and altered glucose metabolism can precipitate both conditions. Heritable
risk factors have also been recently elucidated in studies comparing NAFLD rates between
races or within families to analyze genetic susceptibility to certain metabolic abnormalities.
Although NAFLD treatment remains elusive, the close relationship between this condition
and CVD suggests that standard CVD management such as antihypertensives, diabetes
medications, and relevant lifestyle modifications may prove advisable. An improved un-
derstanding of the relationships between NAFLD and CVD can improve patient counseling,
management, and public health programming to reduce overall disease burden.
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260. Makarewicz-Wujec, M.; Henzel, J.; Kruk, M.; Kępka, C.; Wardziak; Trochimiuk, P.; Parzonko, A.; Demkow, M.; Kozłowska-
Wojciechowska, M. DASH diet decreases CXCL4 plasma concentration in patients diagnosed with coronary atherosclerotic
lesions. Nutr. Metab. Cardiovasc. Dis. 2020, 30, 56–59. [CrossRef]

261. Yang, Z.Q.; Yang, Z.; Duan, M.L. Dietary approach to stop hypertension diet and risk of coronary artery disease: A meta-analysis
of prospective cohort studies. Int. J. Food Sci. Nutr. 2019, 70, 668–674. [CrossRef] [PubMed]

262. Sekhar, A.; Kuttan, A.; Borges, J.C.; Rajachandran, M. Food for Thought or Feeding a Dogma? Diet and Coronary Artery Disease:
A Clinician’s Perspective. Curr. Cardiol. Rep. 2021, 23, 127. [CrossRef]

263. Mathurin, P.; Hollebecque, A.; Arnalsteen, L.; Buob, D.; Leteurtre, E.; Caiazzo, R.; Pigeyre, M.; Verkindt, H.; Dharancy, S.; Louvet,
A.; et al. Prospective study of the long-term effects of bariatric surgery on liver injury in patients without advanced disease.
Gastroenterology 2009, 137, 532–540. [CrossRef] [PubMed]

264. Chavez-Tapia, N.C.; Tellez-Avila, F.I.; Barrientos-Gutierrez, T.; Mendez-Sanchez, N.; Lizardi-Cervera, J.; Uribe, M. Bariatric
surgery for non-alcoholic steatohepatitis in obese patients. Cochrane Database Syst. Rev. 2010, 1, CD007340. [CrossRef] [PubMed]

265. Bower, G.; Athanasiou, T.; Isla, A.M.; Harling, L.; Li, J.; Holmes, E.; Efthimiou, E.; Darzi, A.; Ashrafian, H. Bariatric surgery and
nonalcoholic fatty liver disease. Eur. J. Gastroenterol. Hepatol. 2015, 27, 755–768. [CrossRef]

266. Kontogianni, M.D.; Tileli, N.; Margariti, A.; Georgoulis, M.; Deutsch, M.; Tiniakos, D.; Fragopoulou, E.; Zafiropoulou, R.; Manios,
Y.; Papatheodoridis, G. Adherence to the Mediterranean diet is associated with the severity of non-alcoholic fatty liver disease.
Clin. Nutr. 2014, 33, 678–683. [CrossRef]

267. Trovato, F.M.; Catalano, D.; Martines, C.F.; Pace, P.; Trovato, G.M. Mediterranean diet and non-alcoholic fatty liver disease: The
need of extended and comprehensive interventions. Clin. Nutr. 2015, 34, 86–88. [CrossRef]

268. Romero-Gomez, M.; Zelber-Sagi, S.; Trenell, M. Treatment of NAFLD with diet, physical activity and exercise. J. Hepatol. 2017, 67,
829–846. [CrossRef]

269. Doustmohammadian, A.; Clark, C.C.T.; Maadi, M.; Motamed, N.; Sobhrakhshankhah, E.; Ajdarkosh, H.; Mansourian, M.R.;
Esfandyari, S.; Hanjani, N.A.; Nikkhoo, M.; et al. Favorable association between Mediterranean diet (MeD) and DASH with
NAFLD among Iranian adults of the Amol Cohort Study (AmolCS). Sci. Rep. 2022, 12, 2131. [CrossRef]

270. Grontved, A.; Hu, F.B. Television viewing and risk of type 2 diabetes, cardiovascular disease, and all-cause mortality: A
meta-analysis. JAMA 2011, 305, 2448–2455. [CrossRef]

271. Church, T.S.; Kuk, J.L.; Ross, R.; Priest, E.L.; Biltoff, E.; Blair, S.N. Association of cardiorespiratory fitness, body mass index, and
waist circumference to nonalcoholic fatty liver disease. Gastroenterology 2006, 130, 2023–2030. [CrossRef] [PubMed]

272. Aithal, G.P.; Thomas, J.; Kaye, P.V.; Lawson, A.; Ryder, S.D.; Spendlove, I.; Austin, A.S.; Freeman, J.G.; Morgan, L.; Webber, J.
Randomized, placebo-controlled trial of pioglitazone in nondiabetic subjects with nonalcoholic steatohepatitis. Gastroenterology
2008, 135, 1176–1184. [CrossRef] [PubMed]

273. Sanyal, A.J.; Chalasani, N.; Kowdley, K.V.; McCullough, A.; Diehl, A.M.; Bass, N.M.; Neuschwander-Tetri, B.A.; Lavine, J.E.;
Tonascia, J.; Unalp, A.; et al. Pioglitazone, vitamin E, or placebo for nonalcoholic steatohepatitis. N. Engl. J. Med. 2010, 362,
1675–1685. [CrossRef] [PubMed]

274. Musso, G.; Cassader, M.; Paschetta, E.; Gambino, R. Thiazolidinediones and Advanced Liver Fibrosis in Nonalcoholic Steatohep-
atitis: A Meta-analysis. JAMA Intern. Med. 2017, 177, 633–640. [CrossRef]

275. Dormandy, J.A.; Charbonnel, B.; Eckland, D.J.A.; Erdmann, E.; Massi-Benedetti, M.; Moules, I.K.; Skene, A.M.; Tan, M.H.;
Lefèbvre, P.J.; Murray, G.D.; et al. Secondary prevention of macrovascular events in patients with type 2 diabetes in the PROactive
Study (PROspective pioglitAzone Clinical Trial In macroVascular Events): A randomised controlled trial. Lancet 2005, 366,
1279–1289. [CrossRef] [PubMed]

276. Erdmann, E.; Dormandy, J.A.; Charbonnel, B.; Massi-Benedetti, M.; Moules, I.K.; Skene, A.M. The effect of pioglitazone on
recurrent myocardial infarction in 2,445 patients with type 2 diabetes and previous myocardial infarction: Results from the
PROactive (PROactive 05) Study. J. Am. Coll. Cardiol. 2007, 49, 1772–1780. [CrossRef]

277. Liao, H.W.; Saver, J.L.; Wu, Y.-L.; Chen, T.-H.; Lee, M.; Ovbiagele, B. Pioglitazone and cardiovascular outcomes in patients
with insulin resistance, pre-diabetes and type 2 diabetes: A systematic review and meta-analysis. BMJ Open 2017, 7, e013927.
[CrossRef]

278. Eguchi, Y.; Kitajima, Y.; Hyogo, H.; Takahashi, H.; Kojima, M.; Ono, M.; Araki, N.; Tanaka, K.; Yamaguchi, M.; Matsuda, Y.; et al.
Pilot study of liraglutide effects in non-alcoholic steatohepatitis and non-alcoholic fatty liver disease with glucose intolerance in
Japanese patients (LEAN-J). Hepatol. Res. 2015, 45, 269–278. [CrossRef] [PubMed]

http://doi.org/10.14309/ajg.0000000000000401
http://doi.org/10.5114/aoms.2017.68821
http://doi.org/10.1186/s12933-019-0934-x
http://doi.org/10.1016/j.numecd.2019.07.013
http://doi.org/10.1080/09637486.2019.1570490
http://www.ncbi.nlm.nih.gov/pubmed/30810409
http://doi.org/10.1007/s11886-021-01557-5
http://doi.org/10.1053/j.gastro.2009.04.052
http://www.ncbi.nlm.nih.gov/pubmed/19409898
http://doi.org/10.1002/14651858.CD007340.pub2
http://www.ncbi.nlm.nih.gov/pubmed/20091629
http://doi.org/10.1097/MEG.0000000000000375
http://doi.org/10.1016/j.clnu.2013.08.014
http://doi.org/10.1016/j.clnu.2014.01.018
http://doi.org/10.1016/j.jhep.2017.05.016
http://doi.org/10.1038/s41598-022-06035-8
http://doi.org/10.1001/jama.2011.812
http://doi.org/10.1053/j.gastro.2006.03.019
http://www.ncbi.nlm.nih.gov/pubmed/16762625
http://doi.org/10.1053/j.gastro.2008.06.047
http://www.ncbi.nlm.nih.gov/pubmed/18718471
http://doi.org/10.1056/NEJMoa0907929
http://www.ncbi.nlm.nih.gov/pubmed/20427778
http://doi.org/10.1001/jamainternmed.2016.9607
http://doi.org/10.1016/S0140-6736(05)67528-9
http://www.ncbi.nlm.nih.gov/pubmed/16214598
http://doi.org/10.1016/j.jacc.2006.12.048
http://doi.org/10.1136/bmjopen-2016-013927
http://doi.org/10.1111/hepr.12351
http://www.ncbi.nlm.nih.gov/pubmed/24796231


J. Cardiovasc. Dev. Dis. 2022, 9, 419 33 of 36

279. Armstrong, M.J.; Gaunt, P.; Aithal, G.P.; Barton, D.; Hull, D.; Parker, R.; Hazlehurst, J.M.; Guo, K.; Abouda, G.; Aldersley,
M.A.; et al. Liraglutide safety and efficacy in patients with non-alcoholic steatohepatitis (LEAN): A multicentre, double-blind,
randomised, placebo-controlled phase 2 study. Lancet 2016, 387, 679–690. [CrossRef]

280. Mantovani, A.; Byrne, C.; Scorletti, E.; Mantzoros, C.; Targher, G. Efficacy and safety of anti-hyperglycaemic drugs in patients
with non-alcoholic fatty liver disease with or without diabetes: An updated systematic review of randomized controlled trials.
Diabetes Metab. 2020, 46, 427–441. [CrossRef]

281. Kristensen, S.L.; Rørth, R.; Jhund, P.S.; Docherty, K.F.; Sattar, N.; Preiss, D.; Køber, L.; Petrie, M.C.; McMurray, J.J.V. Cardiovascular,
mortality, and kidney outcomes with GLP-1 receptor agonists in patients with type 2 diabetes: A systematic review and
meta-analysis of cardiovascular outcome trials. Lancet Diabetes Endocrinol. 2019, 7, 776–785. [CrossRef] [PubMed]

282. Zhu, J.; Yu, X.; Zheng, Y.; Li, J.; Wang, Y.; Lin, Y.; He, Z.; Zhao, W.; Chen, C.; Qiu, K.; et al. Association of glucose-lowering
medications with cardiovascular outcomes: An umbrella review and evidence map. Lancet Diabetes Endocrinol. 2020, 8, 192–205.
[CrossRef] [PubMed]

283. Xu, R.; Tao, A.; Zhang, S.; Deng, Y.; Chen, G. Association between vitamin E and non-alcoholic steatohepatitis: A meta-analysis.
Int. J. Clin. Exp. Med. 2015, 8, 3924–3934. [PubMed]

284. Sato, K.; Gosho, M.; Yamamoto, T.; Kobayashi, Y.; Ishii, N.; Ohashi, T.; Nakade, Y.; Ito, K.; Fukuzawa, Y.; Yoneda, M. Vitamin E
has a beneficial effect on nonalcoholic fatty liver disease: A meta-analysis of randomized controlled trials. Nutrition 2015, 31,
923–930. [CrossRef]

285. Lavine, J.E.; Schwimmer, J.B.; Van Natta, M.L.; Molleston, J.P.; Murray, K.F.; Rosenthal, P.; Abrams, S.H.; Scheimann, A.O.; Sanyal,
A.J.; Chalasani, N.; et al. Effect of vitamin E or metformin for treatment of nonalcoholic fatty liver disease in children and
adolescents: The TONIC randomized controlled trial. JAMA 2011, 305, 1659–1668. [CrossRef]

286. Miller III, E.R.; Pastor-Barriuso, R.; Dalal, D.; Riemersma, R.A.; Appel, L.J.; Guallar, E. Meta-analysis: High-dosage vitamin E
supplementation may increase all-cause mortality. Ann. Intern. Med. 2005, 142, 37–46. [CrossRef]

287. Gerss, J.; Kopcke, W. The questionable association of vitamin E supplementation and mortality–inconsistent results of different
meta-analytic approaches. Cell. Mol. Biol. 2009, 55, OL1111-20.

288. Abner, E.L.; Schmitt, F.A.; Mendiondo, M.S.; Marcum, J.; Kryscio, R.J. Vitamin E and all-cause mortality: A meta-analysis. Curr.
Aging Sci. 2011, 4, 158–170. [CrossRef]

289. Klein, E.A.; Thompson, I.; Tangen, C.M.; Lucia, M.S.; Goodman, P.; Minasian, L.M.; Ford, L.G.; Parnes, H.L.; Gaziano, J.M.; Karp,
D.D.; et al. Vitamin E and the risk of prostate cancer: The Selenium and Vitamin E Cancer Prevention Trial (SELECT). JAMA 2011,
306, 1549–1556. [CrossRef]

290. Kristal, A.R.; Darke, A.K.; Morris, J.S.; Tangen, C.M.; Goodman, P.J.; Thompson, I.M.; Meyskens, F.L., Jr.; Goodman, G.E.;
Minasian, L.M.; Parnes, H.L.; et al. Baseline selenium status and effects of selenium and vitamin e supplementation on prostate
cancer risk. J. Natl. Cancer Inst. 2014, 106, djt456. [CrossRef]

291. Chan, J.M.; Darke, A.K.; Penney, K.L.; Tangen, C.M.; Goodman, P.J.; Lee, G.-S.M.; Sun, T.; Peisch, S.; Tinianow, A.M.; Rae, J.M.;
et al. Selenium- or Vitamin E-Related Gene Variants, Interaction with Supplementation, and Risk of High-Grade Prostate Cancer
in SELECT. Cancer Epidemiol. Biomarkers Prev. 2016, 25, 1050–1058. [CrossRef] [PubMed]

292. de Keyser, C.E.; Koehler, E.M.; Schouten, J.N.L.; Visser, L.E.; Hofman, A.; Janssen, H.L.A.; Stricker, B.H. Statin therapy is associated
with a reduced risk of non-alcoholic fatty liver in overweight individuals. Dig. Liver Dis. 2014, 46, 720–725. [CrossRef] [PubMed]

293. Kiyici, M.; Gulten, M.; Gurel, S.; Nak, S.G.; Dolar, E.; Savci, G.; Adim, S.B.; Yerci, O.; Memik, F. Ursodeoxycholic acid and
atorvastatin in the treatment of nonalcoholic steatohepatitis. Can J. Gastroenterol. 2003, 17, 713–718. [CrossRef] [PubMed]

294. Foster, T.; Budoff, M.J.; Saab, S.; Ahmadi, N.; Gordon, C.; Guerci, A.D. Atorvastatin and antioxidants for the treatment of
nonalcoholic fatty liver disease: The St Francis Heart Study randomized clinical trial. Am. J. Gastroenterol. 2011, 106, 71–77.
[CrossRef]

295. Kimura, Y.; Hyogo, H.; Yamagishi, S.-I.; Takeuchi, M.; Ishitobi, T.; Nabeshima, Y.; Arihiro, K.; Chayama, K. Atorvastatin decreases
serum levels of advanced glycation endproducts (AGEs) in nonalcoholic steatohepatitis (NASH) patients with dyslipidemia:
Clinical usefulness of AGEs as a biomarker for the attenuation of NASH. J. Gastroenterol. 2010, 45, 750–757. [CrossRef] [PubMed]

296. Ekstedt, M.; Franzén, L.E.; Mathiesen, U.L.; Holmqvist, M.; Bodemar, G.; Kechagias, S. Statins in non-alcoholic fatty liver disease
and chronically elevated liver enzymes: A histopathological follow-up study. J. Hepatol. 2007, 47, 135–141. [CrossRef]

297. Athyros, V.G.; Alexandrides, T.K.; Bilianou, H.; Cholongitas, E.; Doumas, M.; Ganotakis, E.S.; Goudevenos, J.; Elisaf, M.S.;
Germanidis, G.; Giouleme, O.; et al. The use of statins alone, or in combination with pioglitazone and other drugs, for the
treatment of non-alcoholic fatty liver disease/non-alcoholic steatohepatitis and related cardiovascular risk. An Expert Panel
Statement. Metabolism 2017, 71, 17–32. [CrossRef]

298. Kim, J.; Lee, H.; An, J.; Song, Y.; Lee, C.-K.; Kim, K.; Kong, H. Alterations in Gut Microbiota by Statin Therapy and Possible
Intermediate Effects on Hyperglycemia and Hyperlipidemia. Front. Microbiol. 2019, 10, 1947. [CrossRef]

299. Lewis, J.H.; Mortensen, M.E.; Zweig, S.; Fusco, M.J.; Medoff, J.R.; Belder, R.; Pravastatin in Chronic Liver Disease Study
Investigators. Efficacy and safety of high-dose pravastatin in hypercholesterolemic patients with well-compensated chronic liver
disease: Results of a prospective, randomized, double-blind, placebo-controlled, multicenter trial. Hepatology 2007, 46, 1453–1463.
[CrossRef]

300. Chalasani, N.; Aljadhey, H.; Kesterson, J.; Murray, M.D.; Hall, S.D. Patients with elevated liver enzymes are not at higher risk for
statin hepatotoxicity. Gastroenterology 2004, 126, 1287–1292. [CrossRef]

http://doi.org/10.1016/S0140-6736(15)00803-X
http://doi.org/10.1016/j.diabet.2019.12.007
http://doi.org/10.1016/S2213-8587(19)30249-9
http://www.ncbi.nlm.nih.gov/pubmed/31422062
http://doi.org/10.1016/S2213-8587(19)30422-X
http://www.ncbi.nlm.nih.gov/pubmed/32006518
http://www.ncbi.nlm.nih.gov/pubmed/26064294
http://doi.org/10.1016/j.nut.2014.11.018
http://doi.org/10.1001/jama.2011.520
http://doi.org/10.7326/0003-4819-142-1-200501040-00110
http://doi.org/10.2174/1874609811104020158
http://doi.org/10.1001/jama.2011.1437
http://doi.org/10.1093/jnci/djt456
http://doi.org/10.1158/1055-9965.EPI-16-0104
http://www.ncbi.nlm.nih.gov/pubmed/27197287
http://doi.org/10.1016/j.dld.2014.04.002
http://www.ncbi.nlm.nih.gov/pubmed/24815080
http://doi.org/10.1155/2003/857869
http://www.ncbi.nlm.nih.gov/pubmed/14679419
http://doi.org/10.1038/ajg.2010.299
http://doi.org/10.1007/s00535-010-0203-y
http://www.ncbi.nlm.nih.gov/pubmed/20112031
http://doi.org/10.1016/j.jhep.2007.02.013
http://doi.org/10.1016/j.metabol.2017.02.014
http://doi.org/10.3389/fmicb.2019.01947
http://doi.org/10.1002/hep.21848
http://doi.org/10.1053/j.gastro.2004.02.015


J. Cardiovasc. Dev. Dis. 2022, 9, 419 34 of 36

301. Sigler, M.A.; Congdon, L.; Edwards, K.L. An Evidence-Based Review of Statin Use in Patients With Nonalcoholic Fatty Liver
Disease. Clin. Med. Insights Gastroenterol. 2018, 11, 1179552218787502. [CrossRef] [PubMed]

302. Stone, N.J.; Robinson, J.G.; Lichtenstein, A.H.; Bairey Merz, C.N.; Blum, C.B.; Eckel, R.H.; Goldberg, A.C.; Gordon, D.; Levy, D.;
Lloyd-Jones, D.M.; et al. 2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular
risk in adults: A report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. J.
Am. Coll. Cardiol. 2014, 63, 2889–2934. [CrossRef] [PubMed]

303. VanWagner, L.B.; Wilcox, J.E.; Colangelo, L.A.; Lloyd-Jones, D.M.; Carr, J.J.; Lima, J.A.; Lewis, C.E.; Rinella, M.E.; Shah, S.J.
Association of nonalcoholic fatty liver disease with subclinical myocardial remodeling and dysfunction: A population-based
study. Hepatology 2015, 62, 773–783. [CrossRef] [PubMed]

304. Jung, J.Y.; Park, S.K.; Ryoo, J.; Oh, C.; Kang, J.G.; Lee, J.; Choi, J. Effect of non-alcoholic fatty liver disease on left ventricular
diastolic function and geometry in the Korean general population. Hepatol. Res. 2017, 47, 522–532. [CrossRef]

305. Graner, M.; Nyman, K.; Siren, R.; Pentikäinen, M.O.; Lundbom, J.; Hakkarainen, A.; Lauerma, K.; Lundbom, N.; Nieminen, M.S.;
Taskinen, M.-R. Ectopic fat depots and left ventricular function in nondiabetic men with nonalcoholic fatty liver disease. Circ.
Cardiovasc. Imaging 2015, 8, e001979. [CrossRef]

306. Petta, S.; Argano, C.; Colomba, D.; Cammà, C.; Di Marco, V.; Cabibi, D.; Tuttolomondo, A.; Marchesini, G.; Pinto, A.; Licata, G.;
et al. Epicardial fat, cardiac geometry and cardiac function in patients with non-alcoholic fatty liver disease: Association with the
severity of liver disease. J. Hepatol. 2015, 62, 928–933. [CrossRef]

307. Miller, A.; McNamara, J.; Hummel, S.L.; Konerman, M.C.; Tincopa, M.A. Prevalence and staging of non-alcoholic fatty liver
disease among patients with heart failure with preserved ejection fraction. Sci. Rep. 2020, 10, 12440. [CrossRef]

308. Zhang, Z.; Wang, P.; Guo, F.; Liu, X.; Luo, T.; Guan, Y.; Chen, H.; Wang, Z.; Zhao, L.; Ma, X.; et al. Chronic heart failure in patients
with nonalcoholic fatty liver disease: Prevalence, clinical features, and relevance. J. Int. Med. Res. 2018, 46, 3959–3969. [CrossRef]

309. Chung, G.E.; Lee, J.-H.; Lee, H.; Kim, M.K.; Yim, J.Y.; Choi, S.-Y.; Kim, Y.J.; Yoon, J.-H.; Kim, D. Nonalcoholic fatty liver disease
and advanced fibrosis are associated with left ventricular diastolic dysfunction. Atherosclerosis 2018, 272, 137–144. [CrossRef]

310. Zhou, J.; Bai, L.; Zhang, X.; Li, H.; Cai, J. Nonalcoholic Fatty Liver Disease and Cardiac Remodeling Risk: Pathophysiological
Mechanisms and Clinical Implications. Hepatology 2021, 74, 2839–2847. [CrossRef]

311. Cai, J.; Xu, M.; Zhang, X.; Li, H. Innate Immune Signaling in Nonalcoholic Fatty Liver Disease and Cardiovascular Diseases.
Annu. Rev. Pathol. 2019, 14, 153–184. [CrossRef] [PubMed]

312. Fotbolcu, H.; Yakar, T.; Duman, D.; Karaahmet, T.; Tigen, K.; Cevik, C.; Kurtoglu, U.; Dindar, I. Impairment of the left ventricular
systolic and diastolic function in patients with non-alcoholic fatty liver disease. Cardiol. J. 2010, 17, 457–463. [PubMed]

313. Lee, Y.H.; Kim, K.J.; Yoo, M.E.; Kim, G.; Yoon, H.-J.; Jo, K.; Youn, J.-C.; Yun, M.; Park, J.Y.; Shim, C.Y.; et al. Association of
non-alcoholic steatohepatitis with subclinical myocardial dysfunction in non-cirrhotic patients. J. Hepatol. 2018, 68, 764–772.
[CrossRef]

314. Valbusa, F.; Bonapace, S.; Agnoletti, D.; Scala, L.; Grillo, C.; Arduini, P.; Turcato, E.; Mantovani, A.; Zoppini, G.; Arcaro, G.;
et al. Nonalcoholic fatty liver disease and increased risk of 1-year all-cause and cardiac hospital readmissions in elderly patients
admitted for acute heart failure. PLoS ONE 2017, 12, e0173398. [CrossRef]

315. Yoshihisa, A.; Sato, Y.; Yokokawa, T.; Sato, T.; Suzuki, S.; Oikawa, M.; Kobayashi, A.; Yamaki, T.; Kunii, H.; Nakazato, K.; et al.
Liver fibrosis score predicts mortality in heart failure patients with preserved ejection fraction. ESC Heart Fail. 2018, 5, 262–270.
[CrossRef] [PubMed]

316. Packer, M. Atrial Fibrillation and Heart Failure With Preserved Ejection Fraction in Patients With Nonalcoholic Fatty Liver
Disease. Am. J. Med. 2020, 133, 170–177. [CrossRef]

317. Fudim, M.; Zhong, L.; Patel, K.V.; Khera, R.; Abdelmalek, M.F.; Diehl, A.M.; McGarrah, R.W.; Molinger, J.; Moylan, C.A.; Rao,
V.N.; et al. Nonalcoholic Fatty Liver Disease and Risk of Heart Failure Among Medicare Beneficiaries. J. Am. Heart Assoc. 2021,
10, e021654. [CrossRef]

318. Cohen, J.B.; Schrauben, S.J.; Zhao, L.; Basso, M.D.; Cvijic, M.E.; Li, Z.; Yarde, M.; Wang, Z.; Bhattacharya, P.T.; Chirinos, D.A.;
et al. Clinical Phenogroups in Heart Failure With Preserved Ejection Fraction: Detailed Phenotypes, Prognosis, and Response to
Spironolactone. JACC Heart Fail. 2020, 8, 172–184. [CrossRef]

319. Shah, S.J.; Katz, D.H.; Selvaraj, S.; Burke, M.A.; Yancy, C.W.; Gheorghiade, M.; Bonow, R.O.; Huang, C.-C.; Deo, R.C. Phenomap-
ping for novel classification of heart failure with preserved ejection fraction. Circulation 2015, 131, 269–279. [CrossRef]

320. Salah, H.M.; Katz, D.; Selvaraj, S.; Burke, M.A.; Yancy, C.W.; Gheorghiade, M.; Bonow, R.O.; Huang, C.-C.; Deo, R.C. Relationship
of Nonalcoholic Fatty Liver Disease and Heart Failure With Preserved Ejection Fraction. JACC Basic Transl. Sci. 2021, 6, 918–932.
[CrossRef]

321. Takahashi, T.; Watanabe, T.; Shishido, T.; Watanabe, K.; Sugai, T.; Toshima, T.; Kinoshita, D.; Yokoyama, M.; Tamura, H.;
Nishiyama, S.; et al. The impact of non-alcoholic fatty liver disease fibrosis score on cardiac prognosis in patients with chronic
heart failure. Heart Vessels 2018, 33, 733–739. [CrossRef]

322. Valbusa, F.; Agnoletti, D.; Scala, L.; Grillo, C.; Arduini, P.; Bonapace, S.; Calabria, S.; Scaturro, G.; Mantovani, A.; Zoppini, G.; et al.
Non-alcoholic fatty liver disease and increased risk of all-cause mortality in elderly patients admitted for acute heart failure. Int.
J. Cardiol. 2018, 265, 162–168. [CrossRef]

http://doi.org/10.1177/1179552218787502
http://www.ncbi.nlm.nih.gov/pubmed/30013416
http://doi.org/10.1016/j.jacc.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24239923
http://doi.org/10.1002/hep.27869
http://www.ncbi.nlm.nih.gov/pubmed/25914296
http://doi.org/10.1111/hepr.12770
http://doi.org/10.1161/CIRCIMAGING.114.001979
http://doi.org/10.1016/j.jhep.2014.11.030
http://doi.org/10.1038/s41598-020-69013-y
http://doi.org/10.1177/0300060518782780
http://doi.org/10.1016/j.atherosclerosis.2018.03.027
http://doi.org/10.1002/hep.32072
http://doi.org/10.1146/annurev-pathmechdis-012418-013003
http://www.ncbi.nlm.nih.gov/pubmed/30230967
http://www.ncbi.nlm.nih.gov/pubmed/20865675
http://doi.org/10.1016/j.jhep.2017.11.023
http://doi.org/10.1371/journal.pone.0173398
http://doi.org/10.1002/ehf2.12222
http://www.ncbi.nlm.nih.gov/pubmed/28967709
http://doi.org/10.1016/j.amjmed.2019.09.002
http://doi.org/10.1161/JAHA.121.021654
http://doi.org/10.1016/j.jchf.2019.09.009
http://doi.org/10.1161/CIRCULATIONAHA.114.010637
http://doi.org/10.1016/j.jacbts.2021.07.010
http://doi.org/10.1007/s00380-017-1113-1
http://doi.org/10.1016/j.ijcard.2018.04.129


J. Cardiovasc. Dev. Dis. 2022, 9, 419 35 of 36

323. Minhas, A.M.K.; Bhopalwala, H.M.; Dewaswala, N.; Salah, H.M.; Khan, M.S.; Shahid, I.; Biegus, J.; Lopes, R.D.; Pandey, A.; Fudim,
M. Association of Non-Alcoholic Fatty Liver Disease With in-Hospital Outcomes in Primary Heart Failure Hospitalizations With
Reduced or Preserved Ejection Fraction. Curr. Probl. Cardiol. 2022, 101199. [CrossRef] [PubMed]

324. Ergatoudes, C.; Schaufelberger, M.; Andersson, B.; Pivodic, A.; Dahlström, U.; Fu, M. Non-cardiac comorbidities and mortality in
patients with heart failure with reduced vs. preserved ejection fraction: A study using the Swedish Heart Failure Registry. Clin.
Res. Cardiol. 2019, 108, 1025–1033. [CrossRef] [PubMed]

325. Mantovani, A.; Byrne, C.D.; Benfari, G.; Bonapace, S.; Simon, T.G.; Targher, G. Risk of Heart Failure in Patients With Nonalcoholic
Fatty Liver Disease: JACC Review Topic of the Week. J. Am. Coll. Cardiol. 2022, 79, 180–191. [CrossRef] [PubMed]

326. Anstee, Q.M.; Mantovani, A.; Tilg, H.; Targher, G. Risk of cardiomyopathy and cardiac arrhythmias in patients with nonalcoholic
fatty liver disease. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 425–439. [CrossRef]

327. Fenk, S.; Fischer, M.; Strack, C.; Schmitz, G.; Loew, T.; Lahmann, C.; Baessler, A. Successful weight reduction improves left
ventricular diastolic function and physical performance in severe obesity. Int. Heart J. 2015, 56, 196–202. [CrossRef]

328. McDowell, K.; Petrie, M.; Raihan, N.A.; Logue, J. Effects of intentional weight loss in patients with obesity and heart failure: A
systematic review. Obes. Rev. 2018, 19, 1189–1204. [CrossRef]

329. Poirier, P.; Cornier, M.-A.; Mazzone, T.; Stiles, C.; Klein, S.; McCullough, P.A.; Fielding, C.R.; Franklin, B.A. Bariatric surgery
and cardiovascular risk factors: A scientific statement from the American Heart Association. Circulation 2011, 123, 1683–1701.
[CrossRef]

330. Karimian, S.; Stein, J.; Bauer, B.; Teupe, C. Improvement of impaired diastolic left ventricular function after diet-induced weight
reduction in severe obesity. Diabetes Metab. Syndr. Obes. 2017, 10, 19–25. [CrossRef]

331. Fuentes, L.D.L.; Waggoner, A.D.; Mohammed, B.S.; Stein, R.I.; Miller, B.V.; Foster, G.D.; Wyatt, H.R.; Klein, S.; Davila-Roman, V.G.
Effect of moderate diet-induced weight loss and weight regain on cardiovascular structure and function. J. Am. Coll. Cardiol.
2009, 54, 2376–2381. [CrossRef] [PubMed]

332. Kindel, T.L.; Strande, J.L. Bariatric surgery as a treatment for heart failure: Review of the literature and potential mechanisms.
Surg. Obes. Relat. Dis. 2018, 14, 117–122. [CrossRef] [PubMed]

333. Younossi, Z.M.; Corey, K.E.; Lim, J.K. AGA Clinical Practice Update on Lifestyle Modification Using Diet and Exercise to
Achieve Weight Loss in the Management of Nonalcoholic Fatty Liver Disease: Expert Review. Gastroenterology 2021, 160, 912–918.
[CrossRef] [PubMed]

334. Arab, J.P.; Dirchwolf, M.; Álvares-Da-Silva, M.R.; Barrera, F.; Benítez, C.; Castellanos-Fernandez, M.; Castro-Narro, G.; Chavez-
Tapia, N.; Chiodi, D.; Cotrim, H.; et al. Latin American Association for the study of the liver (ALEH) practice guidance for the
diagnosis and treatment of non-alcoholic fatty liver disease. Ann. Hepatol. 2020, 19, 674–690. [CrossRef] [PubMed]

335. Hallsworth, K.; Thoma, C.; Hollingsworth, K.G.; Cassidy, S.; Anstee, Q.M.; Day, C.P.; Trenell, M. Modified high-intensity interval
training reduces liver fat and improves cardiac function in non-alcoholic fatty liver disease: A randomized controlled trial. Clin.
Sci. 2015, 129, 1097–1105. [CrossRef]

336. Lin, J.S.; O’Connor, E.; Evans, C.V.; Senger, C.A.; Rowland, M.G.; Groom, H. Behavioral counseling to promote a healthy lifestyle
in persons with cardiovascular risk factors: A systematic review for the U.S. Preventive Services Task Force. Ann. Intern. Med.
2014, 161, 568–578. [CrossRef]

337. Hashida, R.; Kawaguchi, T.; Bekki, M.; Omoto, M.; Matsuse, H.; Nago, T.; Takano, Y.; Ueno, T.; Koga, H.; George, J.; et al. Aerobic
vs. resistance exercise in non-alcoholic fatty liver disease: A systematic review. J. Hepatol. 2017, 66, 142–152. [CrossRef] [PubMed]

338. Orci, L.A.; Gariani, K.; Oldani, G.; Delaune, V.; Morel, P.; Toso, C. Exercise-based Interventions for Nonalcoholic Fatty Liver
Disease: A Meta-analysis and Meta-regression. Clin. Gastroenterol. Hepatol. 2016, 14, 1398–1411. [CrossRef]

339. Bacchi, E.; Negri, C.; Targher, G.; Faccioli, N.; Lanza, M.; Zoppini, G.; Zanolin, E.; Schena, F.; Bonora, E.; Moghetti, P. Both
resistance training and aerobic training reduce hepatic fat content in type 2 diabetic subjects with nonalcoholic fatty liver disease
(the RAED2 Randomized Trial). Hepatology 2013, 58, 1287–1295. [CrossRef]

340. Xiong, Y.; Peng, Q.; Cao, C.; Xu, Z.; Zhang, B. Effect of Different Exercise Methods on Non-Alcoholic Fatty Liver Disease: A
Meta-Analysis and Meta-Regression. Int. J. Environ. Res. Public Health 2021, 18, 3242. [CrossRef]

341. Golabi, P.; Locklear, C.T.; Austin, P.; Afdhal, S.; Byrns, M.; Gerber, L.; Younossi, Z.M. Effectiveness of exercise in hepatic fat
mobilization in non-alcoholic fatty liver disease: Systematic review. World J. Gastroenterol. 2016, 22, 6318–6327. [CrossRef]
[PubMed]

342. Koutoukidis, D.A.; Astbury, N.M.; Tudor, K.E.; Morris, E.; Henry, J.A.; Noreik, M.; Jebb, S.A.; Aveyard, P. Association of Weight
Loss Interventions With Changes in Biomarkers of Nonalcoholic Fatty Liver Disease: A Systematic Review and Meta-analysis.
JAMA Intern. Med. 2019, 179, 1262–1271. [CrossRef] [PubMed]

343. Katsagoni, C.N.; Papatheodoridis, G.V.; Ioannidou, P.; Deutsch, M.; Alexopoulou, A.; Papadopoulos, N.; Papageorgiou, M.-V.;
Fragopoulou, E.; Kontogianni, M. Improvements in clinical characteristics of patients with non-alcoholic fatty liver disease, after
an intervention based on the Mediterranean lifestyle: A randomised controlled clinical trial. Br. J. Nutr. 2018, 120, 164–175.
[CrossRef] [PubMed]

344. Oreopoulos, A.; Padwal, R.; Kalantar-Zadeh, K.; Fonarow, G.C.; Norris, C.M.; McAlister, F.A. Body mass index and mortality in
heart failure: A meta-analysis. Am. Heart J. 2008, 156, 13–22. [CrossRef]

345. Bozkurt, B.; Deswal, A. Obesity as a prognostic factor in chronic symptomatic heart failure. Am. Heart J. 2005, 150, 1233–1239.
[CrossRef]

http://doi.org/10.1016/j.cpcardiol.2022.101199
http://www.ncbi.nlm.nih.gov/pubmed/35405161
http://doi.org/10.1007/s00392-019-01430-0
http://www.ncbi.nlm.nih.gov/pubmed/30788622
http://doi.org/10.1016/j.jacc.2021.11.007
http://www.ncbi.nlm.nih.gov/pubmed/35027111
http://doi.org/10.1038/s41575-018-0010-0
http://doi.org/10.1536/ihj.14-261
http://doi.org/10.1111/obr.12707
http://doi.org/10.1161/CIR.0b013e3182149099
http://doi.org/10.2147/DMSO.S124541
http://doi.org/10.1016/j.jacc.2009.07.054
http://www.ncbi.nlm.nih.gov/pubmed/20082927
http://doi.org/10.1016/j.soard.2017.09.534
http://www.ncbi.nlm.nih.gov/pubmed/29108893
http://doi.org/10.1053/j.gastro.2020.11.051
http://www.ncbi.nlm.nih.gov/pubmed/33307021
http://doi.org/10.1016/j.aohep.2020.09.006
http://www.ncbi.nlm.nih.gov/pubmed/33031970
http://doi.org/10.1042/CS20150308
http://doi.org/10.7326/M14-0130
http://doi.org/10.1016/j.jhep.2016.08.023
http://www.ncbi.nlm.nih.gov/pubmed/27639843
http://doi.org/10.1016/j.cgh.2016.04.036
http://doi.org/10.1002/hep.26393
http://doi.org/10.3390/ijerph18063242
http://doi.org/10.3748/wjg.v22.i27.6318
http://www.ncbi.nlm.nih.gov/pubmed/27468220
http://doi.org/10.1001/jamainternmed.2019.2248
http://www.ncbi.nlm.nih.gov/pubmed/31260026
http://doi.org/10.1017/S000711451800137X
http://www.ncbi.nlm.nih.gov/pubmed/29947322
http://doi.org/10.1016/j.ahj.2008.02.014
http://doi.org/10.1016/j.ahj.2005.02.004


J. Cardiovasc. Dev. Dis. 2022, 9, 419 36 of 36

346. Horwich, T.B.; Fonarow, G.C.; Hamilton, M.A.; MacLellan, W.R.; Woo, M.A.; Tillisch, J.H. The relationship between obesity and
mortality in patients with heart failure. J. Am. Coll. Cardiol. 2001, 38, 789–795. [CrossRef]

347. Gupta, P.P.; Fonarow, G.C.; Horwich, T.B. Obesity and the obesity paradox in heart failure. Can J. Cardiol. 2015, 31, 195–202.
[CrossRef]

348. Francque, S.; Szabo, G.; Abdelmalek, M.F.; Byrne, C.D.; Cusi, K.; Dufour, J.-F.; Roden, M.; Sacks, F.; Tacke, F. Nonalcoholic
steatohepatitis: The role of peroxisome proliferator-activated receptors. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 24–39. [CrossRef]

349. Zanchi, A.; Maillard, M.; Jornayvaz, F.R.; Vinciguerra, M.; Deleaval, P.; Nussberger, J.; Burnier, M.; Pechere-Bertschi, A. Effects of
the peroxisome proliferator-activated receptor (PPAR)-gamma agonist pioglitazone on renal and hormonal responses to salt in
diabetic and hypertensive individuals. Diabetologia 2010, 53, 1568–1575. [CrossRef]

350. Newsome, P.N.; Buchholtz, K.; Cusi, K.; Linder, M.; Okanoue, T.; Ratziu, V.; Sanyal, A.J.; Sejling, A.-S.; Harrison, S.A. A
Placebo-Controlled Trial of Subcutaneous Semaglutide in Nonalcoholic Steatohepatitis. N. Engl. J. Med. 2021, 384, 1113–1124.
[CrossRef]

351. Mantovani, A.; Petracca, G.; Beatrice, G.; Csermely, A.; Lonardo, A.; Targher, G. Glucagon-Like Peptide-1 Receptor Agonists for
Treatment of Nonalcoholic Fatty Liver Disease and Nonalcoholic Steatohepatitis: An Updated Meta-Analysis of Randomized
Controlled Trials. Metabolites 2021, 11, 73. [CrossRef] [PubMed]

352. Mantovani, A.; Petracca, G.; Csermely, A.; Beatrice, G.; Targher, G. Sodium-Glucose Cotransporter-2 Inhibitors for Treatment
of Nonalcoholic Fatty Liver Disease: A Meta-Analysis of Randomized Controlled Trials. Metabolites 2020, 11, 22. [CrossRef]
[PubMed]

353. Coelho, F.D.S.; Borges-Canha, M.; Hafe, M.; Neves, J.S.; Vale, C.; Leite, A.R.; Carvalho, D.; Leite-Moreira, A. Effects of sodium-
glucose co-transporter 2 inhibitors on liver parameters and steatosis: A meta-analysis of randomized clinical trials. Diabetes Metab.
Res. Rev. 2021, 37, e3413. [CrossRef] [PubMed]

354. Xing, B.; Zhao, Y.; Dong, B.; Zhou, Y.; Lv, W.; Zhao, W. Effects of sodium-glucose cotransporter 2 inhibitors on non-alcoholic
fatty liver disease in patients with type 2 diabetes: A meta-analysis of randomized controlled trials. J. Diabetes Investig. 2020, 11,
1238–1247. [CrossRef] [PubMed]

355. Packer, M.; Anker, S.D.; Butler, J.; Filippatos, G.; Pocock, S.J.; Carson, P.; Januzzi, J.; Verma, S.; Tsutsui, H.; Brueckmann, M.; et al.
Cardiovascular and Renal Outcomes with Empagliflozin in Heart Failure. N. Engl. J. Med. 2020, 383, 1413–1424. [CrossRef]
[PubMed]

356. McMurray, J.J.V.; Solomon, S.D.; Inzucchi, S.E.; Køber, L.; Kosiborod, M.N.; Martinez, F.A.; Ponikowski, P.; Sabatine, M.S.; Anand,
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