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Abstract: Together with the global rise in obesity and metabolic syndrome, the prevalence of indi-
viduals who suffer from nonalcoholic fatty liver disease (NAFLD) has risen dramatically. NAFLD
is currently the most common chronic liver disease and includes a continuum of liver disorders
from initial fat accumulation to nonalcoholic steatohepatitis (NASH), considered the more severe
forms, which can evolve in, cirrhosis, and hepatocellular carcinoma. Common features of NAFLD
includes altered lipid metabolism mainly linked to mitochondrial dysfunction, which, as a vicious
cycle, aggravates oxidative stress and promotes inflammation and, as a consequence, the progressive
death of hepatocytes and the severe form of NAFLD. A ketogenic diet (KD), i.e., a diet very low in
carbohydrates (<30 g/die) that induces “physiological ketosis”, has been demonstrated to alleviate
oxidative stress and restore mitochondrial function. Based on this, the aim of the present review is to
analyze the body of evidence regarding the potential therapeutic role of KD in NAFLD, focusing on
the interplay between mitochondria and the liver, the effects of ketosis on oxidative stress pathways,
and the impact of KD on liver and mitochondrial function.

Keywords: ketogenic diet; nonalcoholic fatty liver disease (NAFLD); mitochondria; oxidative stress;
liver; ketone bodies

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease
worldwide, with a dramatic increase over the last decade in developing countries [1].
NAFLD covers a wide pathological spectrum of liver injury, from hepatic steatosis (fatty
liver) to nonalcoholic steatohepatitis (NASH), recognized as the most serious process,
typically characterized by fibrosis, which can culminate in cirrhosis and hepatocellular
carcinoma [2]. Essentially, the diagnosis of NAFLD is based on the presence of steatosis in
>5% of hepatocytes in the absence of significant ongoing or recent alcohol consumption
and other known causes of liver disease [3]. The metabolic impairment associated to this
condition, now also called MAFLD (metabolic dysfunction-associated fatty liver disease),
may impact both single organelles at cellular level (e.g., mitochondria) and organs and
tissue (e.g., liver and adipose tissue) [4]. Noticeably, considering liver’s high metabolic rate,
mitochondrial condition is heavily involved in hepatocytes functions. Indeed, liver plays a
pivotal role in lipid homeostasis and mitochondria are fundamental in the regulation of
hepatic cellular redox, synthesis and catabolism of free fatty acids (FFA) [5]. At the same
time, mitochondria produce reactive oxygen species (ROS) which, in case of an imbalance
between their overproduction and antioxidant system capacity (oxidative stress: OxS), may
lead to a hepatic dysfunction and NAFLD progression [6,7]. Thus, altered lipid metabolism
and OxS promote inflammation, mitochondrial dysfunction, fibrosis, and progressive death
of hepatocytes [8-10].

Despite it is unclear if mitochondrial dysfunction should be consider a cause or a
consequence of liver disfunction, or both, emerging data shows that hepatic mitochondrial
activity may be a potential treatment targets in NAFLD [11].
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To date, no drugs have been approved for the treatment of NAFLD [12], thus, different
nutritional approaches have been explored for the management of NAFLD, but the optimal
nutritional therapy remains controversial [13]. At this regard, ketogenic diet (KD), i.e., a
diet very low in carbohydrates (<30 g/day) that leads to a “physiological ketosis”, has been
demonstrated to improve mitochondrial function and reduce OxS [14,15]. Considering the
multiple effects of KD on metabolism [16] it may be used in the treatment of NAFLD, at
least at its first stages [17-20].

Considering that ketosis decreases the overall OxS and may slow or reduce mitochon-
drial dysfunctions, the aim of the present review is to focus on the close link between
mitochondria, OxS and liver at the light of the physiology of KD and its potential therapeu-
tic role in NAFLD.

2. NAFLD (in Brief)

In the last decade, there has been a growing interest in investigating NAFLD due to
its fast global spread. Today, around one in four adults suffer from this condition and it
is estimated that the number of people suffering from NAFLD in the United States will
double by 2030 [21]. This rising rate will be followed by increasing numbers of patients
with hepatocellular carcinoma, cirrhosis and liver failure. In general, the term NAFLD
refers to a wide variety of liver disorders, from simple steatosis, where fat liver infiltration
is still relatively low, to nonalcoholic steatohepatitis (NASH), considered the more severe
end of the disease spectrum, where liver function (i.e., lipid metabolism) and anatomy
(i.e., fibrosis) may be severely compromised [22]. Currently, liver biopsy remains the gold
standard method for the definitive diagnosis of NAFL or NASH [23]. In NASH, hepatic
steatosis is accompanied by lobular inflammation and exacerbated hepatocyte damage,
promoting fibrosis and cirrhosis. Based on level of severity, it’s possible to distinguish from
mild fibrosis (stage 1) to bridging fibrosis (stage 4) [1].

The NAFLD'’s pathogenesis is still not completely understood but the main commonly
accepted theories include adipose liver infiltration, abnormalities of hepatocyte metabolism,
mitochondria disfunction, altered hepatic immune cell function and systemic inflammation.
According to the more simplistic “two hit” hypothesis, the “first hit” derive from insulin
resistance and altered lipid metabolism (increased hepatic lipogenesis and impaired FFA
degradation), which causes liver steatosis. Thus, this condition sensitizes the liver to further
metabolic insults (“second hit”) that led to OxS, activation of inflammation processes
and fibrogenesis resulting in the progression of liver disease. More recently, an updated
hypothesis has been proposed which involves numerous factors that may act in parallel.
This “multiple hits” theory that combined genetic and environmental factors resulting in
altered crosstalk between different organs and tissues (e.g., between adipose tissue and
other tissues, gut-liver axis, etc.), provides a more appropriate delineation of NAFLD
pathogenesis [24-26].

However, hepatic steatosis is often associated with overweight/obesity (especially the
excess of visceral adiposity) or metabolic dysregulation such as type 2 diabetes mellitus,
elevated triacylglycerols, decreased high-density lipoprotein cholesterol or increased blood
pressure [27,28]. In this scenario, the term MAFLD has recently been suggested to be more
appropriate to describe the metabolic dysfunction associated with liver disease [4]. A
positive diagnosis of MAFLD can be made in the presence of hepatic steatosis and at least
one of the three conditions that follows: overweight or obesity, type 2 diabetes mellitus,
and two or more metabolic abnormalities (e.g., high blood pressure, high triglyceridemia,
prediabetes, plasma high-sensitivity C-reactive protein level > 2 mg/L) [4].

3. Ketogenic Diet: An Overview

The ketogenic diet (KD) is a nutritional pattern characterized by a high content of
fat and adequate protein content but a very low carbohydrate intake (less than 20 g d !
or 5% of total daily energy intake) [29]. This macronutrient distribution forces the body
to use fat as its primary fuel source, resulting in physiological ketosis (i.e., blood ketone
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bodies concentrations higher than 0.3 or 0.5 mmol/L and blood pH within the physiological
range as a consequence of the increase of ketone bodies (KB) production [30,31]. Growing
evidence suggests that carbohydrate-restricted diets, such as KD, can be properly used in
several condition from health to disease, i.e., obesity, diabetes, dyslipidemia, hypertension,
neurological disorders, and many cancers [30,32-35].

Glucose is widely considered the main energy provider for brain’s metabolism [36].
However, after a period of few days of fasting or KD, glucose storages (glycogen in muscles
and liver) become insufficient to support the energy needs of the central nervous system
and to sustain fat oxidation process [37]. Indeed, oxaloacetate (an unstable, fundamental
intermediate of the Krebs cycle) cannot be accumulated and stored, but must be produced
primarily (in mammalians) from the conversion of glucose to pyruvate and, then to ox-
aloacetate through a, so called, anaplerotic reaction. Despite it is generally accepted that
fatty acids cannot cross the blood-brain barrier, some data suggest instead that a certain
amount of fatty acids can pass the blood-brain barrier even in a limited quantity [38]. Any-
how, ketone bodies (KBs), i.e., acetoacetate (AcAc), 3-hydroxybutyrate (3HB), and acetone,
produced via ketogenesis in the liver mitochondrial matrix from acetyl-CoA, provide an
alternate energy source [39]. Depleting glucose, levels of KBs increase to approximately
4 mmol L™! (from <0.3 mmol/L~! under normal circumstances), enhancing the activity
of monocarboxylate transporter [40,41]. At this point, KB can be absorbed by the cen-
tral nervous system as well as numerous different tissues and reconverted to acetyl-CoA,
providing a fuel substrate for the Krebs cycle [41].

It is critical to emphasize that, despite the deprivation of carbohydrates, blood glucose
levels remain physiologically stable due to gluconeogenesis [42], which involves glucogenic
amino acids as well (especially in individuals with obesity) as glycerol derived from TGs.
In healthy people, this state, where KB levels can rise up to 7 to 8 mmol L~! without any
pH change, is considered a physiological adaptation [43]. Instead in the case of pathological
diabetic ketoacidosis, extremely high ketonemia (>20 mmol L~ !), lowering of blood pH
(<7.3), and high blood glycemia coexist [44].

4. KD and Mitochondria

The effect of KBs on mitochondrial function is thought to be among the major con-
tributors to the benefits induced by the KD and the underlying mechanisms are currently
under investigation [40,45]. Mitochondria are the most studied organelles in the energy-
production system of a cell [46,47], essentially known for ATP generation through the
Krebs cycle in the mitochondrial matrix and the oxidative phosphorylation (OXPHOS)
in the mitochondrial inner membrane. In addition, mitochondria are even implicated
in other vital cell activities such as redox balance, calcium homeostasis, and apoptosis
regulation [46,48,49]. It is not unexpected that variations in mitochondrial activity have
been associated to a wide range of diseases such as metabolic and degenerative disorders,
epilepsy, and cancer [48,50-53]. Therefore, researchers have increasingly focused on the
molecular aspects of mitochondrial dysfunction and strategies for improving mitochondrial
activity [11,45,46,51,52].

Abnormal mitochondrial functions generally include an impaired OXPHQOS, defective
mitochondrial dynamics and altered mitochondrial biogenesis strictly linked to a decline
in the activity of different regulators of mitochondrial health such as sirtuins (SIRT1-7)
or peroxisome proliferator-activated receptor y (PPARYy) coactivator 1o (PGC-1«x) [51].
PGC-1a is commonly considered as a master regulator of biogenesis as well as mitochon-
drial quality control mechanisms, i.e., mitochondrial remodeling (fission and fusion cycle)
and autophagy (mitophagy) [54]; SIRTs are class III nicotinamide-adenine-dinucleotide
(NAD+)-dependent histone deacetylases (HDACs) implicated in many signaling that mod-
ulate metabolic pathways, redox homeostasis, proliferation, and maintenance of genome
stability [55,56].

Mitochondria are dynamic structures and their number and function are regulated
by the interaction between internal factors and external variables through complex mecha-
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nisms. Among external variables, food and physical exercise are the most important factors
able to influence mitochondria physiology [57].

As underlined by many authors, KD can promote mitochondrial health by improving
mitochondrial activity, stimulating the genesis of new mitochondria and
remodeling [15,45,57-61].

The KD forces the body to use fat as its main source of fuel, as mentioned above.
Consequently, the KD inevitably stimulates numerous pathways, upregulating key proteins
involved in the OXPHOS system as well as the Krebs cycle (citrate synthase and malate
dehydrogenase), FA oxidation (carnitine palmitoyl-transferase, long and very-long chain
acyl-coA dehydrogenase and 3-hydroxyacyl-coA dehydrogenase) leading to an increase of
all these bioenergetic process and mitochondrial activity in general [61].

In 2020, Miller and colleagues demonstrated that nutritional ketosis improves mi-
tochondrial efficiency in human skeletal muscle. After 12 weeks on KD combined with
exercise, subjects had higher mitochondrial respiratory control ratio (19%, p = 0.009) and
ATP generation (36%, p = 0.028) when compared to the control group (habitual diet and
exercise) [59].

Interestingly, KD has been shown to increase the level of mitochondrial uncoupling
proteins (UCPs) [62]. Mitochondrial UCPs are a protein family (UCP1-UCP5 in humans)
involved in several functions that, due to their pivotal role in regulating the proton gradient
across the inner mitochondrial membrane, basically protect mitochondria from oxidative
injury and dysfunction [63,64]. In this sense, the impact of KD on mitochondrial bioen-
ergetics could be mediated, at least in part, by the increased activation of mitochondrial
UCPs [62].

In agreement with these results, Hasan-Olive and colleagues has recently proposed
that mitochondrial dysfunction could be reverse via the PGC1-SIRT3-UCP?2 axis activation
in mice on a KD [65].

During KD or fasting, KB and SIRT1 converge on PGC-1«, acting as direct molecu-
lar drivers of epigenomic reprogramming through histone modifications and promoting
gluconeogenesis, higher FA oxidation and mitochondrial biogenesis [66,67]. For instance,
Wallace and colleagues showed that 14 months of KD increased the expression of the
PGC-1«, SIRT1, SIRT3, and proteins from each complex of the electron transport chain,
resulting in increases in mitochondrial biogenesis and antioxidant activity concomitant
with a mitigation of age-related muscle loss compared to the control group [68]. PGC-1 is
implicated in antioxidant response by regulating the expression of many mitochondrial
antioxidant genes [69]; indeed, superoxide dismutase-2 (SOD2) and catalase, two antioxi-
dant enzymes, were significantly higher in the KD fed mice, suggesting a positive effect on
redox homeostasis [68] (see below).

In general, internal factors that govern mitochondrial biogenesis can be categorized
into three levels: (1) those that regulate DNA organelle expression, e.g., mitochondrial
transcription factor A (TFAM), which promotes both replication and transcription of the
mtDNA; (2) those coordinating nuclear and mitochondrial gene expression, e.g., Nuclear
Respiratory Factors (NRF1-2) which control the expression of several nuclear encoded
respiratory chain components as well as the expression of TFAM [70]; and (3) those that
modulate metabolic process, e.g., PPAR gamma coactivator 1 family of transcription coacti-
vators (PGC-1«) and the SIRTs [70,71]. It seems that KD is able to regulate all 3 levels of
regulation of mitochondrial biogenesis, elevating TFAM levels [72,73], activating NRF2 [74],
and upregulating SIRTs and PGC-1cx.

Lastly, maintaining mitochondrial morphology is fundamental to preserving or restor-
ing proper function, and KD is associated with better mitochondrial dynamics. Briefly,
cycles of fission and fusion are orchestrated mainly by three proteins: MFN1 and MFN2
(mitofusin 1-2) are considered essential for mitochondrial fusion, while DRP1 (dynamin-
related protein 1) is required for mitochondrial fission [75,76]. In cases of energy restriction,
such as starvation, acute stress, and senescence, increased fusion and/or decreased fission
activity promotes mitochondria lengthening [77]. On the other hand, enhanced fission
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with reduced fusion activity results in the shortening of mitochondria and, thus, impaired
bioenergetic activity [77]. Indeed, several conditions caused by excessive food intake, such
as type 2 diabetes mellitus or obesity, are characterized by an imbalance in mitochondrial
dynamics where smaller and fragmented mitochondria (related to MFN2 downregulation
and DRP1 overactivity) are commonly observed [8,78]. Nutrient availability clearly impacts
mitochondrial remodeling. Upregulation of MFN2 is recognized as an adaptation to a
high-fat diet [77]. As reported by Thai et al., increased SHB levels can aid mitochondria
repairing process in myocytes from young and aged mice with impaired MFN2-DRP1
axis [79]. KD improves mitochondrial dynamics by preventing mitochondrial fission and
inhibiting apoptosis [80]. High levels of FHB inhibit mitochondprial fission via suppressing
the mitochondrial translocation of DRP1 and, thus, suggesting that KD could have a role in
restoring mitochondrial integrity [81].

Furthermore, it seems that KD may even act as a mitophagy activator. Selective
elimination of damaged mitochondria via mitochondria-specific autophagy (“mitophagy”)
is essential for mitochondrial health, and the expression levels of BNIP3, a mitophagy
regulator gene, have been reported to be upregulated in mice fed the KD [82]. Considering
the above, it can be suggested that KD may slow or reduce mitochondrial dysfunctions.
The multiple effects of KDs (especially HB) on mitochondrial functions are summarized
in Figure 1.
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Figure 1. The main pathways involved in the multiple effects of KD on mitochondrial health. The
blue arrows suggest the main effects driven by BHB-influenced factors (i.e., improved antioxidant
defense, genesis of new mitochondria, and improved mitochondrial dynamics). AMPK, AMP-
activated protein kinase; BNIP3, Bcl-2 interacting protein 3; DRP, dynamin related protein 1; GCLC,
glutamate cysteine ligase catalytic subunit; GPx, glutathione peroxidase; GR, glutathione reductase;
HDAC1-2, histone deacetylases 1-2; IDH1-2, isocitrate dehydrogenase 1-2; MEN2, mitofusin 2; NAD,
nicotinamide adenine dinucleotide; NADP, nicotinamide adenine dinucleotide phosphate; NRF1-2,
nuclear respiratory factors 1-2; PGC1-«, peroxisome proliferator-activated receptor y coactivator
1o SIRTS, sirtuins; SOD, superoxide dismutase; TFAM, mitochondrial transcription factor A; UCPs,
mitochondrial uncoupling proteins. Created with BioRender.com, accessed on 25 April 2023.

5. Effects of Ketosis on Oxidative Stress Pathways

Although it is generally recognized that ketosis decreases the overall OxS, the exact
mechanisms are still poorly understood. KB may directly impact OxS; for example, HB
acts as a scavenger for hydroxyl radicals (¢OH) due to the presence of the hydroxyl
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group in BHB [83]. On the other hand, KB could improve the cell’s redox state indirectly in
several ways. Among these, studies from Veech and colleagues reported an improvement of
mitochondrial function through the increase of the redox span between complex I and Il due
to decreased reduction of free mitochondrial NAD+, leading to an increased NAD+/NADH
ratio and the increase of free mitochondrial CoQ/CoQH ratio [84,85]. During ketosis, an
increase in the estimated energy available in the transport of electrons from mitochondrial
NAD to Q couple may minimize H,O, generation [84]. The positive effects of KB on the OxS,
via the increase of NAD+/NADH ratio, has been widely documented in animal [86-89]
ex vivo [90] and cellular models [91,92]. In addition, at constant NADH concentrations,
the production of H,Oj is inhibited by NAD+ [93]. However, there is a close relationship
between direct and indirect effects. A paradigmatic example was provided by Milder and
colleague demonstrating that in rat model, during a KD, the initial (1 day, 3 days and 1 week)
mild increase of OxS (H,O,) was followed by an activation of NRF2 [74]. NRF2 modulates
the expression of various genes involved in the antioxidant response, such as the glutamate
cysteine ligase catalytic subunit (GCLC) and modifier subunit (GCLM). GCLC and GCLM
compose the heterodimeric protein glutamate cysteine ligase that regulates the production
of reduced glutathione (GSH), which is essential for the glutathione peroxidase and thiol-
based mitochondrial anti-oxidant system [94]. Other genes and related enzymes are the
superoxide dismutase (SOD, EC 1.15.1.1), the catalase (EC 1.11.1.6) and haem oxygenase
(HO-1, EC 1.14.99.3), and NAD(P)H:quinone oxidoreductase 1 (Nqol, EC 1.6.5.2) [95,96].

During ketosis, the enhanced NAD+/NADH ratio is associated with an increased
AMP /ATP ratio, due to a rapid ATP depletion, especially under caloric restriction [61].
Thus, the activation of AMPK observed under KD could be related to a high AMP/ATP
ratio, at least until compensatory events take place (e.g., improved ATP generation). As
proposed by Kolb and colleagues, is ketolysis itself to promote a cellular response, via the
activation of AMP-activated protein kinase (AMPK), NRF2, and SIRTs, considered key
factors of energetic pathways and other cell-protective activities such as anti-oxidant and
anti-inflammatory response, as also stated in the other paragraph [58]. Clearly, KB should
be considered not just as a fuel but also as an activator of various signaling pathways that
affect energy expenditure, mitochondrial dynamics, and DNA stability [58,97].

Cellular metabolites may also influence gene expression through their activity as
cofactors for epigenetic modifications mediated by histones and the effects of KB on OxS
could be partially related to those mechanisms associated to the histone acetylation. Inside
the cell, transcriptional activity can be modulated by specific epigenome modifiers called
histone deacetylases (HDACs, EC 3.5.1.98). Normally, histone acetyltransferase (EC 2.3.1.48)
is modulated by nuclear acetyl-CoA concentration whilst NAD+ concentration regulates
SIRTs [98]. The higher concentration of Acetil CoA and KB, due to nutritional ketosis
of fasting, can influence the acetylation status of histones. Findings from Wang et al.
demonstrated a 31-43% inhibition of HDAC activity after 2 weeks of KD in a rat model
of spinal cord injury [99]. Similar results have been observed after 10 weeks treatment
with HB in a diabetic rat model [100]. Furthermore, B HB may act as HDAC inhibitor on
histone deacetylases of class I and I [101], promoting the expression of FOXO1 and FOXO3a
genes and related protein such as HO-1 (FOXO1), SOD2, FOXO3a, and catalase [102].
Nevertheless, BHB has a minimal effect as HDCA inhibitor compared to butyrate [103].
Different results may be attributed to several factors, including the use of in vitro model and
different period of fasting/ketosis in the animal model [103,104]. Based on this, it would be
speculated that the time under ketosis may have some importance in the HDCA inhibition
mediated actions of HB and a minimum period is needed to obtain the histone-mediated
anti-oxidant effects. As previously mentioned, another interesting pathway is the one
related to SIRTs. More specifically, SIRT3 exerts many positive effects on OxS by activating
antioxidant enzymes such as SOD2 [105], catalase [105], and PGC-1« [106] though the
activation of FOXO3a. SIRT3 could also directly modulate SOD2 by deacetylation [107].

Finally, the NADPH system also plays an important role in the control of OxS. OxS
leads to the accumulation of the oxidized form of glutathione (GSH), glutathione disulfide
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(GSSG), and, thus, a decreased GSH/GSSG ratio. While in normal fed state NADPH
is mainly produced by the hexose monophosphate pathway [108], during KD or fast-
ing, NADPH is produced from KB in the Krebs cycle through the mitochondrial NADP-
dependent isocitrate dehydrogenase (IDH2). IDH1 and 2 catalyze the conversion of isoci-
trate to a-Ketoglutarate in the cytosol and mitochondria, respectively, consuming NADP+
and providing NADPH [109]. NADPH and the combined actions of glutathione peroxidase
and glutathione reductase are required for GSH regeneration. Indeed, BHB increases
glutathione peroxidase activity (by 4 folds in rat hippocampus) with a positive effect on
lipoperoxidation [110] and GSH levels by reducing the NADP/NADPH couple [90,111]. In
particular, glutathione reductase is directly dependent on NADPH as an electron donor
for the reduction of GSSG [112]. SIRT3 deacetylates IDH2 thus increasing GSH/GSSG
ratio [113]. Moreover, both FOXO1 and FOXO3 induce the expression of the IDH1 [114]
that regulate the cytoplasmatic production of NADPH from citrate or isocitrate produced
in the mitochondria from KBs [115].

6. Liver and Mitochondria

Mitochondria have a fundamental role in the regulation of hepatic cellular redox
metabolism, and its lipid metabolism. In fact, mitochondria occupy about 18% of the
hepatocytes volume playing a pivotal role in several signaling pathways linked to fat
metabolism [116].

The liver is essential for numerous physiological processes. One of these is lipid
metabolism: from digestive absorption (via biliary synthesis and secretion) to FFA home-
ostasis, including process of synthesis, oxidation, and lipid storage (mainly in form of
triglycerides, TG). The liver accumulates FFA in the following ways: (1) by uptaking circu-
lating FFA derived from lipolysis of TG in adipocytes (about 60-80%) and from chylomicron
remnant (about 15%); (2) via de novo synthesis of FFA (about 5-25%).

(1) A large part of the FFA pool in the liver derives from the uptake of FFA obtained
from adipocytes’ TG through lipolysis. Lipolysis is the process by which TG are hydrolyzed
to FFA and glycerol. This process, at the level of adipocytes, involves the sequential action
of several lipases, such as adipose TG lipase, hormone-sensitive lipase, and monoglyceride
lipase. Then, due to their hydrophobic nature, FFA are transported mainly bounded to
albumin from the adipose tissue (storage site) to the other tissues and organs that utilize it
(i.e., the liver) [117]. The transport of FFA into the hepatocyte is complex and regulated
by specific transporters, including the family of the FFA translocase and the scavenger
receptor CD36, and membrane proteins such as caveolins [117].

On the other hand, a small portion of the liver FFA pool is formed from dietary FFA
after the digestion process in the small intestine where lipids are emulsified by bile salts.
TG are then re-synthesized by enterocytes and transported into the lymph (exocytosis) and
blood as lipoprotein particles (chylomicrons with cholesteryl esters, phospholipids, and
the apolipoprotein ApoB-48). It was reported that the uptake of chylomicron remnants
accounts for up to 25% of the liver FA pool during the fed state [118]. At the hepatocyte,
chylomicron remnants are taken up by receptor-mediated endocytosis. Differently, hepatic
lipase produces FFA from lipoproteins, which follow the same destiny as plasmatic FFA. In
the hepatocyte, FFA could be oxidated or re-esterified (with glycerol) to TG and stored as
lipid droplets.

(2) Hepatic de novo lipogenesis is promoted basically by insulin. In fact, both fat
and carbohydrates contribute to the FFA pool in the liver. As in other tissues such as in
mammary gland, FFA can also be produced from two carbon units (acetyl-CoA). During
the process of fatty acid synthesis through acetyl-CoA, mitochondria have a major role:
pyruvate, obtained from glucose during glycolysis, can enter the mitochondrion via the
mitochondrial pyruvate carrier and, in the matrix, provides Acetyl-CoA, via the pyru-
vate dehydrogenase complex, and oxaloacetate via the pyruvate carboxylase [119,120].
Nonetheless, pyruvate could be produced from L-lactate through the mitochondrial L-
lactate dehydrogenase. Pyruvate and oxaloacetate, involving citrate synthase, may increase
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citrate in the cytoplasm for FFA synthesis, thereby sustaining the hepatic de novo lipoge-
nesis. Is noteworthy that citrate, the precursor of fatty acid synthesis, is produced in the
mitochondrial matrix and subsequently transported outside the mitochondria. In the cyto-
plasm, where FFA synthesis takes place, the citrate concentration modulates the glycolytic
flux by decreasing the activity of phosphofructokinase and promoting the glucose entry in
the pentose cycle. This provides NADPH for FFA synthesis.

Regarding lipid catabolism, firstly, FFA are converted into fatty acyl-CoA by acyl-CoA
synthase in the cytosol of hepatocyte. Then, carnitine palmitoyl-transferase 1 catalyzes the
reaction from Acyl-CoA + carnitine to CoA and acylcarnitine which can enter mitochondria
via the acylcarnitine/L-carnitine antiporter using the L-carnitine shuttle. A second trans-
ferase localized at the matrix side of the inner membrane allows the oxidation of acyl-CoA,
via the (3-oxidation, to acetyl-CoA, while L-carnitine is released. As a result of tricarboxylic
acid cycle and oxidative phosphorylation, acetyl-CoA is converted into CO, and water
with ATP production [121].

Mitochondrial metabolism and hepatocyte energy homeostasis are, therefore, strictly
related: indeed, mitochondria are essential in the physiological homeostasis of FFA in
hepatocytes as they take part both in the catabolism and in the synthesis processes of the
latter [121,122].

The relevance of mitochondrial function in the liver is also being explored in many
conditions, from health to illness [122-125]. Numerous studies have reported altered mito-
chondrial activity in conditions characterized by liver damage, mainly linked to OxS, poor
bioenergetics, and fat accumulation [9,10,124,126]. Overproduction of ROS and lipotoxic
lipid accumulation can occur in cases of decreased (3-oxidation (e.g., in liver steatosis) or
electron transfer chain (ETC) impairments [7]. In more dept, during the early stages of
lipid metabolism disturbances, mitochondrial activity boosts, as a compensatory response
to minimize the harmful effects of increased lipid accumulation [127]. Nonetheless, the
excess of FFA cannot be metabolized completely by hepatic 3-oxidation, and consequently,
mitochondrial dysfunction that includes changes in oxygen consumption, ETC complex
activity and mitochondrial DNA content occurs [7,10,128].

The compromised ETC leads to an overgeneration of ROS, decreased ATP synthesis
and the oxidative damage of the internal mitochondrial membrane. This impaired integrity,
reduces mitochondrial permeability by opening the mitochondrial permeability transition
pore, and allows the release of pro-apoptotic factors to the cytosol (e.g., cytochrome C) [129].
When mitochondria lose cytochrome C, they produce three times as much hydrogen perox-
ide (H2O3) than usual [130], causing additional mitochondrial dysfunction and mtDNA
mutations promoted by exacerbated OxS [10].

OxS alters ROS signaling pathways, resulting in alterations in mitochondrial biogene-
sis, mitophagy, and the production of pro-inflammatory (e.g., TNF-«) and pro-fibrosis (e.g.,
TGF-f) factors [127,131]. Mitochondrial dynamics, biogenesis, and mitophagy determine
the mitochondrial population in terms of quality, quantity, and functionality, and are strictly
regulated in response to various stressors in order to adjust cellular energetics to metabolic
needs [132,133].

Emerging data suggest that mitophagy, a kind of autophagy that targets dysfunctional
or superfluous mitochondria, plays a crucial role in the physiology and pathology of
the liver [134,135]. Mitophagy preserves mitochondrial bioenergetics and decreases OxS,
modulating liver metabolism and protecting it against NAFLD progression [136]. Impaired
mitophagy mechanisms cause also an accumulation of highly damaged and aberrant
mitochondpria, culminating in cell necrosis and the release of bacterial vestiges contained
in mitochondria (hypomethylated CpG motifs and formyl-peptides), which may enhance
inflammation and development of liver diseases [128].

7. Liver and Oxidative Stress

ROS generation plays critical roles in normal physiological processes, modulating
cellular homeostasis from health to disease [137]. At the same time, an imbalance between
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the antioxidant system and massive ROS accumulation produces OxS, which promotes an
inflammatory response and triggers apoptosis and fibrosis in hepatic tissue [9,138], leading
to liver injury and functional dysfunction [26,139]. Generally, mitochondria are recognized
as the most important ROS producers and are particularly relevant when considering
ROS derived from energetic metabolism [140,141]. Nevertheless, many other sources of
non-mitochondrial ROS, have been identified in more recent studies [142]. Among these,
peroxisomes that produce H,O, as a normal sub-product of fatty acid oxidation [47,143].
Many other enzymes such as NADPH oxidase (NOX), xanthine oxidase, cytochrome P450
(CYP) 2E1, and lipoxygenases even produce ROS, predominantly H,O, [144,145]. As
recently suggested by several authors, NOX could be considered the major source of ROS
production in muscle mass [146,147].

OxS is regarded as a crucial factor in the progression of liver disease [9,51,138,148],
and mitochondrial dysfunction, endoplasmic reticulum (ER) stress, and NOX up-regulation
are basically the principal mechanisms linked to the overproduction of ROS and OxS [6].
Firstly, mitochondrial activity is directly linked to the energy balance and normal function
of hepatocytes, as previously mentioned.

At the same time, OxS promotes ER Stress. The ER is an organelle, abundant in hepa-
tocytes, engaged in multiple functions, including lipid metabolism and calcium homeosta-
sis [149]. Moreover, the ER is crucial, especially in the synthesis, folding, and modification
of proteins [150]. Alterations in ER redox balance contribute to metabolic dysfunctions and
an increase of unfolded protein response (UPR). The UPR is generally controlled by three
transmembrane stress transducer proteins: activating transcription factor 6 (ATF6), inositol-
requiring signaling protein 1 (IRE1), and protein kinase RNA-like ER kinase (PERK). ER
stress causes a variety of consequences in hepatocytes through its downstream pathways.
For example, activated IRE1 caused by prolonged UPR activity can prompt apoptosis in
two ways: (1) by directly interacting with proapoptotic molecules such as Bax and Bak, and
(2) via activating JNK signaling [151]. The ER dysfunction and accumulation of unfolded
proteins in the ER can decrease sarco/endoplasmatic reticulum Ca?*-ATPase (SERCA)
activity, leading to calcium leakage, which blocks the ETC, resulting in the decline of mito-
chondrial functions and further ROS production [6,10]. The relationship between ER stress,
mitochondrial dysfunction, and OxS and its impact on the progression of liver diseases
has been deeply investigated by several authors [7,10,152]. In fact, ER stress and OxS are
closely linked to the pathogenesis of liver diseases, from simple steatosis to NASH [152].

Finally, the members of NOX family are critical sources of ROS. In the liver, NOX1,
NOX2 and NOX4, are expressed in hepatocytes and hepatic stellate cells (HSCs), and NOX2
is expressed by Kupffer cells, which are resident macrophages in the liver [153].

Overexpression of NOXs contribute, through the generation of ROS, to oxidative
damage and hepatic fibrosis by acting through multiple pathways [154]. For example, the
upregulation of NOX-1 mediates NAFLD-induced endothelial dysfunction in the liver.
The ROS excess produced by NOX-1 may reduce the NO bioavailability and affect liver
circulation by impairing the vasodilation response and decreasing its anti-inflammatory,
antifibrogenic, and antioxidant properties in the endothelium [155]. The expression of
NOX4 and related ROS generation was significantly increased during development of
steatohepatitis in mice [156]. As recently reported by Zhai and colleagues in mouse model
of liver injury, NOX4 activates the NLRP3 inflammasome and promotes inflammatory
response in KCs by releasing of inflammatory factors, such as IL-6, IL-13 and TNF-«,
speculating that NOX4 could be considered as a key factor in inflammatory response [157].

In normal conditions, TNF-« contributes to liver remodeling by driving hepatocyte
proliferation and promoting liver regeneration. On the other side, over-production of
ROS and consequently OxS is responsible for the prolonged activation of JNK and the
further release of TNF-«, which in turn leads to hepatocyte apoptosis [158]. Together,
these mechanisms related to OxS can progressively deplete antioxidant capacity and drives
various intracellular pathways that contribute to liver dysfunction. Indeed, a reduction of
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the antioxidant capacity in hepatic cells, such as downregulation of NRF2 and depletion of
GSH, is often reported in patients with NAFLD.

Moreover, OxS contributes to the structural and functional damage of hepatocytes, im-
pairing insulin sensitivity and the activity of key enzymes involved in lipid metabolism [6]
and promotes inflammation and the progression of fat accumulation and fibrosis in the
liver [6,10]. For example, AMPK signaling is sensitive to OxS. AMPK is a key regulator
of cellular metabolism, acting in response to low energy status (fAMP/ATP) and ROS
production, which generally occurs in parallel with bioenergetic processes, can enhance its
activity [159]. In order to improve fat oxidation, AMPK reduces the activity of a number
of lipid-metabolizing enzymes and nuclear receptors, including acetyl-CoA carboxylase,
PPAR, and PPAR, causing a decrease in lipogenesis [160]. Initially, an increase in the
AMP/ATP ratio stimulates hepatic AMPK, which limits the NAFL caused by a high-fat
diet [161]. However, with progression of NAFLD, despite reductions in liver ATP contents,
AMPK is generally repressed, suggesting that chronic exposition to OxS, linked to mitochon-
drial dysfunction, together with further factors can negatively modulate hepatic AMPK
activity [162]. For instance, enhanced inflammatory markers, such as TNF-«, which are
common in people with NAFLD, contribute to inhibit the activity of AMPK [163]. Further-
more, AMPK plays an important role in the suppression of proapoptotic caspase-6 protein,
and the reduction of AMPK activity relieves this inhibition, promoting hepatocellular
death [164].

Although the mechanisms are not fully understood, changes in H,O, concentration
can affect insulin sensitivity [165,166]. Essentially, both mitochondrial and NOX-derived
H,0O; can promote or suppress insulin sensitivity, and changes in several intracellular
signaling pathways have been identified as a major mechanism to explain the relationship
between ROS formation and insulin resistance [6].

8. KD and Liver

In recent times, the KD has emerged as an effective nutritional strategy for the man-
agement of NAFLD and other related metabolic diseases, such as obesity-associated type
2 diabetes mellitus, which plays a pivotal role in the pathogenesis and progression of
NAFLD [13,18-20].

For the first time, a pilot study carried out by Tendler et al. demonstrated that six
month of a calorie unrestricted KD led to and improvements in steatosis and fibrosis in four
obese patients with histological diagnosis of NAFLD together with a significant weight
loss (10.9% on average) [167]. In line with these findings, several authors reported a rapid
and marked reduction of liver fat accompanied by a marked decreases in body weight in
NAFLD patients treated with KD) [11,168-172].

It is crucial to note, however, that in the majority of these studies, there was no control
group and KD was combined with caloric restriction. KD and caloric restriction have many
pathways and targets in common, as we have underlined in a previous review published
in 2019; thus, a synergistic effect can’t be excluded [173].

Considering results from randomized controlled trials, Kirk et al., reported a similar
degree of weight loss and intrahepatic TG reduction in obese NAFLD patients comparing
results after 11 weeks of KD vs. a control diet equivalent in calories [174]. Similarly, 2-week
KD (~1550 kcal/day) reduced both liver TG (by ~55%) and body weight (—4.6 kg) in
obese subjects with NAFLD [175]. In particular, despite similar effects on body weight
loss (—4.6 + 1.5 kg in the KD group vs. —4.0 &+ 1.5 kg in the calorie-restricted group), the
decrease in hepatic TG content was greater in the KD than in the low-calorie group [175].

Overall, based on available evidence, adjusting the dietary macronutrient composition
by simply altering the carbohydrate-fat ratio with or without energy intake limitation is
recommended [13]. In this regard, KD could be recognized as a promising dietary therapy
for NAFLD for several reasons.

First of all, thanks to their very low carbohydrate content, the KD decrease insulin
levels and increase in FA oxidation rate with subsequent reduction in lipogenesis [17,20].
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De facto, carbohydrate deprivation is a stimulus for activation of AMPK and SIRT1, even in
the absence of caloric restriction. The activation of both SIRT1 and AMPK impacts glucose
homeostasis mainly by improving insulin sensitivity [176,177].

As showed by Luukkonen et al., reduction in intrahepatic TG after six days of KD were
attributed to increased net hydrolysis of TG and partitioning of the resulting fatty acids
toward ketogenesis (+232%) due to reductions in serum insulin concentrations (—53%) and
hepatic citrate synthase flux (—38%). Additionally, an increased hepatic mitochondrial
redox state (+167%) were observed suggesting hepatic mitochondrial activity as potential
treatment targets in NAFLD [11]. As observed in rats, the KD exert anti-steatogenic effects
enhancing the liver expression of key genes involved in mitochondrial biogenesis and fatty
acid oxidation (PGC-1x and Fgf21) and suppressing inflammatory genes (TNF-«, Nf-kb,
and II-6) [178].

Using a multi-omics approach, Mardinoglu and colleagues showed that the improve-
ment of liver fat metabolism in obese adults with NAFLD after a short-term intervention
with an isocaloric KD (an average of 3115 kcal/day) was characterized by a rapid decline
in numerous inflammatory markers (e.g., IL-6, TNF-«) [179] and even a rapid decrease
in plasma concentrations of the peptide hormone fibroblast growth factor 21. Fibroblast
growth factor 21 is considered a potential diagnostic marker of NAFLD since its concentra-
tions are higher in NAFLD patients and correlate with hepatic fat content [180-182].

Taken together this body of evidence, severe carbohydrate restriction, as in KD, led
favorable outcomes in patients with NAFLD, especially in short and medium term [13].
It is important to underline that the beneficial effects of KD on OxS, inflammation, and
mitochondria are mediated by KBs; thus, it seems that it is not carbohydrates restriction
per se but rather the complex, multifactorial ketotic metabolic state that might play a role
in modulating NAFLD pathophysiology (Figure 2).

Oxidative stress

500% —

300% —

Mitochondrial

100% —| oxidative function

NAFLD progression

Healthy mitochondria

A Insulin resistance 1 + MEN21

“ Lipotoxicity - 4 DRP1

4 Inflammation J J OXPHOS 1

1 ROS J PGCl-a

4 Mitochondrial dysfunctiond, ™ TNF-a 4
P FGF21 4
L AMPKT

Effects of Ketogenic diet

Figure 2. Representation of the link between hepatic mitochondrial adaptation, liver, and oxidative
stress during the spectrum of NAFLD. Oxidative capacity can be temporarily enhanced to reduce
triglyceride accumulation by increasing fatty acid oxidation. Nonetheless, oxidative stress results
in mitochondrial dysfunction and the progression of NAFLD. Chronic oxidative stress stimulates
inflammatory pathways, leading to hepatocyte death and liver injury. Up arrows indicate increased
and down arrows suggest a decline, while green arrows indicate the effects of a ketogenic diet. AMPK,
AMP-activated protein kinase; DRP1, dynamin-related protein 1; FGF21, fibroblast growth factor 21;
MEN2, mitofusin 2; OXPHOS, oxidative phosphorylation; PGC1-u, peroxisome proliferator-activated
receptor y coactivator 1&; ROS, reactive oxygen species; TNF-o, tumor necrosis factor-«.
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Currently, major hepatology associations recommend a weight loss >7-10% in over-
weight or obese patients with NAFLD because weight reduction is associated with an
improvement in histological findings related to liver steatosis, inflammation, and fibro-
sis [19]. KD resulted in greater long-term reductions in body weight in comparison to a
conventional low-fat diet [183]. Nevertheless, at this point, it is unclear if these benefits
were caused by weight loss and/or different macronutrient distribution.

Finally, one-fifth of NAFLD patients were classified as lean and 40% were non-
obese and, at our knowledge, all published studies have engaged obese or overweight
patients [13,19,20]. Further studies enrolling lean subjects with NAFLD are needed to
explore potential metabolic benefit in these subjects.

9. Conclusions

KD seems to improve mitochondrial dysfunction by stimulating mitochondriogenesis,
mitochondrial dynamics, and bioenergetic pathways, as observed especially in vitro and
in vivo studies. Ketosis itself plays a pivotal role in stimulating the activation of several
key factors involved in liver-protective activities that alleviate oxidative damage, the
inflammatory response, and, globally, liver function. However, despite the promising
results reported in NAFLD patients, more high-quality, randomized clinical trials are
needed.
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