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General discussion and future perspectives

GENERAL DISCUSSION

Over the past few decades we have witnessed advances in understanding of how tissues
communicate with one another in health and disease. Now, it is well-established that
cardiometabolic diseases are far more than simple dysfunction within local tissues and
organs. Rather, cardiometabolic health is regulated by highly controlled coordination
between various metabolic organ systems. By generating signaling molecules, such
as peptide/protein hormones, bioactive lipids and small molecules, these functional
metabolic organ systems are able to work together to maintain cardiometabolic health.
However, dysregulation of the inter-organ cross-talk by disturbing the production
of these signaling molecules, for example, contributes to the development of obesity
and its associated cardiometabolic diseases, such as non-alcoholic fatty liver disease
(NAFLD) and atherosclerotic cardiovascular disease (asCVD).

In recent years, signaling molecules involved in the inter-organ communication have
been proposed as potential targets for combating cardiometabolic diseases. These
molecules are often easier to manipulate than other determinants of cardiometabolic
diseases, such as genetic makeup and environmental factors. Therefore, approaches
aiming to regulate local and/or systemic levels of these signaling molecules (e.g.
organokines and metabolites) are currently being explored to alleviate cardiometabolic
diseases. Despite some progress made in the treatment of these diseases, more can
be done to tackle the risks of cardiometabolic diseases. In particular, cardiovascular
diseases (CVDs) remain the leading cause of death worldwide, taking an estimated
18 million lives each year [1]. Therefore, there is still an unmet need for additional
therapeutic targets and approaches that can effectively combat cardiometabolic

diseases.

In this thesis, by using dietary and pharmacological interventions, the potential of
targeting inter-organ cross-talk to combat cardiometabolic diseases has been further
explored. Two main therapeutic targets have been investigated to treat cardiometabolic
diseases, namely 1) gut microbiota-centered inter-organ cross-talk and 2) liver-centered
inter-organ crosstalk. The promise and future of these therapeutic targets and potential
approaches will be discussed in this chapter.

1. Drugging the gut microbiota to improve inter-organ crosstalk for com-
bating cardiometabolic diseases

The vast community of micro-organisms that inhabit the gut, i.e. the gut microbiota,
has influence far beyond food digestion. Recent studies uncovered a potential
contribution of the gut microbiota to the development of certain cardiometabolic
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diseases. The mechanisms by which the gut microbiota modulates etiopathogenesis of
cardiometabolic diseases are just beginning to be dissected. The gut microbiota forms
a bioreactor that is fueled by exogenous (e.g. dietary nutrients) and endogenous (e.g.
glycoproteins of the intestinal mucus layer) compounds. Upon breaking down these
molecules, the gut microbiota can generate various metabolites, such as short chain
fatty acids (SCFAs) and trimethylamine (TMA). These fermentation processes may also
cause increased intestinal permeability, thereby causing translocation of microbiota-
associated molecules e.g. lipopolysaccharide (LPS), into the circulation of the host.
Upon entering to the circulation, gut microbial metabolites and gut microbiota-
associated bioactive molecules can signal to metabolic organs, like adipose tissue and
the liver, of the host to affect the host cardiometabolic health. Therefore, intervention
studies aiming to manipulate the gut microbiota to influence local and/or systemic
levels of its associated signaling molecules are crucial next steps. The gut microbiota-
centered inter-organ cross-talk has thus been regarded as a novel therapeutic target
for cardiometabolic diseases. The section below describes the therapeutic potential of
such approaches that have been investigated in this thesis.

1.1 Regulating the production of gut microbiota-associated signaling
molecules by dietary interventions

The diet and gut microbiota interact in a mutualistic manner. On the one hand, dietary
factors are among the most potent modulators of the gut microbiota. On the other
hand, microorganisms in the gut in turn affect the utilization and storage of ingested
dietary nutrients, with potentially profound impact on host health. To understand how
the diet affects the gut microbiota to influence cardiometabolic health, and to search
for suitable dietary regimens that can effectively alleviate cardiometabolic diseases,
various dietary intervention strategies are being tested in preclinical and clinical
research. The main strategies include manipulating specific dietary nutrient(s) and
optimizing dietary patterns (e.g. Ketogenic, Mediterranean and Paleolithic diet). In
this thesis, to uncover the regulatory role of dietary components in the gut microbiota-
host cross-talk and the consequences of this cross-talk for cardiometabolic health, I
chose to modify the content of specific dietary nutrient(s) (Chapter 2 and Chapter
3). One limitation of this approach is that dietary nutrients are rarely consumed in
isolation. Nevertheless, manipulation of specific dietary components is required to
gain mechanistical insights into their roles of in the microbiota-host communication,
and is necessary to develop effective dietary regimens that can limit cardiometabolic

dysfunction, which have been elaborated on below.

Reducing dietary simple sugar and saturated fat intake. Diet rich in simple sugars
and/or saturated fat has been shown to cause a rapid remodeling of the gut microbiota
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and trigger the development of cardiometabolic diseases in both animals and humans
[2-5]. One mechanism by which the gut microbiota impacts cardiometabolic health
upon high consumption of these dietary components is the damage of the gut
barrier [5, 6]. Preclinical studies show that high simple sugars and/or saturated fat
consumption increases the abundance of mucus-degrading bacteria that compromise
intestinal barrier integrity [7, 8]. As a result, LPS, a cell wall component of Gram-
negative bacteria, is released into the circulation, binds to Toll-like 4 receptors that
are expressed in various immune cells (e.g. macrophages) and tissues (e.g. hepatocytes
and adipocytes), and elicits pro-inflammatory responses [8-10]. In line with this,
clinical studies observed that circulating LPS levels correlate with the development of
cardiometabolic diseases, such as obesity [11] and NAFLD [12]. To investigate whether
limiting the consumption of dietary sugar and fat is able to reduce the incidence of
cardiometabolic diseases, several dietary intervention strategies have been evaluated in
experimental animal models and in the clinic. The ketogenic diet, for example, which
is characterized by low carbohydrates (CHOs; ~5-10% of total caloric intake) and was
originally developed as a treatment for epilepsy, has been optimized for dietary fat
and protein quantity and quality, and adopted for body weight management. Animal
studies have shown that a ketogenic diet protects against obesity, while contradictory
findings have been reported for e.g. type 2 diabetes (T2D) and asCVD [13, 14]. Some
human studies reported a negative impact of ketogenic diets on the gut microbiota
and cardiometabolic health [15, 16]. However, these studies were performed in small
populations, limiting generalization to larger cohorts. Recently, a meta-analysis of 5
clinical trials with 447 participants [17] and recent clinical study involving 311 women
with obesity [18] indicated that a low-fat diet is a feasible alternative to a low-CHOs diet
for inducing weight loss with beneficial cardiometabolic effects, which were associated
with decreased abundance of Gram-negative bacteria in the gut [19]. Likewise, a
Mediterranean diet with a small proportion of complex CHOs (i.e. dietary fiber) and
a high proportion of monounsaturated fat elicited favorable microbiota profiles (e.g.
lower ratios of Firmicutes: Bacteroidetes) and metabolite production (high fecal SCFAs)
and exhibited cardiovascular benefits [20, 21].

These findings thus suggest that limiting simple sugars and/or saturated fat
consumption holds great promise in combating cardiometabolic diseases. However,
future studies are needed to find the most suitable dietary fat and/or sugar content
that can safely maintain cardiometabolic health in the long-term. Also, evaluating
the impact of different types and sources of fat and CHO on the gut microbiota and
cardiometabolic diseases is required, which would be helpful in improving current
existing dietary patterns and developing novel dietary patterns that can effectively
protect against cardiometabolic diseases. Besides, as modified versions of ketogenic
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and Mediterranean diet protocols are rapidly growing in popularity, it is important
to examine their long-term impact and safety on the gut microbial community and
cardiometabolic health.

Increasing dietary fiber intake. In contrast to unfavorable effects of dietary saturated
fat and simple sugars, dietary fiber (i.e. complex CHO) has been shown to beneficially
modulate the gut microbiota and consequently improve cardiometabolic diseases.
Dietary fibers are indigestible by the human gut as human cells do not have the
enzymatic capacity to break down complex CHOs. However, unique taxa of gut
microbes utilize dietary fiber as an important energy source. Fermentation of dietary
fibers by gut microbes results in the production of large amounts of SCFAs, which
benefit the host by serving as both recovered energy from otherwise in accessible
dietary fiber and potent regulatory molecules with broad physiological effects. SCFAs
were first identified as a principal energy source for intestinal epithelial cells, and
most of the gut microbiota-derived SCFAs, in particular butyrate, have been estimated
to be consumed by these cells, resulting in maintained intestinal barrier function
and protection from intestinal inflammation [22]. Recent evidence revealed that
butyrate can exerts functions beyond the intestine in the brain and peripheral tissues.
SCFAs signal via the vagal nerve and via several G protein-coupled receptors in the
intestine to regulate whole-body metabolism [23, 24]. By using APOE*3-Leiden.CETP
mice, a well-established mouse model for human-like cardiometabolic diseases, our
group reported that dietary butyrate regulates the gut-brain axis to improve energy
metabolism through decreasing food intake and increasing fat oxidation by activating
thermogenic tissues. As a result, dietary butyrate potently prevented the development
of high-fat diet (HFD)-induced obesity and its associated metabolic disorders, including
dyslipidemia, insulin resistance and hepatic steatosis [25]. Consistently, plant-rich
and vegan/vegetarian diets rich in fiber, have been shown to promote weight loss
through modulating the gut microbiota [26]. However, it should be noted that despite
the observed protective effects of dietary fiber and SCFAs on obesity-associated
disorders, humans with obesity were shown to have high fecal and cecal levels of
SCFAs, indicating that SCFAs may also contribute to increased energy harvest [27].
Therefore, the individual’s status of energy homeostasis may determine whether the

beneficial effects of SCFAs on metabolism outweigh the extra calories obtained.

In addition to the beneficial effects of dietary fiber and SCFAs on body weight control,
recent studies showed that butyrate can reduce atherosclerosis in inflammation-driven
atherosclerotic mouse models (i.e. Apoe ” and Ldlr" mice) partially via improving
the gut barrier function [28]. Butyrate can inhibit the overgrowth of Gram-negative
bacteria in the gut, thereby alleviating intestinal barrier permeability and systemic
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inflammation. As a result, butyrate can block macrophage infiltration into plaques
and protect against atherosclerosis progression. Given that hypercholesteremia
is another key driver of atherosclerosis development, in Chapter 2, we examined
whether butyrate confers its antiatherogenic effects in human-like APOE*3-Leiden.CETP
mice. We demonstrated that while butyrate beneficially modulates the gut microbiota
composition and function, we found no influence of butyrate on atherosclerotic plaque
size, severity and composition, including the macrophage-positive areas within the
lesions. Our data indicate that increased SCFA levels per se may not be sufficient
to protect against asCVD. However, future studies are still needed to evaluate the
therapeutic effects of dietary fibers themselves on asCVD in humanized animal models
(e.g. APOE"3-Leiden.CETP mice) and in humans.

Optimizing dietary protein quantity and quality. Dietary protein provides gut
microorganisms with essential nitrogen and carbon. Amino acid catabolism generates
various functional molecules, most of which can influence cardiometabolic health
[19]. For example, amines, phenols and indoles can combine with nitric oxide to form
genotoxic N-nitroso compounds that increases the risk of carcinogenesis in humans
populations [29]. In contrast, indole-propionic acid, a gut microbiota-associated
metabolite of tryptophan, can protect against asCVD by promoting reverse cholesterol
transport [30, 31]. The source of dietary protein also regulates gut microbiota-dependent
metabolic output. This is best exemplified by the production of trimethylamine N-oxide
(TMAO) from L-carnitine and its derivative choline, which are abundant in animal
protein such as red meat, eggs and fish [32-34]. Studies in mice (e.g. Apoe”, Ldlr",
diet-induced obese (DIO) and ob/ob mice), have linked high dietary L-carnitine and
choline consumption to the pathogenesis of cardiometabolic diseases, as caused by the
generation of TMAO through the communication between the gut microbiota and liver
[34]. The gut microbiota can convert dietary choline into trimethylamine (TMA) that
is delivered via the portal vein to the liver where hepatocytes rapidly oxidize TMA
into TMAO. TMAO was reported to aggravate atherosclerosis via several pathways,
such as promoting foam cell formation and activating proinflammatory responses
[34, 35]. However, in Chapter 2, by using humanized APOE*3-Leiden.CETP mice, we
surprisingly demonstrated that diet rich in choline beneficially modulates the gut
microbiota without affecting atherosclerosis. In Chapter 3, we further reported that
dietary choline activates brown adipose tissue (BAT) to alleviate adiposity. In line
with our findings, human studies showed a profound body weight reduction upon high
dietary choline intervention [36]. Moreover, we demonstrated that increased plasma
TMAO levels did not associate with the development of atherosclerosis (Chapter
2). The fact that TMAO induces atherosclerosis in Apoe” and Ldlr’- mice but not in
humanized APOE*3-Leiden.CETP mice, may suggest that TMAO lacks atherogenic
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properties in humans. Similarly, many clinical trials did not find any association
between plasma TMAO and CVD risk [37-39]. Multiple systematic reviews and cohort
studies have shown that the high intake of eggs, rich in TMAO precursors, is not
associated with asCVD risk and mortality [40, 41]. Notably, a very recent study reported
that TMAO even promotes anti-tumor immunity in triple negative breast cancer. This
study reported that TMAO inhibits tumor growth by activating CD8* T cell-mediated
anti-tumor immunity [42]. Also, the TMAO precursor choline enhances response
to immunotherapy in triple negative breast cancer [42]. It would be interesting to
investigate the role of dietary choline in other aspects of cardiometabolic diseases,
such as obesity-associated cancers in the future. The current results highlight that
vast effects of amino acid metabolites that are generated by the gut microbiota on host
physiology are now just beginning to emerge and represent an area ripe for future
research.

Optimizing dietary micronutrients. Besides macronutrients, dietary micronutrients
also modulate the gut microbiota and affect cardiometabolic health. Vitamin D, for
example, was shown to mitigate obesity-associated metabolic dysfunction in part by
beneficially shaping the gut microbiota composition [43]. Like vitamins, metals can
dramatically alter the composition and function of the gut microbiota, with profound
impact on the host’s cardiometabolic health. A recent study reported that high
dietary iron consumption promotes NAFLD development in the context of obesity.
By performing fecal microbiota transplantation, this study demonstrated that iron-
induced liver damage is mediated by the gut microbiota [44]. Moreover, the high-salt
diet can induce hypertension, as caused by decreased abundance of Lactobacillus and
increased proportion of proinflammatory T helper 17 cells [45]. Overall, the interactions
observed thus far between micronutrients and the gut microbiota, as well as a myriad of
other interactions that undoubtedly still await discovery, represent a promising avenue
for future research. These findings also emphasize the critical role of determining
micronutrient composition in gut microbiota-based dietary intervention studies and
warrant the need for clinical research in people at high risk of inadequate or excessive

micronutrient intake.

Collectively, currently available data have shown that modulation of the dietary
content of macro- and micro-nutrients has profound impact on the gut microbiota-
centered inter-organ cross-talk and holds great promise for combating cardiometabolic
diseases. Herein, we have further added novel insights into the role of dietary fiber and
protein interventions in regulating cardiometabolic health. We have shown that while
dietary supplementation with butyrate can effectively promote weight loss, it may not
be able to protect against asCVD (Chapter 2). Future studies are required to examine
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the protective effects of dietary fiber itself on asCVD in various animal models and
in humans. Besides, we demonstrated that dietary choline, which is highly present
in animal proteins (e.g. red meat, eggs, fish and sea food) has favorable effects on the
gut microbiome and body composition, without affecting atherosclerosis (Chapters
2 and 3). Furthermore, plasma TMAO levels did not correlate with atherosclerosis
(Chapter 2). Given that alternative voices regarding the effect of choline/TMAO on
health and disease are getting louder, future studies are needed to examine whether
high intake of (specific) animal proteins is in fact detrimental or not. Taken together,
the plasticity of the gut microbiota makes their dietary modification an attractive
approach for cardiometabolic disease prevention and treatment. However, one main
factor that complicates the implementation of dietary interventions is the heterogeneity
of gut microbiota composition among individuals which is caused by e.g. their different
genetic backgrounds. In this regard, a main challenge for the future will be to design
optimal dietary intervention strategies for populations with similar gut microbiota
profiles, or even a personalized nutrient regimen for each individual.

1.2 Modulating the production of gut microbiota-associated signaling
molecules by pharmacological interventions

In addition to dietary interventions, treatment with antibiotics, prebiotics and
probiotics, and more recently, bacterial enzyme inhibitors and bacteriophages, are
currently tested as intervention strategies aiming to modulate the gut microbiota
profile and function in several diseases. The section below describes the potential of
such pharmacological approaches specifically in the treatment of cardiometabolic

diseases.

Antibiotics, prebiotics and probiotics. Although several studies reported an
association between the development of atherosclerosis and the presence of pathogens
such as Helicobacter pylori and Cytomegalovirus [46-48], the use of antibiotics to
selectively eliminate potentially harmful microbial species has not paid off so far.
In both animal and human studies, antibiotic treatment has been associated with
various metabolic disorders, such as obesity and peripheral insulin resistance [49].
Aside from this, frequent exposure of the gut microbiota to antibiotics can induce
rapid genetic modification of bacteria [50], which can accelerate the development of
antibiotic resistance. These findings indicate that antibiotics will probably not be a

viable option for the treatment of cardiometabolic diseases.
With technological advances, holistic examination of gut microbiota responses to

dietary nutrients has led to a recent expansion of the prebiotic concept, and the use
of prebiotics has been proposed as a therapeutic option for cardiometabolic diseases.
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Prebiotics are defined as selectively fermented ingredients that induce specific changes
in the composition and/or function of the gut microbiota, thus conferring health
benefits for the host. Favorable effects of prebiotics on cardiometabolic health have
been observed in both preclinical and clinical studies [51]. However, manipulating
the gut microbiota non-specifically by prebiotics can be dangerous. For example, a
compositionally defined diet combined with soluble inulin can induce the development
of gut microbiota-dependent hepatocellular carcinoma [52]. Thus, future studies
to provide mechanistic insights into the relationship between a prebiotic and a
downstream metabolic phenotype are very much needed. However, this task is very
challenging, since the gut microbial community and the gut microbiota-host cross-talk
are very complex. Natural modulations of the gut microbiota linked to e.g. diet, lifestyle
and drug interactions, also hinder the development of prebiotic therapeutics. Another
study reported that interindividual differences in the post meal glucose response
are associated with individual dissimilarities in the gut microbial composition [53].
These studies indicate that a personalized strategy may be necessary and should be
systematically addressed to maximally exploit the benefits of prebiotic supplements.

Meanwhile, probiotics (i.e. live microorganisms) have also been shown to exert health
benefits on the host when administered in adequate amounts. For example, Akkermansia
muciniphila (A. muciniphila), a SCFA producer, has been approved, in pasteurized form,
as a food supplement and categorized as a novel food by the European Food Safety
Authority [54]. Both live and pasteurized A. muciniphila were shown to improve
insulin resistance and dyslipidemia both in mouse models [55] and in humans [56].
The beneficial effects of pasteurized A. muciniphila on cardiometabolic health was likely
caused by a thermostable outer-membrane protein of A. muciniphila [57]. Similarly,
administration of multi-strain probiotics, which contain 3 strains of Lactobacillus, and 3
strains of Bifidobacterium, was shown to reduce fasting plasma insulin levels in people
with T2D [58]. Although probiotic interventions are clinically feasible and could be
valuable in the treatment of cardiometabolic diseases [59], there is still no consensus
on the intervention period, optimal dose and mechanistic pathways underlying the
efficacy of probiotics to improve cardiometabolic diseases. It is important to point
out that the current selection of probiotics is primarily in accordance to abundance-
based analyses of gut microbial composition, where microorganisms whose proportions
closely correlate with beneficial phenotypes are the main focus of interest. However,
the keystone commensal, which organizes the gut microbial community or provides
an crucial gain of function, can be a low-abundant component and is often not easily
detected by current sequencing depths of analyses.
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Bacterial enzyme inhibitors and bacteriophage therapy. Given the very recent
insight that metabolites produced by gut bacteria may be harmful for cardiometabolic
health of the host, one of the most recent lines of research focuses on developing small
molecules capable of selectively targeting microbial enzymes involved in the production
of those metabolites. However, data are very limited at the moment. Thus, due to high
therapeutic potential, such intervention strategies represent an important avenue of
future research. Bacteriophage therapy was initially described in the 1910’s but has
seen a recent renewal in interest with regard to the treatment of cardiometabolic
diseases [60]. It was recently reported that phage therapy can be utilized to deplete
susceptible gut bacteria and affect the metabolism of gut microbiota [60]. Bacteriophage
therapy has been examined in a mouse model of liver diseases, showing that that
bacteriophages can reduces the abundance of Enterococcus faecalis in the gut to improve
liver damage [61]. However, using this therapy to improve cardiometabolic diseases
has not been investigated outside of rodents and thus needs further investigation for
its therapeutic efficacy and clinical safety.

Taken together, the gut microbiota-targeted pharmacotherapy requires a progressive
and experimental pipeline approach. The first step towards developing novel
therapeutics for cardiometabolic diseases would be understanding the global
relationships between the gut microbiota and the host. Next, studies should focus on
classifying cardiometabolic diseases based on disease phenotypes and gut microbiota
profiles, so that different therapeutic strategies can be applied to different gut microbial
communities. Investigating molecular mechanisms of microbiota-host interactions
during pathological processes should be pursued, which would assist in developing
the gut microbiota-oriented therapy. Meanwhile, bioanalytical profiling technologies,
such as metagenomics and metabolomics, on human fecal samples, can be utilized to
provide holistic and dynamic biochemical information, which can help researchers
establish personalized gut microbiota-targeted therapeutic strategies (Gut microbiota-

oriented therapies for cardiometabolic diseases are shown in Figure 1).
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Reducing simple sugar/
saturated fat intake

Increasing dietary
asCVDs fiber intake

Optimizing dietary

NAFLD/NASH Gut protein/micronutrients
mlcrObIOta Antibiotics/prebiotics/
probiotics
Obesity Bacterial enzyme
inhibitors
Bacteriophage therapy
Cardiometabolic Gut microbiota-
diseases oriented Therapy

Figure 1. Drugging the gut microbiota to improve cardiometabolic diseases. The currently available
gut-microbiota-oriented therapeutic strategies for cardiometabolic diseases, i.e. obesity, non- alcoholic fatty
liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH) and atherosclerotic cardiovascular disease
(asCVD), are mainly dietary and pharmacological interventions. Dietary interventions, such as optimizing
dietary macro- and micro-nutrient quantity and quality, can beneficially modulate gut microbiota-centered
inter-organ cross-talk to combat cardiometabolic diseases. Likewise, gut microbiota-oriented pharmaco-
logical interventions, such as the use of antibiotics, prebiotics and probiotics, and more recently, bacterial
enzyme inhibitors and bacteriophage therapy, have also shown therapeutic potential in the treatment of
cardiometabolic diseases.

2. Targeting the liver to improve inter-organ cross-talk for combating
cardiometabolic diseases

Besides the gut, the liver is another key organ that can impact cardiometabolic
health and disease. Through fine-tuning circulating levels of metabolic substrates
(e.g. glucose and lipids) and through producing bioactive molecules (e.g. hepatokines),
the liver can communicate with various metabolic organ systems to regulate whole-
body metabolism. As such, liver-centered inter-organ cross-talk is an important target
for combating cardiometabolic diseases. The section below describes the therapeutic
potential of targeting this cross-talk that has been investigated in this thesis.

2.1. Improving liver metabolic function by dietary and pharmacological interventions

The liver is the hub of many metabolic pathways, including those of lipids and
glucose. In health, the liver is a well-controlled machinery, and it can coordinate the
whole-body metabolic flexibility that is characterized by the ability to dynamically
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adapt to fluctuations in energy needs and supplies. However, when the disposal of
metabolic substrates of e.g. fatty acids (FAs) within the liver is overwhelmed, lipids
may accumulate in the liver, thereby impairing liver metabolic function and carving
the path towards to the development of NAFLD. Given that liver steatosis, an early
stage of NAFLD, is an early indicator of hepatic and systemic insulin resistance, it
is not surprising that NAFLD is associated with increased risk of cardiometabolic
diseases. Indeed, feeding C57BL/6] mice with a HFD for 8 weeks induces liver steatosis,
and mice develop more severe liver steatosis accompanied with adiposity and insulin
resistance by prolonging the HFD feeding for another 8 weeks (Chapter 4). Likewise,
in most epidemiological studies, liver fat content correlates with high body mass index
(BMI) and high incidence of CVDs [62]. Moreover, by feeding APOE*3-Leiden.CETP
mice with a high fat and high cholesterol diet (HFCD) for 23 weeks, a humanized
progressive NAFLD model could be established (Chapter 6). Of note, compared to the
liver steatosis model (Chapter 4), this model exhibits more severe cardiometabolic
complications, such as hyperlipidemia, hyperglycemia, insulin resistance and obesity
(Chapter 6). This is in line with recent findings demonstrating that NAFLD severity
correlates positively with the severity of other cardiometabolic diseases [63]. As such,
the metabolic function of the liver has become an indicator of cardiometabolic heath,
and a barometer that allows the identification of individuals who are insulin resistant,
who are in a metabolic state of severe adipose tissue dysfunction, and who are at a high
risk of CVD development [62]. To improve liver metabolic function and cardiometabolic
health, two main liver-oriented strategies are being examined in both preclinical and
clinical research (i.e. dietary interventions and hepatocyte mitochondria-targeted
therapy), which will be elaborated on below.

Reducing hepatic metabolite substrate influx by dietary interventions. Dietary
factors can affect the metabolic function of the liver in addition to modulation of the
gut microbiota-centered inter-organ cross-talk (as described in the section 1.1). Dietary
interventions for NAFLD rely on the central hypothesis that optimizing the quality and
quantity of dietary nutrients can reduce the influx of exogenous metabolic substrates
(e.g. dietary CHOs and lipids) and endogenous metabolic substrates (e.g. white adipose
tissue [WAT]-derived FAs) into the liver. Currently, diets used for improving liver
metabolic function are mainly those that contain small amounts of saturated fat,
free sugars and/or refined CHOs [64]. High saturated fat consumption can increase
saturated free FAs in the circulation, which generally results in elevated influx of these
FAs into the liver. On the other hand, excess consumption of saturated fat can cause
endotoxemia, which can result in WAT inflammation and lipolysis, thereby further
elevating the supply of WAT-derived FAs to the liver. In the liver, excess saturated fatty
acetyl coenzyme A (acyl-CoA) can be metabolized into diacylglycerol (DAG). DAGs
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are precursors of TGs which can be stored in the liver in the form of lipid droplets. Of
note, DAGs can also activate protein kinase Ce, resulting in impaired hepatic insulin
signaling [65]. Besides, saturated fatty acyl-CoAs, particularly palmitoyl-CoA, can
enter to the de novo ceramide synthetic pathway. Ceramides can impair hepatocytic
mitochondrial function, and reduce hepatic and systemic insulin signaling, thereby
promoting the development of NAFLD and its associated cardiometabolic diseases [66].
Thus, reducing saturated fat intake may hold great promise in alleviation of NAFLD-
associated cardiometabolic diseases. Indeed, the Mediterranean diet that contains
high ratios of monounsaturated FAs (MUFAs) and polyunsaturated FAs (PUFAs)
relative to saturated FAs, has been shown to reduce liver fat content and obesity in
both preclinical and clinical studies [67]. Currently, the Mediterranean diet is also
recommended for people with NAFLD by guidelines of the European Associations for
the Study of both Obesity, Diabetes and the Liver (EASO, EASD and EASL, respectively)
[68]. However, thus far limited data are available to support the use of a Mediterranean
diet as a strategy for preventing and treating NAFLD. Thus, future studies are required
to examine its therapeutic efficacy, preferably at various stages of NAFLD in both

experimental animal models and ultimately in humans.

Reduction of dietary sugar and refined CHOs intake can reduce hepatic de novo
lipogenesis (DNL), which is a key contributor to NAFLD. DNL is a biochemical process
in which FAs are synthesized from acetyl coenzyme A (CoA) subunits which can be
derived from various sources, mainly dietary CHOs. High consumption of dietary
sugars can enhance DNL, which exclusively synthesized saturated FAs [69]. An
intermediate in the DNL pathway, malonyl-CoA, can inhibit mitochondrial FA uptake,
thereby limiting f-oxidation. Hence, reducing dietary CHOs and saturated fat may be
an effective strategy for combating NAFLD and its associated cardiometabolic diseases.
Consistently, a recent study has reported that short-term intervention with an isocaloric
low-CHO diet induces a dramatic reduction of liver fat and other cardiometabolic risk
factors paralleled by a markedly decreased DNL and largely increased mitochondrial
B-oxidation [70]. These results highlight the potential of low-CHO interactions for
treating NAFLD. Despite this, future studies are still needed to examine the influence

of low-CHO on cardiometabolic health and disease in the long-term.

In summary, current guidelines recommend dietary modifications, in particular
reducing dietary content of saturated fat, free sugars and/or refined CHOs, in the
treatment of NAFLD and its associated cardiometabolic diseases. However, it remains
unclear whether optimizing diet composition or following a particular dietary pattern
provides greater benefit. The Mediterranean diet has received the most attention with
the most promising results, and is recommended by the EASO, EASD and EASL for
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people with NAFLD. Other dietary strategies, such as ketogenic, plant-based and high-
protein diets, have all shown promise in beneficially affecting cardiometabolic diseases,
including NAFLD. However, prospective, long-term and randomized clinical studies
with liver histopathological endpoints are still required before recommendations
should be developed regarding most of these dietary interventions in the specific
NAFLD treatment.

Improving hepatocyte mitochondrial function by pharmacological interventions.
As mentioned above, unhealthy diets lead to liver metabolic dysfunction, and dietary
interventions are still the mainstay in the management of patients with NAFLD.
Nevertheless, lifestyle interventions are insufficient to fully prevent/reverse NAFLD
[71]. As such, pharmacological interventions that can effectively improve liver
metabolic function and cardiometabolic diseases are urgently needed. Over the past
decades, important advances have been made in the understanding of pathogenesis of
liver damage, fibrogenesis, and carcinogenesis in relation to mitochondrial dysfunction
of hepatocytes. Although liver-targeted, especially hepatocyte mitochondria-
targeted medicine, is still largely in the developmental stage, we will discuss here the
therapeutic potential of such a strategy in the alleviation of NAFLD and its associated
cardiometabolic diseases.

The liver is composed of several cell types, among which hepatocytes, making up 70-85%
of the liver mass [72]. Hepatocytes play a critical role in modulating CHO and lipid
metabolism, and thus are most susceptible to cellular damage. Within these cells (i.e.
hepatocytes), mitochondria are important organelles that are considered a metabolic
hub for controlling hepatocyte function. Hepatocytic mitochondria orchestrate
energy metabolism by substrate oxidation via a combination of B-oxidation of FAs
and glycolysis of glucose, coupled to the tricarboxylic acid cycle (TCA), adenosine
triphosphate (ATP) synthesis through oxidative phosphorylation (OXPHOS) and
reactive oxygen species (ROS) formation [72]. Aberrant alterations in these processes
can contribute to liver injury [73], indicating that improving hepatocyte mitochondrial
function is a potential strategy for the alleviation of NAFLD and its associated
cardiometabolic diseases. Indeed, in Chapter 4, we demonstrated that in developing
obesity, improved hepatocyte mitochondrial function was linked to decreased
sphingolipid accumulation and reduced inflammation in the liver. It is well-studied
that the early onset of obesity is characterized by aberrant lipid accumulation and
impaired mitochondrial function in the liver. Under obesogenic conditions, FA disposal
through pB-oxidation and TG formation is overwhelmed in the liver, so that excess FAs
can form lipotoxic species, such as sphingolipids, that dampen mitochondrial function

and induce local and systemic inflammation. With disease progression, obesity-driven
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NAFLD is associated with impaired mitochondrial ATP synthesis in hepatocytes [74-
76]. Indeed, we observed that upregulation of hepatic expression of mitochondrially
encoded ATP synthase membrane subunit 6 (m#-ATP6), a gene encoding ATP synthase,
was associated with a profound reduction of hepatic steatosis and inflammation.
During progressive NAFLD, hepatic inflammation leads to hepatic stellate cell (HSC)
activation, and activated HSCs are characterized by the release of retinoids, which
can induce production of excessive amounts of extracellular matrix proteins and
consequently promotion of liver fibrogenesis [77, 78]. In Chapter 4, we further reported
the protective effects of improved mitochondrial function against HSC activation,
as related to increased mitochondrial ATP synthesis. In agreement, depriving HSCs
from retinol reduces mitochondrial ATP synthesis, while energy output increased by
restoring retinol [78, 79]. Consistently, previous studies did show that within the liver,
the transcription level of the m#-ATP6 gene correlates with retinol levels [80], indicating
that improvement of mitochondrial function can alleviate NASH. Notably, improved
mitochondrial function of hepatocytes also contributed to reduced body fat mass
accompanied by improved adipose tissue function and insulin sensitivity (Chapter
4). Our findings further provide convincing evidence that hepatocyte mitochondria
function closely links to cardiometabolic health, and mitochondria-directed therapy
holds great promise in preventing and treating NAFLD and other cardiometabolic
diseases such as T2D and obesity.

In line with our findings, several drugs that are still used for treating obesity and/or
T2D in the clinic have shown profound impact on hepatocyte mitochondrial function,
and therefore have been proposed as potential therapeutics for NAFLD, such as
metformin. Metformin can directly act on hepatocytes to decrease gluconeogenesis
partially via modulation of mitochondrial complex I activity, AMP-activated protein
kinase (AMPK) activation, and the AMP concentration [81-83]. It can also enhance
the hepatic cytosolic redox state by inhibiting glycerol-3-phosohate dehydrogenase
activity to decrease glucogenesis [84, 85]. Consistently, several clinical trials observed
that metformin treatment improved hepatic steatosis and inflammation in people with
NAFLD. Likewise, liraglutide, an acylated glucagon-like peptide-1 (GLP-1) agonist that
is also used as anti-diabetic drug, has also been shown to improve NAFLD in HFD-
fed mice by improving mitochondrial function and reducing ROS production [86]. In
line with this, a randomized placebo-controlled study showed that compared with the
placebo group, liraglutide treatment promoted histological resolution of NASH [87].
Although these anti-diabetic drugs thus show some promise in alleviating NAFLD, their
efficacy in the treatment of more severe NAFLD, i.e. fibrotic NASH, requires further
investigation. Moreover, given that these therapeutic agents do not specifically target
hepatocyte mitochondria, these aforementioned findings only show an association
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between improved mitochondrial function and improved progressive NAFLD. Thus, it is
still unclear whether direct hepatocyte mitochondria-targeted therapy is able to combat
NAFLD and its associated cardiometabolic diseases. Future studies are thus needed to
evaluate the therapeutic potential of hepatocyte mitochondria-targeted therapy in the
treatment of NAFLD, and in particular fibrotic NASH.

Taken together, hepatocyte mitochondria are appealing targets for treatment of
liver pathologies. The development of drugs targeted to hepatocyte mitochondria is
strongly encouraged, as such drugs may be able to effectively combat NAFLD, and even
fibrotic NASH. This hypothesis is supported by our findings showing that improving
hepatocyte mitochondrial function can inhibit HSC activation (Chapter 4), indicating
the anti-fibrotic potential of mitochondria-targeted therapies. Currently, mitochondrial
medicine is largely in the developmental stage, and future pre-clinical and clinical
studies should pay more attention and efforts to explore its application in the treatment
of cardiometabolic diseases.

2.2 Hepatokine FGF21-based pharmacotherapy

As an endocrine organ, the liver secretes various peptide and protein hormones,
namely hepatokines, that can influence cardiometabolic health through cross-talk with
multiple metabolic organ systems via autocrine, paracrine and endocrine signaling.
As such, these bioactive molecules are of great interest as potential targets for the
treatment of cardiometabolic diseases, especially as many of these are much easier to
manipulate than other factors contributing to cardiometabolic diseases. Among these
hepatokines, fibroblast growth factor (FGF) 21 has been brought to the foreground as

a promising potential therapeutic for cardiometabolic diseases.

FGF21 is an atypical member of the endocrine FGF family that lacks mitogenic
activity. Although Fgf21 mRNA can be detected in numerous tissues (e.g. the liver
and adipose tissue), circulating FGF21 is mainly derived from the liver [88]. Indeed,
we (Chapter 5) and others [48, 89] observed that circulating FGF21 levels correlate
well with hepatic Fgf21 mRNA expression levels. FGF21 elicits its biological effects
by binding and activating a receptor complex comprised of FGF receptors (FGFRs)
and its co-receptor-klotho (KLB) [90]. Whereas FGFRs exhibit a ubiquitous expression
pattern, the expression of KLB is primarily restricted to specific metabolic organs (e.g.
the liver and adipose tissue) [91]. Physiologically, FGF21 is a stress-induced hormone,
whose levels rise in metabolically compromised states (e.g. obesity, T2D and NAFLD)
[88]. Hepatocyte lipid overload is an important signal that triggers FGF21 production
and release [92]. Induction of FGF21 is thought to mediate a compensatory response to
limit metabolic dysregulation, although such a physiological response is insufficient
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to actually compensate [88]. Indeed, administration of (long-acting) FGF21 has shown
beneficial effects on obesity and T2D, as reproducibly observed in many preclinical
studies [93-95]. For instance, FGF21 administration in DIO mice reduces fat mass and
improves insulin sensitivity and lipid profiles (that is, decreases in TGs and low-density
lipoprotein cholesterol, and increases in high-density lipoprotein cholesterol) [95-97].
Given that native FGF21 is unsuitable for clinical use owing to poor pharmacokinetic
and biophysical properties [91], a large number of long-acting FGF21 analogues have
been developed. Several FGF21 analogues have even progressed to early phases
of clinical trials in patients with e.g. obesity and T2D. In these trials, substantial
improvements were observed in dyslipidemia and hepatic fat fractions in individuals
with obesity and T2D [48, 94]. In this section, we will further discuss the therapeutic
efficacy of FGF21-based pharmacotherapy on fibrotic NASH and atherosclerotic CVD.

FGF21-based pharmacotherapy in the treatment of NASH. Very recently, two phase
ITa clinical trials reported that pharmacological treatment with FGF21 analogues
reduce liver fat content in people with NASH [98, 99]. In Chapter 5, by using APOE*3-
Leiden.CETP mice, we further demonstrated that FGF21 treatment limits all features of
fibrotic NASH, including liver lipotoxicity, inflammation and fibrogenesis. We proposed
that the protective effects of FGF21 on liver lipotoxicity result from the combined
effects of FGF21 on adipose tissue and the liver, resulting in decreased lipid influx
from adipose tissue into the liver coupled with the activation of FA oxidation and
cholesterol elimination pathways in the liver [90, 91]. Our findings are in agreement
with observations observed in humans showing that administration with FGF21
analogues in people with NASH not only decreased liver lipid content [100, 101], but
also increased cholesterol removal, reducing the risk for further hepatocyte lipotoxicity
[98]. While NASH is initiated by liver lipotoxicity, NASH progression is primarily
triggered by inflammation [102]. We demonstrated that FGF21 prevented HFCD-induced
inflammatory responses, as proved by improved lobular inflammation and hepatocyte
ballooning and reduced numbers of inflammatory foci and crown-like structures.
Notably, FGF21 reduced pro-inflammatory activation of various subsets of Kupffer cells
(KCs; i.e. the resident macrophages in the liver). Furthermore, we reported that FGF21
treatment prevented liver fibrosis, which was associated with reduced numbers of lipid-
and scar-associated KCs [103, 104]. Previous studies have shown that scar-associated
macrophages are enriched in fibrotic liver [104-107], and these cells are able to prime
quiescent primary HSCs to upregulate the expression of fibrillar collagen [104], thereby
promoting liver fibrosis. As such, our findings likely indicate that FGF21 inhibits
liver fibrogenesis by preventing lipid- and scar-associated macrophage accumulation,
thereby inhibiting HSC activation to produce collagen. Collectively, our data further
strengthen the therapeutic potential of FGF21 for treatment of NASH and provide
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mechanistic insight supporting the currently ongoing clinical trials evaluating the
impact of long-acting FGF21 on fibrotic NASH.

FGF21-based pharmacotherapy in the treatment of atherosclerotic CVD. While
clinical trials are underway with long-acting FGF21 analogues to combat e.g.
NAFLD [108], the pharmacological effects of FGF21 on atherosclerosis are far from
being elucidated. Current studies evaluating the therapeutic effects of FGF21 on
atherosclerosis are mainly derived from genetic studies, demonstrating that Fgf21
deficiency in Apoe’ mice promotes atherosclerosis [109]. Of note, FGF21 treatment
reduces hypercholesterolemia in obese non-human primates [110] and humans [111],
indicating that (long-acting) FGF21 may have the ability to attenuate atherosclerosis.
A study has shown reduced atherosclerotic lesion size upon FGF21 administration
in Fgf21"Apoe” mice [109]. However, considering that APOE plays crucial role in
mediating hepatic uptake of TG-rich lipoprotein remnants, Apoe’ mice may not be
the best model to investigate potential therapeutic effects of FGF21 on atherosclerosis
by modulating lipid metabolism. Therefore, in Chapter 6, we explored the effects of
FGF21 treatment on cardiovascular risk factors, particularly on lipoprotein metabolism
in relation to atherogenesis using APOE*3-Leiden.CETP mice. We showed that FGF21
reduces hypercholesterolemia by accelerating TG-rich lipoprotein turnover as a result
of brown fat activation and white fat browning, thereby reducing atherosclerotic
lesion severity and increasing atherosclerotic lesion stability index. Mechanistic
studies revealed that FGF21 treatment enhances lipolytic conversion of VLDL by
brown fat and by white fat. In line with this, a clinical study was reported that FGF21
administration increased thermogenesis-related gene/protein expression in human
adipocytes [112]. The avid uptake of generated VLDL remnants that result from lipolysis
by BAT and beige WAT by the liver is likely mediated via the APOE-LDLR pathway,
as we previously found that clearance of VLDL remnants is impaired in Ldlr" and
Apoe’ mice [113]. Moreover, we showed that decreased atherosclerotic lesion area
was mainly predicted by the reduction in non-high-density lipoprotein cholesterol
(non-HDL-C). Indeed, clinical studies showed that early interventions to lower non-
HDL-C levels in the circulation can fully block and even reverse earlier stages of
atherosclerosis [114]. FGF21 also increased atherosclerotic plaque stability index by
reducing the plaque macrophage content relative to the collagen and smooth muscle
cell content. This suggests that in addition to lowering atherogenic cholesterol levels
to reduce atherosclerosis initiation, FGF21 also suppresses inflammation. Consistently,
FGF21 was shown to block foam cell formation and inhibit inflammatory responses
in oxidized low-density lipoprotein-induced macrophages in vitro [115]. Therefore, our
present data, together with available clinical data, suggest that FGF21 is a promising
therapeutic for asCVD.
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Taken together, clinical studies on FGF21 analogues conducted thus far have yielded
mixed results. While the effects of FGF21 on glycemic control are disappointing, it has
shown promising results in terms of liver function and lipid metabolism, making it
a potential treatment for NASH and CVD comorbidities rather than T2D. It is worth
noting that while many therapeutics for T2D effectively lower glucose levels, they do
not have the same therapeutic effects on dyslipidemia as FGF21. Therefore, further
research is needed to explore the potential benefits of combining FGF21 with these anti-
diabetic drugs to treat a group of obesity-associated metabolic disorders. Additionally,
large-scale clinical studies with long-term treatment periods are needed to assess
whether improved lipid metabolism upon FGF21 treatment is sufficient to effectively
treat NASH and asCVDs. Furthermore, to translate the therapeutic potential of FGF21-
based therapeis from the laboratory to the clinic, some crucial questions need to be
answered [91]. Considering that the current findings highlight the complexity and
interspecies variations of FGF21 biology, future research should focus on identifying
the specific tissues and cellular pathways that mediate the diverse pharmacological
effects of FGF21 in humans. This would assist in developing tissue-specific FGF21

agonists with improved specificity and safety. Besides, clinical trials have observed

Optimizing dietary nutrient
quantity and quality

asCVDs
NAFLD/NASH Mitochondria-
targeted therapy
Obesity
Treating with hepatokines
e.g. FGF21)
Cardiometabolic diseases Liver-oriented Therapy

Figure 2. Improving the liver metabolic function to improve cardiometabolic diseases. Currently
available liver-oriented therapeutic strategies for cardiometabolic diseases, e.g. obesity, non-alcoholic fatty
liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH) and atherosclerotic cardiovascular disease
(asCVD), are mainly dietary and pharmacological interventions. Dietary interventions, such as optimizing
dietary macro- and micro-nutrient quantity and quality can reduce liver fat which improves cardiomet-
abolic health. Likewise, liver-oriented pharmacological interventions, such as mitochondrial-targeted
therapy, and more recently, administration of hepatokines have also shown therapeutic potential in the
treatment of cardiometabolic diseases, including NASH and asCVD.
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large variability in plasma levels of FGF21 among individuals, indicating that people
may respond differentially to (long-acting) FGF21. As such, understanding genetic and
metabolic factors that influence FGF21 responsiveness is necessary for the development
of personalized FGF21-based pharmacotherapies that target populations with optimal
FGF21 sensitivity (Liver-oriented therapies for cardiometabolic diseases are shown in
Figure 2).

CONCLUDING REMARKS

In multicellular organisms, maintenance of systemic homeostasis and response
to nutritional and environmental challenges require the coordination of multiple
organs and tissues. To adapt to changing metabolic demands, higher organisms have
developed a system of inter-organ communication by which one tissue can affect
metabolic processes in a distant tissue. Dysregulation of these lines of communication
contributes to the development of cardiometabolic diseases (e.g. obesity, T2D, NAFLD/
NASH and asCVD), which are pressing public-health concerns worldwide. Therefore,
there is an urgent need to identify novel strategies to limit cardiometabolic health risks
associated with the disruption of inter-organ cross-talk.

On one hand, strategies can focus on regulating the gut microbiota-centered inter-
organ cross-talk, which can be achieved by dietary and pharmacological interventions.
The gut microbiota forms a bioreactor which is fueled by exogenous dietary components
and endogenous compounds generated from microorganisms and the host to produce
various bioactive compounds. These gut microbiota-derived metabolites signal to
various metabolic organs in the body, which adds to cross-talk between the gut and the
host. The gut microbiota-host interaction contains different layers, including dietary
precursors, gut microbial communities and meta-organismal pathways, all of which
are potential therapeutic targets for cardiometabolic diseases. The gut microbiota is
most sensitive to the diet, and diet-induced changes of the gut microbiota can influence
the production of the gut microbial metabolites (e.g. SCFAs). Administration of
antibiotics, prebiotics or probiotics can also modulate the gut microbiota composition
to affect the gut microbiota-centered inter-organ cross-talk. Moreover, bacterial
enzyme inhibitors and bacteriophage therapy can also influence the production of
the gut microbial metabolites by modifying the gut microbiota profile. This thesis
focused on dietary intervention, as this strategy induce little discomfort and side
effects. We have demonstrated that dietary interventions are efficient to modulate
the gut microbiota composition and function, thereby regulating the gut microbial
metabolite production. In particularly, we showed that dietary butyrate and choline
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supplementation can beneficially modulate the gut microbiota to alleviate adiposity.
Moreover, we showed that plasma levels of choline metabolite TMAO are not associated
with the development of cardiometabolic diseases. Future studies are still required to
evaluate the therapeutic potential of dietary butyrate and choline supplementation in
the treatment of various stages of NAFLD and asCVD in both various experimental

animal models and in humans.

On the other hand, therapies can also focus on liver-centered inter-organ cross-talk.
Dietary and pharmacological strategies to improve hepatocyte mitochondrial function
hold great promise for combating cardiometabolic diseases. Herein, we showed that
improving hepatocyte mitochondrial function by y-hydroxybutyric acid not only
improves liver metabolic function, but also reverses obesity and its associated metabolic
diseases including such as insulin resistance. In addition, cardiometabolic health can
be improved by regulating systemic levels of hepatokines (e.g. FGF21). In this thesis,
we showed that FGF21-based pharmacotherapies can regulate the cross-talk between
the liver and adipose tissue to improve cardiometabolic diseases, especially fibrotic
NASH and atherosclerotic CVD. Mechanistically, FGF21 upregulates FA oxidation in
thermogenic tissues and in the liver, thereby improving lipid metabolism, and as a
consequence largely attenuates all features of NASH and atherosclerosis development.
Our data provide a strong experimental basis for the clinical development of FGF21 to
treat NASH and asCVD. It will thus be very interesting to learn whether this approach
is able to effectively (and safely) improve cardiometabolic health in humans in the

future.
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