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Abstract
Metabolic-associated fatty liver disease (MAFLD) is a chronic liver disease that affects about a quarter of the world popu-
lation. MAFLD encompasses different disease stadia ranging from isolated liver steatosis to non-alcoholic steatohepatitis 
(NASH), fibrosis, cirrhosis and hepatocellular carcinoma. Although MAFLD is considered as the hepatic manifestation of 
the metabolic syndrome, multiple concomitant disease-potentiating factors can accelerate disease progression. Among these 
risk factors are diet, lifestyle, genetic traits, intake of steatogenic drugs, male gender and particular infections. Although 
infections often outweigh the development of fatty liver disease, pre-existing MAFLD could be triggered to progress towards 
more severe disease stadia. These combined disease cases might be underreported because of the high prevalence of both 
MAFLD and infectious diseases that can promote or exacerbate fatty liver disease development. In this review, we portray 
the molecular and cellular mechanisms by which the most relevant viral, bacterial and parasitic infections influence the 
progression of fatty liver disease and steatohepatitis. We focus in particular on how infectious diseases, including coronavi-
rus disease-19, hepatitis C, acquired immunodeficiency syndrome, peptic ulcer and periodontitis, exacerbate MAFLD. We 
specifically underscore the synergistic effects of these infections with other MAFLD-promoting factors.

Keywords  Metabolic-associated fatty liver disease (MAFLD) · Non-alcoholic steatohepatitis (NASH) · Infectious 
diseases · Lipid metabolism · Liver · SARS-CoV-2 · Human immunodeficiency virus · Hepatitis C · Helicobacter pylori · 
Klebsiella pneumoniae

Introduction

Metabolic-associated fatty liver disease (MAFLD) is a 
chronic liver disease that affects about 25% of the global 
population (Younossi et  al. 2019; Ryaboshapkina and 
Hammar 2017). MAFLD comprises an umbrella of disease 
stadia ranging from liver steatosis to more severe non-
alcoholic steatohepatitis (NASH), fibrosis, cirrhosis and 
hepatocellular carcinoma. Most MAFLD patients suffer 
from the metabolic syndrome in which obesity is one of 
the most important risk factors along with insulin resist-
ance and type 2 diabetes. The development of steatosis and 
progression to more severe disease stadia are, however, 
multifactorial. A considerable number of patients is lean 
and certain genetic polymorphisms have been associated 
with a higher risk for MAFLD development and progres-
sion in the past decade (Younossi et al. 2018; Boeckmans 
et al. 2020a). In recent years, much attention has been 
paid to the involvement of the gut–liver axis in the NASH 
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pathogenesis. NASH patients often exhibit dysbiosis and 
increased intestinal barrier permeability (Marra and Sveg-
liati-baroni 2017). This can lead to translocation to the 
liver of pathogen-associated molecular patterns (PAMPs), 
of which lipopolysaccharide (LPS) is the best documented 
one, and contribute to NASH development and progres-
sion (Ganz and Szabo 2013). In addition, higher rates of 
ethanol-producing bacteria have been observed in the gut 
microbiome of NASH patients, suggesting that ethanol 
possibly also fulfills a role in the pathogenesis of NASH 
(Abu-Shanab and Quigley 2010). Apart from bacterial 
alterations in gut microbiota of MAFLD patients, also 
changes in fecal viromes have been recently found to relate 
with MAFLD severity (Lang et al. 2020). Notably, several 
infectious diseases can also lead directly or indirectly to 
lipid accumulation and inflammation in the liver. There-
fore, we hypothesize that these pathological conditions 
aggravate MAFLD and hence synergistically worsen liver 
disease.

The infectious agents, for which an association with 
hepatic steatosis is best known, are Helicobacter pylori (H. 
pylori) (Tang and Kumar 2017), hepatitis C virus (HCV) 
and human immunodeficiency virus (HIV) (Cheung and 
Sanyal 2008; van Welzen et al. 2019). Yet, also other often 
less suspected infections may contribute to the progression 
or exacerbation of MAFLD. For example, the recent out-
break of the severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) that leads to coronavirus disease-19 
(COVID-19), attracted much attention. Similar to the 
earlier reported SARS-CoV infections, admitted COVID-
19 patients showed disturbed liver laboratory parameters 
(Zhang et al. 2020; Cui et al. 2004). Moreover, it has been 
observed that MAFLD patients are more prone to develop 
severe COVID-19 and have a longer viral shedding time (Ji 
et al. 2020).

A direct link between a pathogen and MAFLD is sel-
domly evident, which highlights the need for increased 
awareness for these patients. A fatty liver is associated with 
recurrent bacterial infections independent of metabolic syn-
drome (Nseir et al. 2011), which makes this patient group 
especially at risk for shared and superimposed pathogenic 
mechanisms that can lead to fatty liver disease progression. 
This also applies to patients suffering from diabetes, in par-
ticular to those having type 1 diabetes (Carey et al. 2018). 
Nonetheless, pathogen-induced fatty liver can in certain 
cases be considered as a distinct entity, which is substanti-
ated by the fact that hepatitis C-induced steatosis disappears 
after successful antiviral treatment, while the ‘metabolic fat’ 
remains present (Asselah et al. 2006).

Here, we review the most relevant viral, bacterial and 
parasitic infectious diseases that are known to intertwine 
in the MAFLD pathogenesis or are suspected to do so. We 

specifically allude to alternative molecular mechanisms 
related to infectious agents that might play a role in MAFLD 
development and progression.

Viruses

Since decades, several viral infectious diseases are known 
to induce fatty liver disease-related features, including 
hepatitis C and acquired immunodeficiency syndrome 
(AIDS) (Sheikh et  al. 2008; van Welzen et  al. 2019). 
Notably, links between infectious agents and MAFLD have 
been also reported regarding infections caused by corona-
viruses, yellow fever virus, dengue virus and the hepatitis 
E virus (Boeckmans et al. 2020b; Simões Quaresma et al. 
2005; Kularatne et al. 2014; Lenggenhager et al. 2020). 
Although much less evidence is present for the latter to 
effectively promote or exacerbate MAFLD, specific con-
nections between both pathologies can be made.

Coronaviruses

Coronaviruses have caused several epidemics in the past 
20 years. SARS-CoV and SARS-CoV-2 infect humans 
using angiotensin converting enzyme 2 (ACE2) for cel-
lular entry while the Middle East respiratory syndrome 
coronavirus (MERS-CoV) uses dipeptidyl peptidase 4 
(DPP4) as a receptor for cellular entry (Kuba et al. 2005; 
Hoffmann et al. 2020). There is no conclusive evidence 
that ACE2 is expressed in hepatocytes which potentially 
could be at the basis of viral replication of SARS-CoV 
and SARS-CoV-2 (Hamming et al. 2004; De Smet et al. 
2020). Nonetheless, based on single-cell RNA sequenc-
ing, it was found that ACE2 is expressed in cholangio-
cytes (Pawlotsky 2020). DPP4, on the other hand, is 
expressed by hepatocytes (Baumeier et  al. 2017) and 
patients infected with MERS-CoV exhibit moderate liver 
steatosis, scattered calcifications and mild portal tract 
and lobular lymphocytic inflammation (Ng et al. 2020). 
MERS-CoV can induce interleukin 1 receptor associated 
kinase 3 (IRAK-M), peroxisome proliferator-activated 
receptor (PPAR)-γ and interleukin (IL)-10 in mac-
rophages, and therefore, lead to undesired immunosup-
pression. DPP4 inhibitors such as sitagliptin are indicated 
for the treatment of insulin resistance and type 2 diabetes. 
Although clinical evidence is lacking, diabetes patients 
that take DPP4 inhibitors could be relatively protected 
against MERS-CoV infection (Al-Qahtani et al. 2017). 
On the other hand, intake of blood pressure-reducing ACE 
inhibitors and angiotensin II type-I receptor blockers can 
increase the expression of ACE2 which might lead to a 
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higher susceptibility for developing COVID-19 (Boeck-
mans et al. 2020b; Fang et al. 2020).

MAFLD and COVID‑19 are interrelated

Considering that MAFLD patients often suffer from 
hypertension, insulin resistance and type 2 diabetes, their 
specific position during the SARS epidemics was and is 
largely unknown. Furthermore, COVID-19 patients show a 
higher occurrence of hepatic steatosis measured by thorax 
CT (Kreling et al. 2020) and SARS-CoV and SARS-CoV-2 
infections are often accompanied by abnormal levels of 
aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT) serum levels which suggest liver damage 
(Zhang et al. 2020; Cui et al. 2004). In addition, suffer-
ing from MAFLD increases the risk for developing severe 
COVID-19 in both diabetic and non-diabetic patients (Gao 
et al. 2020; Dongiovanni et al. 2020; Pan et al. 2020).

Possible explanations for MAFLD progression 
during COVID‑19

One possible explanation for MAFLD progression in 
COVID-19 patients is that ACE2 is highly expressed on 
enterocytes in the small intestine (Fig. 1). This might lead 
to increased gut permeability and translocation of PAMPs 
to the liver (Assante et al. 2020). Hereby, the liver could 
get primed for the cytokine storm, which is a systemic 
hyperinflammatory reaction in response to SARS-CoV and 
MERS-CoV infections, including the release of tumor necro-
sis factor (TNF)-α, IL-1β, IL-2, IL-6, interferon (IFN)-α, 
IFN-β, IFN-γ, and C–C chemokine ligand (CCL)2 (Yi et al. 
2020), that could consequently exacerbate liver inflam-
mation and promote MAFLD progression (Assante et al. 
2020). In addition, COVID-19 patients needing intensive 
care exhibited higher plasma levels of IL-2, IL-7, IL-10,  
colony-stimulating factor 2 (CSF2), CXCL10, CCL2, CCL3, 
and TNF-α compared to patients that were not admitted to 
the intensive care unit (Huang et al. 2020). CCL2 is an 
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Fig. 1   Possible interconnections between COVID-19 and MAFLD. 
Disturbed liver laboratory parameters are frequently observed in 
severe COVID-19 cases. Patients infected by SARS-CoV-2 often 
exhibit also liver steatosis, while MAFLD seems to aggravate 
COVID-19. SARS-CoV-2 could induce PAMP translocation from 
the gut to the liver to initiate Kupffer cell and stellate cell activation 

and hence promote an acute inflammatory response. Further, the liver 
could get damaged or primed for secondary hits by cytokines during 
cytokine storms. Until today, cholangiocytes are the only liver cells 
known to express the virus entry receptor ACE2, although specific 
consequences remain to be investigated
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important inflammatory mediator and potent chemoattract-
ant for monocytes and it fulfills a key role in the pathogen-
esis of NASH (Gao and Tsukamoto 2016). Moreover, earlier 
research pointed out that CXCL10 and TNF-α serum levels 
are increased in NASH patients (Zhang et al. 2014; Haas 
et al. 2019; Manco et al. 2007). Hence, patients suffering 
from pre-existing hepatic steatosis could possibly progress 
to more advanced liver disease because of certain cytokines 
that are involved in the pathogeneses of both the viral infec-
tion and NASH itself. These overlapping disease character-
istics might be present due to the fact that the liver holds a 
large pool of tissue macrophages (i.e., Kupffer cells) that 
could compromise liver function. The alterations in gut per-
meability and bacterial translocation might not only explain 
the relation between COVID-19 and MAFLD, but also with 
inflammatory bowel disease, type 2 diabetes and obesity 
(Assante et al. 2020).

Hepatitis C

HCV is an enveloped positive-sense single-stranded RNA 
virus that belongs to the Flaviviridae family and causes 
chronic hepatitis C (CHC). The HCV virion contains a 
nucleocapsid with a host-derived membrane comprising 
E1 and E2 viral glycoproteins (Gastaminza et al. 2010; Zhu 
et al. 2014). HCV particles bind onto low-density lipopro-
teins (LDL) and very-low-density lipoproteins (VLDL) to 
form ‘lipo-viro-particles (LVP)’. Viral entry is mediated by 
scavenger receptor class B type I (SR-BI), cluster of dif-
ferentiation (CD) 81 and claudin 1 (CLDN1) (Miao et al. 
2017; Bugianesi et al. 2006). HCV has been also shown 
to bind on diacylglycerol acyltransferase-1 (DGAT1) with 
its nucleocapsid core, further accentuating the close tie 
between HCV infection and the lipid metabolism of liver 
cells (Herker et al. 2010).

About 2.5% of the world population is infected by HCV. 
Seventy percent of these cases is accompanied by liver stea-
tosis and about 20% suffers from liver cirrhosis (Petruzziello 
et al. 2016). Concomitant presence of CHC and MAFLD has 
been shown to cause disease progression or prevent effective 
curative therapy (Brown 2008; Patel and Harrison 2012). 
Patients suffering from CHC have an 11-times higher risk 
for developing type 2 diabetes in comparison to high-risk 
patients without CHC. Furthermore, suffering from CHC 
also seems to increase the risk for developing type 2 diabetes 
in patients without predisposing factors (Mehta et al. 2003). 
Hepatic steatosis during chronic HCV infection stimulates 
necroinflammation and fibrosis (Adinolfi et al. 2001). In 
addition, the existence of a ‘HCV-associated dysmetabolic 
syndrome’ has been postulated as a possible molecular basis 
for the presence of metabolic syndrome features in patients 
suffering from hepatitis C (Sheikh et al. 2008; Fletcher et al. 
2008).

HCV is characterized by different genotypes (Zein 
2000) that intertwine with MAFLD via distinctive molecu-
lar mechanisms (Adinolfi et al. 2016) (Fig. 2).

HCV has been shown to down-regulate PPAR-α 
(Dharancy et  al. 2005), which diminishes fatty acid 
β-oxidation as it targets carnitine palmitoyl acyl-CoA 
transferase 1A (CPT1A), a key enzyme for mitochondrial 
fatty acid import (Boeckmans et al. 2020a; Cheng et al. 
2005). PPARA​ expression is also decreased in NASH 
(Francque et al. 2015), which substantiates the similarities 
between both pathologies. The fact that PPAR-α activation 
reduces nuclear factor kappa B (NF-κB) and activator pro-
tein (AP)-1-mediated inflammation suggests that PPAR-α 
downregulation by HCV could be a mechanism of HCV 
to escape protective host response (Dharancy et al. 2005).

HCV genotypes 1 and 4 have been mainly associated 
with insulin resistance (Moucari et al. 2008). Of note, liver 
samples of patients suffering from hepatitis C exhibit a 
lower expression of insulin receptor substrate (IRS)1 and 
IRS2, inducing IR. This is, however, restored after clear-
ance of the virus. HCV causes proteasomal degradation of 
IRS1 and IRS2 that are essential for further insulin sign-
aling through phosphoinositide 3-kinase (PI3K) and Akt 
(Alsatie et al. 2008; Kawaguchi et al. 2004, 2007). Fur-
thermore, diabetic hepatitis C patients exhibit increased 
levels of soluble TNF-α receptors. TNF-α can cause det-
rimental effects on insulin signaling through inhibition 
of tyrosine kinase activity of the insulin receptor for the 
phosphorylation and activation of IRS1 (Knobler et al. 
2003; Knobler and Schattner 2005). In addition, the levels 
of soluble TNF-α receptors (in particular sTNF-R75) cor-
relate with histological hepatitis C severity, but not with 
genotype or quantitative viremia (Zylberberg et al. 1999). 
Besides worsening insulin resistance and inflammation, 
patients suffering from HCV genotype 1 infection and liver 
steatosis also exhibit higher hepatic expression of fatty 
acid translocase (FAT) (syn. CD36). CD36 is a fatty acid 
transporter whose expression is also elevated in NASH liv-
ers and relates to insulin resistance, hyperinsulinemia and 
MAFLD (Miquilena-Colina et al. 2011). Apart from the 
involvement of CD36 in lipid metabolism, it has also been 
shown that CD36 interacts with HCV glycoprotein E1 that 
could be a co-receptor for HCV entry (Cheng et al. 2016).

Hepatic steatosis has been reported to accelerate the 
progression of liver damage, by means of necroinflamma-
tory activity and fibrosis progression in patients suffer-
ing from HCV genotype 3 infection (Adinolfi et al. 2001). 
However, in these patients, but not in individuals infected 
by the HCV genotype 1 or 4, steatosis evades upon effec-
tive treatment which points to a direct role of the virus in 
lipid metabolism irrespective of secondary risk factors for 
MAFLD (Kumar et al. 2002). Yet, this also substantiates 
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the presence of different pathogenic mechanisms that both 
require specific treatment strategies.

HCV genotypes 1a, 1b, 2b and 3a have been found to 
induce fatty acid synthase (FAS) expression through sterol 
regulatory element-binding protein (SREBP)-1c. HCV geno-
type 3a causes a stronger SREBP-1c-mediated induction of 
FAS than the 1b genotype, which points to a genotype-spe-
cific effect that also correlates with the clinical observations 
(Waris et al. 2007; Jackel-Cram et al. 2007). Hypobetali-
poproteinemia has also been linked to HCV genotype 3a 
infection. This virus is thought to inhibit the microsomal 
triglyceride transfer protein (MTTP) that mediates VLDL 
assembly from ApoB and lipids, resulting in impaired VLDL 
secretion and thus intracellular lipid accumulation in hepato-
cytes (Serfaty et al. 2001; Gordon and Jamil 2000; Chan 
et al. 2017).

Although HCV is not known to directly infect hepatic 
stellate cells (Florimond et al. 2015), it has been shown 
that HCV-exposed Kupffer cells secrete CCL5 that trig-
gers NF-κB and ERK signaling in stellate cells, resulting in 
the expression of genes encoding pro-inflammatory (NLR 
Family Pyrin Domain Containing 3 (NLRP3), IL1B, IL-6 
and CCL5) and pro-fibrotic (transforming growth factor 

(TGF-β1), collagen 4A1 (COL4A1), matrix metallopepti-
dase 2 (MMP2) and α-smooth muscle actin (α-SMA)) mark-
ers (Sasaki et al. 2017). The pro-inflammatory and -fibrotic 
interplay between non-parenchymal liver cells in hepatitis 
C shares important mechanisms with triggers that promote 
fatty liver disease progression, including Kupffer cell CCL5 
secretion (Boeckmans et al. 2018), accentuating the relation-
ship between both pathogeneses.

Hepatitis A, B, D and E

In comparison to hepatitis C, less evidence is available for 
the involvement of hepatitis A, B, D and E in fatty liver 
disease development and progression.

The hepatitis A virus (HAV) is a positive-sense single-
stranded RNA virus that belongs to the Picornaviridae fam-
ily. HAV is mainly transmitted through the oral-fecal route 
by for example contaminated food (Lin et al. 2017). It has 
been suggested that past exposure to HAV protects against 
advanced fibrosis in MAFLD. Reasons behind this protective 
effect could be a reversal of the imbalance between pro- and 
anti-inflammatory cytokines and early-age gut colonization 

Fig. 2   HCV-mediated mechanisms leading to hepatic steatosis and 
inflammation. HCV infection leads to SREBP-1c-mediated lipid 
accumulation and PPAR-α/PPARA​ and CPTA downregulation, sug-
gesting impaired fatty acid β-oxidation and reduced repression of 

inflammation. HCV genotypes 1 and 4 infections are associated with 
insulin resistance, while HCV genotype 3 infection impairs VLDL-
mediated triglyceride secretion. HCV-exposed Kupffer cells secrete 
CCL5 resulting in hepatic stellate cell activation
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with orofecal microbes that could exert a hepatoprotective 
effect (de Silva et al. 2008).

The hepatitis B virus (HBV) is a DNA virus that belongs 
to the family of Hepadnaviridae (Liang 2009). About 300 
million people are chronically infected with HBV (MacLa-
chlan and Cowie 2015) and evidence has been provided that 
HBV infection can result in cirrhosis and hepatocellular 
carcinoma (Giovanna et al. 2008). HBV does not require 
a cell type-specific target for cellular attachment (Urban 
et al. 2010). It binds the heparan sulfate proteoglycans at 
the cell surface, which is then followed by a hepatocyte-
specific interaction of the HBV surface L-protein with 
Na+-taurocholate co-transporting polypeptide (NTCP) (Yan 
et al. 2012; Ni et al. 2014). HBV infection has been shown 
to inversely correlate with the risk for MAFLD (Xiong et al. 
2017), probably because HBV infection inversely associ-
ates with the metabolic syndrome (Jan et al. 2006). HBV 
infection negatively relates to hypoalphalipoproteinemia 
(Zhao et al. 2018) and seems to lower the risk for devel-
oping dyslipidemia (Joo et al. 2019). Based on these stud-
ies, HBV and MAFLD comorbidity appears to decrease the 
progression or severity of these diseases. In contrast, it was 
recently reported that patients suffering from NASH and 
chronic hepatitis B have more advanced liver fibrosis and die 
earlier or develop in a shorter time liver-related outcomes 
than patients without NASH (Choi et al. 2020), suggesting a 
synergistic effect in the more advanced disease states.

The hepatitis D virus (HDV) holds a circular single-
stranded RNA genome and is not classified in a family. 
HDV infection occurs through parenteral transmission and 
requires HBV co-infection to be infectious (Taylor 2018). 
Seen the increasing control of hepatitis B through vacci-
nation, hepatitis D is considered a disappearing disease 
(Khuroo and Sofi 2020).

The hepatitis E virus (HEV) is a positive-sense single-
stranded RNA virus that belongs to the Hepeviridae family. 
The HEV is enterically transmitted and is a leading cause 
of acute viral hepatitis (Lhomme et al. 2020). Hepatitis E is 
considered as a factor that can cause ‘acute on chronic hepa-
titis’ (Frias et al. 2018) and MAFLD/NASH cases have been 
reported as well (Davern et al. 2011; Lenggenhager et al. 
2020). Yet, the mechanisms by which HEV may contribute 
to the development of MAFLD have not been documented.

Human immunodeficiency viruses

HIV is a single-stranded RNA virus that belongs to the fam-
ily of Retroviridae and is subdivided in HIV-1 and HIV-2 
(Seitz 2016). About 14,000 people are infected every day by 
HIV (Eilami et al. 2019). Fatty liver occurs in up to 48% of 
HIV-infected patients (van Welzen et al. 2019) and is accom-
panied by inflammation and fibrosis when compared to unin-
fected patients (Papagianni and Tziomalos 2018; Vodkin 

et al. 2015). Nonetheless, the occurrence of steatosis-pro-
moting factors is similar between HIV-infected patients and 
the general population (Macías et al. 2017). Besides meta-
bolic inducers, multiple HIV-specific factors are thought to 
contribute to MAFLD in HIV-infected patients, including 
the virus itself, gut–liver axis and highly active antiretroviral 
therapy (HAART) (Vallet-Pichard et al. 2012). Since cardio-
vascular complications are common in HIV-infected patients 
(Low et al. 2019; So-Armah and Freiberg 2018), and car-
diovascular disease is a top-leading death cause in MAFLD 
patients (Paik et al. 2019), synergistic effects seem possible.

Effects of HIV on distinct liver cell populations

HIV uses the CD4 receptor on T-helper cells (Seitz 2016) 
for cellular attachment. Further entry is mediated by, among 
others, the C–C chemokine receptor 5 (CCR5) and C–X–C 
chemokine receptor 4 (CXCR4) (Dean et al. 1996; Feng 
et al. 1996). CD4 is not expressed in hepatocytes, although 
its co-factor for cellular entry, CXCR4, is present (Vlaha-
kis et al. 2003). Apoptosis induced by HIV interaction (via 
gp120) with CXCR4 expressed by hepatocytes has been 
reported (Vlahakis et al. 2003), which is a distinctive feature 
of NASH compared to benign liver steatosis (Boeckmans 
et al. 2018). On the other hand, HIV is able to infect Kupffer 
cells, the liver resident macrophages (Ganesan et al. 2018). 
CD4+ T cell depletion leads to increased gut barrier per-
meability resulting in translocation of PAMPs to the liver 
(Somsouk et al. 2015; Rocafort et al. 2019). HIV-infected 
Kupffer cells exhibit increased expression of Toll-like recep-
tor 4 (TLR4) and CD14 along with an increased release of 
TNF-α, IL-6 and IL-1β in response to LPS (Mosoian et al. 
2017; Zhang et al. 2019) (Fig. 3). This sequence of events 
is substantiated by the fact that liver tissue obtained from 
HIV-positive patients exhibits in situ IL-1β expression in 
CD68+ cells (Zhang et al. 2019).

HIV infection of stellate cells results in increased colla-
gen type 1 expression and CCL2 release that play prominent 
roles in the pathogenesis of NASH (Tuyama et al. 2010; 
Chamroonkul and Bansal 2019). Specific interaction of 
gp120 with stellate cells induces CCL2 secretion as well as 
expression of IL-6 and tissue inhibitor of metalloprotease-1 
(TIMP1) (Bruno et al. 2010), which are known mediators of 
hepatic inflammation and fibrosis.

The interaction of HIV with TLR4 on both stellate cells 
and liver macrophages highlights the importance of TLR 
signaling in the inflammatory response of the liver triggered 
by HIV (Del Cornò et al. 2016).

Anti‑HIV treatment promotes MAFLD development

HAART (Seth 2019), i.e., intake of nucleoside reverse 
transcriptase inhibitors (NRTIs), non-nucleoside reverse 
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transcriptase inhibitors and protease inhibitors (PIs) (Shafer 
and Vuitton 1999), is often accompanied by lipodystrophy, 
a process culminating in the lack of adipocytes to store 
(excess) fatty acids and triglycerides (Polyzos et al. 2009, 
2019).

NRTIs, especially thymidine analogues, evoke hypoadi-
ponectinemia, hypertriglyceridemia and lipodystrophy. 
Among the NRTIs, stavudine and didanosine are also 
known to exert mitochondrial toxicity that could lead to 
the generation of reactive oxygen species and impair fatty 
acid β-oxidation (White 2001; Feeney and Mallon 2010). 
These patients exhibit microvesicular hepatic steatosis, 
which correlates with more advanced MAFLD histology 
(Tandra et al. 2011). Intake of PIs, on the other hand, can 
result in insulin resistance through inhibition of GLUT4 
(Yan and Hruz 2005). Ritonavir has been shown to induce 
SREBP-1 and SREBP-2 translocation to the nucleus in 
mice, transcription factors known to promote lipogenesis 

and cholesterol biosynthesis, which could lay at the origin 
of fatty liver development (Riddle et al. 2001). HAART 
can also alter growth hormone secretion that associates 
with lipodystrophy (Rochira and Guaraldi 2017). Insulin 
resistance, along with induced lipodystrophy, can lead 
to body fat redistribution and hepatic steatosis (Vallet-
Pichard et al. 2012). HIV-1 is known to suppress PPAR-γ 
transcriptional activity and adipocyte differentiation 
(Shrivastav et al. 2008; Otake et al. 2004) and this mecha-
nism can hence also contribute to the HAART-mediated 
lipodystrophy.

HIV and anti‑MAFLD treatment

Patients suffering from HIV infection are often excluded 
from clinical trials because of possible drug-drug interac-
tions. Yet, considering the burden of MAFLD among HIV-
infected patients, it is of utmost importance to also evaluate 

Fig. 3   HIV- and HAART-mediated mechanisms leading to hepatic 
steatosis, inflammation and fibrosis. HIV itself can induce liver 
inflammation via TLRs, hepatocyte apoptosis through CXCR4 and 
fibrosis by directly (via envelope glycoprotein gp120) and indirectly 

(via LPS) activating stellate cells. HAART-associated lipodystrophy 
induces insulin resistance and hepatic steatosis while also evoking 
mitochondrial toxicity
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novel therapies in these patients or to set up in vitro experi-
ments with cells of human origin, infected or not. Moreo-
ver, cenicriviroc, a dual CCR2/CCR5 antagonist, is under 
development for both HIV infection and NASH treatment 
(Guaraldi et al. 2020) since the CCR2 and CCR5 receptors 
are common drug targets in both diseases.

Human cytomegalovirus

The human cytomegalovirus (CMV) is a DNA virus belong-
ing to the Herpesviridae family. Over 40% of the world pop-
ulation is infected with CMV that persists latently through-
out adulthood (Seitz 2010; Cannon et al. 2010). CMV can 
replicate in multiple cell types among which epithelial cells 
of gland and mucosal tissue, smooth muscle cells, fibro-
blasts, macrophages, dendritic cells, hepatocytes and vas-
cular endothelial cells (Beltran and Cristea 2014).

CMV‑related MAFLD is dependent on gender and body 
mass index

The correlation between CMV infection and metabolic risk 
factors for developing MAFLD appears to be gender- and 
body mass index (BMI)-specific. First, CMV infection 
seems to be associated with the metabolic syndrome only in 
females. Second, while normal weight CMV-immunoglob-
ulin (Ig)G seropositive females exhibit a higher prevalence 
of dyslipidemia and metabolic syndrome, these effects are 
not shared with females suffering from extreme obesity that 
surprisingly showed to have higher HDL- and lower LDL 
cholesterol (Fleck-Derderian et al. 2017).

CMV could promote MAFLD through de novo lipogenesis 
and oxidative stress

In vitro analysis showed that CMV-infected human fibro-
blasts exhibit increased activity of ACC, which is the first 
rate-limiting enzyme in the de novo lipogenesis pathway 
and is regulated by SREBP-1c (Boeckmans et al. 2018). 
Mice expressing CMV-derived regulatory protein IE2 
(UL122) showed increased gene- and protein expression 
of SREBP-1c, which was associated with hepatic steatosis 
(Zhang et al. 2018). Increased hepatic SREBP-1c levels 
indeed correlate with hepatic steatosis, although decreased 
levels relate to advanced NASH (Nagaya et al. 2010). This 
evokes the question whether CMV infection can effectively 
compromise liver functions. Fibroblasts infected with CMV 
exhibit stressed mitochondria that have an increased mass 
and membrane potential (Combs et al. 2019), which could 
lead to oxidative stress and hence MAFLD progression. Yet, 
it has been proposed that intracellular CMV could induce 
(compensatory) anti-oxidative effects to take more advan-
tage from the host cell for replication. Indeed, CMV-infected 

human fibroblasts increase their production of enzymes 
that synthesize and utilize glutathione and activate specific 
NF-E2 related factor 2 (Nrf2) target genes that exert protec-
tive effects against oxidative stress (Tilton et al. 2011; Lee 
et al. 2013; Lee 2018). As such, although these results are 
of high experimental nature, MAFLD-inducing mechanisms 
might be abrogated due to virus-specific cellular alterations.

Future (human) studies should, however, take into 
account the specific roles of primary and reactivated infec-
tions (e.g., by measuring CMV DNA viral load) and explore 
whether CMV infection precedes the development of the 
metabolic syndrome or not (Fleck-Derderian et al. 2017).

Dengue virus

Dengue virus is a positive-sense single-stranded RNA virus 
that belongs to the family of the Flaviviridae and is trans-
mitted by Aedes mosquitoes. About 50 million people get 
infected every year. Dengue disease can be asymptomatic 
but also manifest as the “dengue shock syndrome” leading to 
multiple organ failure with fatal outcome (Huy et al. 2013).

Tropism of the dengue virus is not well documented, 
but involves the immune system, liver, and endothelial 
blood vessel cells (Martina et al. 2009; Begum et al. 2019). 
Although the dengue shock syndrome resulting in multiple 
organ failure is the main cause of dengue virus-related death, 
deterioration of liver functions due to severe hemorrhagic 
liver necrosis with micro- and macrovesicular steatosis and 
periportal inflammatory infiltrate, has also been reported as 
a death cause (Kularatne et al. 2014).

Most information with regard to liver histology among 
dengue virus-infected patients is based on postmortem 
analyses. Liver tissue of children that died from dengue 
virus infection showed varying injury degree, including 
congestion of the liver sinusoids and hepatocyte cell death. 
Most reported cases exhibited liver steatosis accompanied 
by hepatocyte ballooning (Aye et al. 2014; Huerre et al. 
2001), which is a hallmark of NASH (Kleiner et al. 2005). 
These effects have been confirmed in dengue-2 virus-
infected BALB/c mice, that showed hepatocyte micro- and 
macro-steatosis, swelling and necrosis (Paes et al. 2009). 
Although these findings do not per se indicate a direct corre-
lation between dengue virus infection and fatty liver disease/
steatohepatitis, dengue virus-infected patients with plasma 
leakage that suffer as well from MAFLD have more severe 
hemoconcentration, thrombocytopenia and prolonged hos-
pital stay (Suwarto et al. 2018).

Yellow fever virus

The yellow fever virus (YFV) is a positive-sense single-
stranded RNA virus that belongs to the Flaviviridae fam-
ily. The YFV is also transmitted by Aedes mosquitoes and 



2243Archives of Toxicology (2021) 95:2235–2253	

1 3

is endemic in Africa and South America, infecting about 
200,000 persons every year. YFV infection is fatal in about 
5% of the infected individuals (Waggoner et  al. 2018). 
Infection can cause hepatocyte midzonal steatosis, apopto-
sis and lytic necrosis. The massive hepatocyte death during 
yellow fever is, however, mainly due to apoptosis (Simões 
Quaresma et al. 2005), which differentiates NASH from 
simple steatosis (Boeckmans et al. 2018). Analysis of liver 
biopsies from fatal yellow fever cases showed that the virus-
induced hepatocyte apoptosis is likely mediated by TGF-β, 
TNF-α and natural killer cell activity (Quaresma et al. 2006). 
Although correlation studies are lacking, pre-existing NASH 
could potentially potentiate liver failure during yellow fever.

Bacteria and parasites

It has been well documented that bacterial infections that are 
not necessarily hepatotropic, can influence liver functional-
ity and development of hepatic diseases (Minemura et al. 
2014). Further, the dysfunction of the gut mucosal barrier 
(leaky gut) can lead to bacterial translocation from the gut to 
the liver via the gut–liver axis (Giannelli et al. 2014). Multi-
ple bacteria, including H. pylori, K. pneumoniae, Chlamydia 
species and bacteria involved in periodontitis can specifi-
cally contribute to the progression of MAFLD (Upala et al. 
2016; Yuan et al. 2019; Bolukbas et al. 2005; Marangoni 
et al. 2015; Alakhali et al. 2018).

Most research regarding parasitic infections and fatty 
liver disease concerns Plasmodium species. Although spe-
cific links exist between MAFLD and the parasitic infections 
discussed below, there is no general consensus for an impor-
tant interrelationship. However, several lines of experimental 
evidence are present that infections caused by Plasmodium 
species, Schistosoma species, Toxoplasma gondii (T. gondii) 
and Trypanosoma cruzi (T. cruzi) are at the interface with 
MAFLD (Viriyavejakul et al. 2014; Chen et al. 2013; Huang 
et al. 2018; Lucchetti et al. 2019).

Helicobacter pylori

H. pylori is a commensal Gram-negative bacterium that 
mainly persists in the gastroduodenal mucosa where it can 
cause peptic ulcer (Brown 2000). About half of the world 
population is colonized with H. pylori which generally 
occurs before the age of 10 years (Cover and Blaser 2009). 
H. pylori infection seems to positively associate with the 
presence of the metabolic syndrome (Upala et al. 2016) and 
MAFLD (Liu et al. 2019; Wijarnpreecha et al. 2018; Man-
tovani et al. 2019).

H. pylori‑related MAFLD largely depends on fetuin 
A and lipoproteins

H. pylori-positive patients exhibited higher Homeostatic 
Model Assessment for Insulin Resistance (HOMA-IR) 
scores and fasting insulin serum levels compared to H. 
pylori-negative patients (Eshraghian et al. 2009). Moreover, 
H. pylori IgG seropositivity has been associated with hepat-
ocyte ballooning (Sumida et al. 2015), which is characteris-
tic of NASH (Zanto et al. 2010), suggesting a potential asso-
ciation between H. pylori infection and the progression of 
simple steatosis to NASH. A possible interaction mechanism 
between H. pylori infection and MAFLD involves fetuin 
A or alpha 2-HS glycoprotein (AHSG), which is a serum 
glycoprotein synthesized by hepatocytes that plays a role 
as a carrier of free fatty acids. Indeed, higher serum fetuin 
A levels in H. pylori-positive patients have been reported 
to correlate with impaired insulin sensitivity and glucose 
tolerance (Fig. 4) (Stefan and Häring 2013; Trepanowski 
et al. 2015). Increased fetuin A serum levels and hepatic 
gene expression have also been related to hepatic steatosis 
and NASH (von Loeffelholz et al. 2016; Kahraman et al. 
2013). Furthermore, in vitro studies using rodent myoblasts 
indicated that fetuin A inhibits tyrosine kinase activity of 
the insulin receptor and blocks insulin-mediated glucose 
transporter type 4 (GLUT4) translocation and protein kinase 
B (Akt) activation, thereby promoting insulin resistance 
(Goustin et al. 2013). Fetuin A also acts as an endogenous 
adaptor protein for free fatty acid-mediated activation of 
TLR4 in mice. Activation of TLR4 typically results in an 
inflammatory response through activation of NF-κB and 
c-Jun N-terminal kinase (JNK) signaling pathways (Pal et al. 
2012). This might reflect the presence of the wide panel of 
inflammatory mediators (c-reactive protein, TNF-α, IL-6, 
IL-1β) in patients suffering from H. pylori infection. These 
pleiotropic effects of fetuin A could, therefore, represent an 
alternative mechanism for steatohepatitis development dur-
ing H. pylori infection. Besides increasing fetuin A levels, 
H. pylori infection could also contribute to gut barrier dis-
ruption leading to translocation of LPS and other PAMPs 
to the liver (Dash et al. 2019; Quesada-Vázquez et al. 2020) 
that are known activators of Kupffer cells and stellate cells 
to promote fibrosis (Boeckmans et al. 2018). In addition, H. 
pylori infection is associated with lower high-density lipo-
protein (HDL) cholesterol serum values (Upala et al. 2016), 
known to promote dyslipidemia (Chatrath et al. 2012). H. 
pylori eradication increases HDL and decreases low-den-
sity lipoprotein (LDL) cholesterol (Niegawa et al. 2018), 
thereby restoring the cardioprotective activity of the HDL/
LDL ratio and decreasing the cardiovascular risk related to 
MAFLD (Sun et al. 2016). Furthermore, H. pylori eradica-
tion increases serum adiponectin levels (Ando et al. 2013), 
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which could enhance insulin sensitivity and lead to whole-
body metabolic improvements (Ando et al. 2013; Stern et al. 
2016).

Klebsiella pneumoniae

Klebsiella pneumoniae (K. pneumoniae) is a commensal 
Gram-negative bacterium of the Enterobacterales order that 
can cause opportunist infections in the compromised (usu-
ally hospitalized) host (Paczosa 2016). It has been shown 
that alterations in gut microbiota may contribute to a series 
of diseases including type 2 diabetes, obesity and MAFLD 
(Abu-Shanab and Quigley 2010).

Ethanol fulfills a role in the pathogenesis of MAFLD

One particular aspect of alterations in gut microbiota in 
MAFLD is a shift towards ethanol-producing bacteria 
(Marra and Svegliati-baroni 2017), suggesting that etha-
nol also fulfills a role in the pathogenesis of MAFLD. In 

that view, it has been observed that ethanol-producing K. 
pneumoniae are present in up to 60% of MAFLD patients. 
The causative role of K. pneumoniae was evidenced by 
oral gavage of clinical isolates in mice as well as fecal 
microbiota transplantation. When the ethanol-producing 
K. pneumoniae strain was selectively removed from the 
fecal transplant, the mice did not develop MAFLD (Yuan 
et al. 2019). The NASH-promoting effects induced by K. 
pneumoniae are at least in part due to mitochondrial dys-
function (Chen et al. 2020), leading to oxidative stress 
which is a hallmark of NASH (Buzzetti et  al. 2016). 
Furthermore, liver-infiltrating T cells, neutrophils, mac-
rophages, and B cells were more abundant in mice fed the 
ethanol-producing K. pneumoniae strain or ethanol (Yuan 
et al. 2019), indicating immune system activation. Hence, 
although clinical evidence is lacking, the presence of etha-
nol-producing K. pneumoniae in the gut can be considered 
as a risk factor for MAFLD.

Fig. 4   H. Pylori-infection-mediated mechanisms leading to hepatic 
steatosis inflammation and fibrosis. H. Pylori infection relates to 
increased serum fetuin A levels. Fetuin A can impair insulin signaling 
by interrogating with, among others, insulin receptor tyrosine kinase 

activity and promote inflammation through TLR4 activation. H. 
Pylori infection probably also relates to increased gut barrier permea-
bility which can result in translocation of PAMPs to the liver through 
the gut-liver axis and initiate inflammation and fibrosis
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Periodontitis

Periodontitis is a chronic infectious disease in which an 
inflammatory response occurs due to the interplay between 
oral microorganisms and the host immune system (Pihlstrom 
et al. 2005).

Suffering from periodontitis can increase the risk 
for MAFLD development.

Although the number of prospective cohort studies is small, 
a systematic review concluded that periodontitis could 
enhance the risk for MAFLD development and progression 
(Alakhali et al. 2018). A periodontal probing pocket depth 
greater than 4 mm has been documented as a risk factor for 
MAFLD (Iwasaki et al. 2018) and the association between 
periodontitis and NASH is stronger when accompanied by 
significant liver fibrosis (Alazawi et al. 2017). Periodontitis 
has also been associated with poorly controlled type 2 diabe-
tes (Salvi et al. 2008) as well as an increased prevalence and 
incidence of coronary heart disease (Bahekar et al. 2007). 
Considering that type 2 diabetes is a major risk factor for 
MAFLD (Finck 2018) and that cardiovascular disease is the 
leading death cause among MAFLD patients (Stefan et al. 
2018), it is not surprising that periodontitis also occurs more 
frequently within this patient group.

Multiple bacteria could be implicated 
in periodontitis‑related MAFLD

Multiple phyla have been related with periodontitis among 
which Bacteroidetes, Candidatus Saccharibacteria, Firmi-
cutes, Proteobacteria, Spirochaetes, Synergistetes, Porphy-
romonas and Aggregatibacter (Pérez-Chaparro et al. 2014; 
Guentsch et  al. 2009). Aggregatibacter actinomycetem-
comitans (A. actinomycetemcomitans) is a Gram-negative 
perio-pathogenic bacterium that has been linked to localized 
aggressive periodontitis (Arora et al. 2015). It was found 
that higher occurrence of A. actinomycetemcomitans was 
associated with periodontitis in type 1 and type 2 diabetes 
patients (Castrillon et al. 2015) and that IgG seropositivity 
positively related with visceral fat, fasting plasma insulin 
levels, and HOMA-IR score. Using mice colonized with A. 
actinomycetemcomitans and fed a high-fat diet (HFD), it was 
demonstrated that additional administration of A. actinomy-
cetemcomitans led to higher hepatic steatosis compared to 
mice that did not receive the microorganism. Furthermore, 
these mice also exhibited increased expression of genes 
related to glucagon and adipocytokine signaling and insulin 
resistance along with lower Akt phosphorylation (Komazaki 
et al. 2017). Porphyromonas gingivalis (P. gingivalis) is also 
more common in the saliva of NASH patients (Yoneda et al. 
2012) and antibody titers against fimbriae type 4 relate to 

fibrosis severity (Nakahara et al. 2018). Further, mice with 
dental P. gingivalis infection and fed with a HFD developed 
more severe steatosis and fibrosis in comparison to mice 
without the dental infection. Liver samples of mice with 
dental P. gingivalis infection exhibited lower stearoyl-CoA-
desaturase (SCD1) and fatty acid elongase 6 (ELOVL6) lev-
els, which is, however, inconsistent with the higher steatosis 
rate. These animals also showed increased hepatic levels of 
unsaturated fatty acids, which might be seen as a protec-
tive and compensatory mechanism (Nakahara et al. 2018). 
Hence, A. actinomycetemcomitans and P. gingivalis-related 
periodontitis may potentiate risk factors for developing insu-
lin resistance, type 2 diabetes and consequently MAFLD.

Chlamydia pneumoniae/trachomatis

Chlamydia pneumoniae (C. pneumoniae), a respiratory 
pathogen, and Chlamydia trachomatis (C. trachomatis), 
one of the most prevalent sexually transmitted organisms, 
are obligate intracellular Gram-negative bacteria (Di Pie-
tro et al. 2019). In a small study with male patients, it was 
observed that C. pneumoniae IgA seropositivity was signifi-
cantly more often present in patients suffering from NASH 
(53.3 vs 5%), while this was not the case for IgG (Bolukbas 
et al. 2005). This correlation might reflect earlier studies that 
report a link between persistent C. pneumoniae infection 
and the metabolic syndrome (Laurila et al. 1997; Leinonen 
and Saikku 1999), although conflicting results exist (Falck 
et al. 2002). Nonetheless, C. pneumoniae infection induced 
dyslipidemic effects in mice and also altered the hepatic 
expression of genes involved in lipid metabolism, including 
reduced expression of CPT1A and acyl-CoA dehydrogenase 
medium chain (ACADM), pointing to compromised mito-
chondrial fatty acid oxidation. Moreover, expression of liver 
IL1B mRNA was induced (Marangoni et al. 2015), indicat-
ing an inflammatory response.

In addition, C. trachomatis infection seems to intervene 
with hepatic lipid metabolism and inflammation. In Chang 
Liver cells, C. trachomatis induced fatty acid uptake via fatty 
acid binding protein 1 (L-FABP) expression which promoted 
chlamydial intracellular growth (Wang et al. 2007). Fur-
thermore, C. trachomatis-infected mice showed increased 
hepatic IL-6 and TNFA mRNA expression, which both are 
typical markers involved in NASH. Yet, this was accompa-
nied with decreased levels of the de novo lipogenic genes 
acetyl-coenzyme A carboxylase (ACC​) and FAS (Marangoni 
et al. 2015).

Taken together, although a direct link between Chlamydia 
species infections and MAFLD is lacking, different molecu-
lar connections can be made which points to the need for 
more research in this area, especially when considering the 
asymptomatic nature of the infection (Di Pietro et al. 2019; 
Hyman et al. 1995).
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Plasmodium

Malaria is the most common parasitic mosquito-borne 
disease (White et al. 2014). The responsible parasites are 
unicellular protozoan that can cause fever, anemia, coma 
and death. After mosquito-mediated host entry of sporo-
zoites, the parasite asexually reproduces merozoites in 
hepatocytes. The first symptoms appear upon the first liver 
schizont rupture releasing merozoites that are competent 
to infect erythrocytes. A subset of Plasmodium species is 
able to infect humans (P. falciparum, P. vivax, P. ovale, P. 
malariae and P. knowlesi) (Milner 2018). Most frequent 
and severe cases are caused by P. falciparum and P. vivax 
that together infect over 200 million persons each year. 
Nearly, all malaria-related deaths result from P. falciparum 
infection (White et al. 2014).

Severe malaria cases often exhibit hepatic dysfunc-
tion and jaundice, which histopathologically manifest as 
hepatocyte necrosis, granulomatous lesions, Kupffer cell 
hyperplasia, malarial pigmentation, cholestasis and mono-
cyte infiltrations to malarial nodules (Reuling et al. 2018).

Type 2 diabetes mellitus increases the risk for P. falci-
parum infection which might be due to decreased T cell-
mediated immunity and increased glucose availability for 
the parasite (Danquah et al. 2010; Muller et al. 2005). 
P. falciparum infection is generally not associated with 
MAFLD progression. Yet, severe cases are accompanied 
by hyperplastic Kupffer cells and portal tract inflammation 
along with increased NF-κB p65 and cleaved caspase-3 
expression in Kupffer cells and lymphocytes (Viriyave-
jakul et al. 2014). In accordance, enlarged Kupffer cells 
have also been seen in the perivenular regions in human 
NASH liver biopsies (Lefkowitch et al. 2002). Therefore, 
the interplay between increased risk for P. falciparum 
infection and common hepatic histopathological features 
of NASH could result in an increased risk for synergetic 
liver disease progression.

Of note, Plasmodium merozoites require specific fatty 
acids that cannot be endogenously produced, although 
essential for development and replication. Mice infected 
with P. chabaudi exhibit hyperproteinemia, hypertriglyc-
eridemia, hypoglycemia, and hypocholesterolemia. Moreo-
ver, these mice also show hepatic accumulation of free 
fatty acids, cholesterol and triglycerides along with promo-
tion of gene- and protein expression of PPAR-γ and FAS 
together with reduced 5′ AMP-activated protein kinase 
(AMPK) phosphorylation. Remarkably, these effects are 
rescued by metformin treatment, which is an AMPK acti-
vator (Kluck et al. 2019). Importantly, metformin also 
attenuates P. falciparum growth in human hepatocytes 
(Vera et al. 2019), suggesting a possible avenue for drug 
repurposing.

Toxoplasma gondii

T. gondii is a protozoan parasite that latently encysts in multiple 
tissues including skeletal and cardiac muscle, retina, and the 
central nervous system (Mendez and Koshy 2017). It is esti-
mated that one-third to half of the world population is infected 
with T. gondii during lifetime (Flegr et al. 2014). In a popula-
tion-based study, MAFLD was found to positively relate to the 
presence of T. gondii in an age-dependent way (Huang et al. 
2018). Yet, no strong evidence exists that T. gondii infection 
is associated with MAFLD and further studies are warranted.

Schistosoma

Schistosomiasis is caused by flukes of the genus Schistosoma 
that infect among others liver, intestine, bladder and urethra. 
Five of these trematodes can infect humans, i.e., S. haema-
tobium, S. intercalatum, S. japonicum, S. mansoni and S. 
mekongi. Each year, 230–250 million persons are infected 
worldwide and schistosomiasis is, therefore, the second most 
common parasitic infection after malaria (Nelwan 2019). In 
a specific rural Chinese population, it was found that people 
that previously have undergone schistosomal infection exhibit 
lower prevalence of diabetes and a better metabolic profile 
(Chen et al. 2013). Indeed, in vivo and in vitro experiments 
showed that S. japonicum infection leads to reprogramming of 
liver glycolipid metabolism in the direction of decreased lipo-
genesis and increased fatty acid catabolism (Xu et al. 2019). 
Recently, these findings have been confirmed in HFD-fed, S. 
mansoni-infected mice that showed an improvement of their 
metabolic syndrome features. However, these beneficial effects 
developed at the expense of more advanced liver injury, sug-
gesting the presence of both favorable as detrimental effects of 
schistosomal infection (da Silva Filomeno et al. 2020).

Trypanosoma cruzi

T. cruzi is a protozoan that causes Chagas disease. T. cruzi 
infection in mice reduces hepatic steatosis and exacerbates 
TLR4-mediated hepatic inflammation (Onofrio et al. 2015; 
Lucchetti et al. 2019; Cabalén et al. 2016) which could worsen 
steatohepatitis. From the opposite perspective, the metabolic 
syndrome also intensifies Chagas disease in mice during the 
acute phase of T. cruzi infection (Lucchetti et al. 2019), sug-
gesting an interrelationship between the metabolic syndrome, 
T. cruzi infection and MAFLD.

General remarks and conclusion

Multiple pathogens may promote or potentiate fatty liver 
disease and steatohepatitis development, and therefore, 
synergistically provoke MAFLD progression to end-stage 
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liver disease. Studies related to MAFLD are often situated 
at the interface of pathogen-induced fatty liver disease. 
This applies to HCV infection and NASH, both character-
ized by decreased PPARA​ levels (Dharancy et al. 2005; 
Francque et al. 2015). HCV (Cheung and Sanyal 2008) and 
HIV (van Welzen et al. 2019) infections are best known 
for their liver steatosis- and inflammation-inducing prop-
erties. Considering the silent nature of MAFLD, espe-
cially asymptomatic infections or colonization by certain 
pathogens could worsen and accelerate fatty liver disease 
development throughout life. In contrast, acute highly 
symptomatic infections that require quick (pharmacologi-
cal) intervention might readily impact liver physiology 
and detriment MAFLD as well on the long run. Nonethe-
less, the causative link between a pathogen and MAFLD 
deterioration in humans is difficult to establish seen its 
multifactorial nature. Indeed, Koch’s postulates (Byrd and 
Segre 2016) are most often not fulfilled.

We speculate, however, that although specific molecular 
and cellular links between infectious diseases and MAFLD 
can be drawn, pathogens can put additional pressure on 
an already disturbed immune system, resulting in liver 
disease deterioration. The liver fulfills an important posi-
tion in the innate immune system, holding several popu-
lations of innate immune cells including Kupffer cells, 
neutrophils, mast cells and innate-like lymphocytes. Apart 
from these classical immune cells, also liver sinusoidal 
endothelial cells and hepatocytes possess important immu-
nogenic properties. Indeed, complement factors, acute 
phase proteins and extracellular vesicles allow an extra-
hepatic response through the whole organism (Cai et al. 
2019). More specifically, circulating mucosal-associated 
invariant T (MAIT) cells, important for anti-bacterial and 
viral defense inter alia in the liver (Jeffery et al. 2016), are 
reduced in patients with alcoholic or MAFLD-related cir-
rhosis, while they accumulate in liver fibrotic septa (Hegde 
et  al. 2018). Therefore, more universal mechanisms 
whether or not additional to specifically disturbed path-
ways, could lay at the basis of pathogen-related MAFLD 
progression and vice versa.

The role of adaptive immunity in NASH is an active 
field of research. Oxidative stress-derived epitopes may 
be presented to CD4+ T-helper cells, promoting cytotoxic 
CD8+ T cell responses and B cell maturation resulting 
in secretion of anti-oxidative stress-derived epitope IgGs 
(Sutti and Albano 2020). Oxidative stress is an unspecific 
response to a variety of causes. Therefore, we hypothesize 
that infections causing tissue damage and profound inflam-
matory responses, could potentiate existing NASH by 
triggering subsequent sterile inflammation (Binder et al. 
2016). Further studies are, however, warranted to elucidate 
the roles of specific pathogens within the multifactorial 
nature of MAFLD.
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