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Abstract: The impaired hepatic lipids and carbohydrates metabolism result in various metabolic
disorders, including obesity, diabetes, insulin resistance, hyperlipidemia and metabolic syndrome.
The renin–angiotensin system (RAS) has been identified in the liver and it is now recognized as an
important modulator of body metabolic processes. This review is intended to provide an update of
the impact of the renin–angiotensin system on lipid and carbohydrate metabolism, regarding gender
difference and prenatal undernutrition, specifically focused on the role of the liver. The discovery of
angiotensin-converting enzyme 2 (ACE2) has renewed interest in the potential therapeutic role of RAS
modulation. RAS is over activated in non-alcoholic fatty liver disease (NAFLD) and hepatocellular
carcinoma. Glucagon-like peptide-1 (GLP-1) has been shown to modulate RAS. The GLP-I analogue
liraglutide antagonizes hepatocellular steatosis and exhibits liver protection. Liraglutide has a
negative effect on the ACE/AngII/AT1R axis and a positive impact on the ACE2/Ang(1-7)/Mas
axis. Activation of the ACE2/Ang(1-7)/Mas counter-regulatory axis is able to prevent liver injuries.
Angiotensin(1-7) and ACE2 shows more favorable effects on lipid homeostasis in males but there is a
need to do more investigation in female models. Prenatal undernutrition exerts long-term effects
in the liver of offspring and is associated with a number of metabolic and endocrine alterations.
These findings provide a novel therapeutic regimen to prevent and treat many chronic diseases by
accelerating the effect of the ACE2/Ang1-7/Mas axis and inhibiting the ACE/AngII/AT1R axis.

Keywords: renin-angiotensin system; RAS; liver metabolism; GLP-1; perinatal undernutrition

1. Introduction

Liver diseases are major causes of morbidity and mortality globally [1]. The growing
epidemic of overweight and obesity is one of the leading causes of an increased prevalence
of metabolic diseases, including impaired lipids and glucose homeostasis [2]. In fact, obesity
and type 2 diabetes mellitus are commonly associated with fat deposition in the liver and
two of the risk factors for hepatic fibrosis [3]. Experimental and clinical studies have
shown that both axes of the RAS, as detailed below, are very important in the regulation of
general and liver metabolism and may take part in the pathogenesis of liver metabolism and
diseases [1]. In fact, RAS imbalance appears to promote hepatic fat depot, inflammation and
fibrogenesis [3]. The activation of the fibrosis process with extracellular matrix deposition in
the liver may occur by recurrence of the inflammatory injury resulting to scar formation, and
scarring may progress from fibrosis to liver cirrhosis [4]. The pathological characteristics of
chronic liver diseases include oxidative stress and increase in inflammatory and pro-fibrosis
markers, and RAS is linked with all these processes [1,5].

The renin–angiotensin system (RAS) is considered a hormonal system mainly responsi-
ble for blood pressure control and hydroelectrolyte balance [1]. In the last three decades, the
relevance of the RAS has been reinforced by the uncovering of new more specific receptors,
new enzymes and alternative pathways of processing angiotensin II (AngII), differentially
expressed in specific tissues and organs. The findings regarding Ang(1-7) that opposes
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the vasoconstrictive, proliferative, pro-fibrotic, and pro-inflammatory effects mediated by
AngII have supported the fact that the RAS is composed of two branches [6]. The first
consists of the angiotensin-converting enzyme (ACE), that converts AngI to AngII, and
AngII mediates its biological effect by the angiotensin type 1 (AT1) receptor. Up to here,
these elements constitute the bases of the classical RAS (as shown in Figure 1). The second
pathway is initiated by the hydrolysis of AngII by ACE2 enzyme to Ang(1-7), which owns
its specific receptor, the Mas receptor. Ang(1-7) exerts the vasodilatory, anti-proliferative,
anti-fibrotic, and anti-inflammatory effects as opposed to AngII [6]. In addition, the discov-
ery in recent years of new enzymes supporting alternative synthesis pathways and new
end-products, represented by other small peptides as amantadine and AngIV with their
respective specific receptors and biological activities, amplified the wingspan of RAS to a
non-classical more complex model (Figure 2).

Finally, there are very deep gender differences in liver metabolism and hormonal
responses. Those differences may become conditioned by events occurring even before
birth. Gestational undernutrition decreased peripheral insulin sensitivity and increased
hepatic lipid accumulation in lambs, mice, rats, and humans [7]. Disease symptoms, their
severity, and treatments will also be different between genders; thus, there is a need to
learn about disease mechanisms in both genders [8].
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2. Metabolic Role of Liver in Lipid and Carbohydrate Metabolism

The liver is the largest parenchymal viscera of vertebrates, lying just below the di-
aphragm. The liver takes up nutrients directly from the portal blood containing also insulin.
The liver is a highly specialized tissue consisting of mostly hepatocytes that process and
detoxify various metabolites, synthesize proteins and regulate a wide variety of biochemi-
cal reactions necessary for digestion and general metabolism. The liver is thought to be
responsible for up to 500 separate functions, usually in combination with other systems
and organs, and it has a remarkable great regeneration capability against injury [9].

The liver is the key regulatory organ for the modulating of lipid metabolism, main-
taining the homeostasis and energy balance [10]. It is a metabolically active organ, where
carbohydrates may be transformed into cholesterol (CL) and fatty acids (FA), which can be
esterified into TG for storage, or for secretion into lipoproteins that will circulate in blood to
be used by other tissues [11]. The liver is a hub of fatty acid synthesis and lipid circulation.

It is very well known the central role of the liver in maintaining blood glucose levels.
Following the insulin-dependent uptake of glucose, excess glucose can be stored within the
liver or muscles as glycogen and glycogen can be degraded to release glucose in times of
fasting or during exercise. The liver maintains glucose level by supporting key metabolic
processes as glycogenesis, glycogenolysis, and gluconeogenesis (Figure 3). The liver is
also the major site of conversion of carbohydrates into lipids, but also of producing ketone
bodies from lipids as alternative energy substrate to carbohydrates. In the postprandial
period, the islet’s insulin targets first the liver to promote glucose and fatty acid uptake
to address lipogenesis, and suppresses lipolysis. Uptake of circulating lipids, lipogenesis,
and lipolysis and hence adipocyte metabolism depend on insulin circulating levels and the
balance between anabolism and catabolism. These processes are regulated by endocrine
messengers and the sympathetic nervous system. When nutrient intake exceeds energetic
expenditure during a prolonged period, the liver and muscles store the energy excess
in the form of lipids and engender adipose tissue growth and persistent hyperglycemia.
Obesity is often associated with elevated insulin secretion from pancreatic β cells [12] and
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hyperinsulinemia effects in organs will promote increased deposition of fat in liver and
adipose tissue and drive current obesity complications.
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3. Local Hepatic RAS

The renin–angiotensin system is a complex network of circulating molecules, enzymes
and receptors, expressed in multiple organs. The liver produces and secretes angiotensino-
gen as depicted in Figure 1, which is the precursor of the angiotensins, the active peptides
constituting the RAS. Classically, the final effectors of the system are small peptides, from
which angiotensin-II (AngII) was considered the key factor accounting for most of the
biological activities attributed to this group of molecules [13]. The final production of AngII
involves different substrates and several enzymes produced in the kidney, liver and lungs
(see above Figure 2). The primal precursor of this chain is angiotensinogen, produced
and released to the circulation from the liver. The multiple key other components of the
RAS have been also identified in the liver, as in many different organs, that amplify our
view that some biological effects may depend on the local tissue expression of the different
components of RAS. There is evidence of complete local RAS in mice liver of both normal
and cancerous cells [3,6,14,15]. The liver is the primary source of angiotensinogen for
central RAS in the circulation [3,14,16]. According to one study, angiotensin II is mainly
produced by hepatic Kupffer’s cells and hepatocytes [9]. In addition, the renin gene has
been identified in hepatocytes [17] but its expression appears to be specifically repressed
in vivo [18]; thus, its biological role as potential activator of the pro-renin receptor remains
to be elucidated [18]. Local RAS in liver has been particularly related to regeneration in
liver fibrosis, injury and apoptosis [19]. The two RAS axis recognized both in circulation
and locally in the liver are more activated in chronic liver diseases and liver injury [6]. RAS
is frequently activated in chronic liver diseases, where AII is a key factor for promoting
fibrosis [16].

In the heart, elevation of classical RAS may induce cardiac hypertrophy, fibrosis, heart
failure (HF) and atrial fibrillation (AF) while the non-classical RAS exerts cardioprotective
effects [20]. Some researchers suggest that hepatic fibrosis is associated with increased
AngII/AT1, and on the contrary antagonized by Ang(1-7), which plays a protective role [3].
It has been demonstrated that Ang(1-7) is upregulated in human liver disease having
marked anti-fibrotic activity. In a cirrhotic human liver and in rat liver injury, the acti-
vation of the ACE2/Mas receptor branch promotes hepatic conversion of angiotensin II
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to Ang(1-7), leading to beneficial effects in liver diseases and repairing after injuries [3].
One study has shown that the blockade of RAS is related to tumor growth inhibition in
colorectal cancer (CRC) and liver metastasis in animal models [15].

3.1. Angiotensinogen Regulation in Liver

Angiotensinogen (AGT) is a precursor protein of all angiotensin peptides, produced
and secreted mainly by the liver and cleaved by renin to angiotensin I. Its regulation and
function are complex. The interest in AGT has grown as it is rate-limiting in the generation
of angiotensin I [21]. AGT synthesis is stimulated by glucocorticoids, thyroid hormones
and estrogens. These hormones increase the transcription of the AGT gene and AGT mRNA
concentration [22].

Various components of renin–angiotensin system (RAS) involved in feedback control
of AGT production, renin and AngII are associated with feedback regulation of AGT; thus,
renin may inhibit AGT release rate and AngII stimulates it [21]. The elevated plasma renin
concentration may have direct inhibitory action on AGT synthesis in hepatocytes or may
inactivate an endogenous circulating angiotensinogen-stimulating factor [19]. AngII is
also one of the factors that regulate AGT level. The infusion of AngII to experimental
animals elevates the AGT levels in liver, by inhibiting the intracellular adenylyl cyclase
pathway-cAMP [22,23].

In addition, some other humoral factors such as cytokines may have a role in reg-
ulating AGT expression in the liver at specific conditions, since interleukin-6 (IL-6) in-
creased the AGT expression during liver regeneration depending on the JAK/STAT3 and
JAK/p38/NF-kB signaling pathways [24].

3.2. Pro-Renin Receptor in Liver Metabolism

Pro-renin is the biochemical precursor of renin. The pro-renin receptor (PRR) is a
transmembrane protein of 350 amino acids encoded by the ATP6AP2 gene in human
beings [25] that regulates tissue RAS [26]. Renin and pro-renin both bind the PRR to induce
non-proteolytic activation which increases the catalytic efficiency for AngII production
in tissues and initiates AngII-independent intracellular signaling [27]. Renin is the only
rate-limiting enzyme of the RAS, and it induces the conversion of AGT to AngI [26]. The
binding of pro-renin to cell surface PRR also ultimately leads to local generation of AngI
and AngII [26].

Pro-renin regulates cellular lipid levels in the liver, including triglycerides and choles-
terol, both markedly increased in the presence of renin–prorenin.

In fact, it has been found that the PRR inhibition tends to decrease the level of acetyl-
CoA carboxylase (ACC) and pyruvate dehydrogenase (PDH), the crucial enzymes involve
in fatty acid (FA) synthesis, which leads to the limiting of FA biosynthesis [28]. In addi-
tion, decreased levels of malonyl-CoA will increase the supply of fatty acyl-CoA to the
mitochondria; on the other hand, increased fatty acid oxidation will indeed increase the
production of acetyl-CoA, which will go into the TCA cycle or ketogenesis pathway but
not to fatty acid synthesis [28] (Figure 4).

Interestingly, renin inhibition improves insulin sensitivity, glucose tolerance, and
insulin secretion in male rodent models of hypertension, diabetes, obesity, and metabolic
syndrome [27]. PRR expression level is elevated in human and mouse fibrotic livers besides
heart and lung fibrosis, and downregulation of PRR prevents the liver fibrosis [25]. The
knockdown of PRR expression in the liver improves fibrosis [25].
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Figure 4. Role of pro-renin receptor (PRR) in glucose and lipid metabolism. Inhibition of PRR
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turn decreases the malonyl Co A that limits the FA synthesis.

3.3. Angiotensin-Converting Enzyme (ACE) and Angiotensin II

Angiotensin-converting enzyme (ACE) is a main component of RAS. This dicar-
boxypeptidase removes two C-terminal amino acids from AngI and generates active peptide
AngII as an end product of ACE [23,26]. AngII has two receptors, the AngII type I receptor
(AT1R) and the AngII type II receptor (AT2R). The number of AT1R after birth elevates
the number of AT2R, making the effects of AngII mainly mediated through AT1R [26].
Both receptors are G-protein-coupled receptors with seven transmembrane domains [29].
The major biological actions of AngII are mediated by AT1R [1]. AngII acts at cell surface
type I G protein-coupled receptors (AT1R) to induce vasoconstriction, pro-inflammatory
conditions, oxidative stress [1,27,29] and insulin resistance in the liver [27].

Ang II also binds cell surface type II receptors (AT2R) to restrain AT1R-mediated
actions, although these receptors are more limited in tissue expression and affinity [27]. The
increased expression of ACE in areas of active fibrogenesis as compared to control animals
indicate that classical components of RAS and ACE/AngII/AT1R must have a role in the
pathogenesis of liver fibrogenesis [3,26]. The liver ACE/ANG II axis is mainly activated in
patients with chronic liver disease and plays important roles in hepatic fibrosis and portal
hypertension [13,26]

Liver fibrosis progression depends on interactions among injured hepatocytes, acti-
vated inflammatory cells and hepatic myofibroblasts [1]. Hepatic stellate cells (HSCs), also
called lipid storage cells, are mainly responsible for excessive deposition of connective
tissue components including type I collagen in response to liver injury [5], AT1R involved
in HSC activation and collagen deposition in chronic liver disease [1]. Portal fibroblasts,
circulating fibroblasts, and bone-marrow-derived cells are involved in hepatic fibrogenesis,
but the most pivotal cell type is HSCs, which secrete collagen types I and III [30].

AngII induces HSC proliferation and upregulates transforming growth factor (TGF-β1)
in vitro [1]; TGF-β1 plays a dominant role in the development of fibrosis [6]. In liver injuries,
ACE and AT1R levels are increased, and are highly expressed by activated HSCs both
in vivo and in vitro [30].
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ACE/AngII/AT1 axis inhibitors block AngII production and its effects, preventing
the development of hepatic fibrosis and other liver diseases [3,26,31]. Liver injuries in AT1
knockout mice present reduced inflammation and fibrosis [3]. ACE inhibitors and ARBs
are also used cardioprotectively for hypertension treatment in obese and type II diabetic
patients [25]. ACE inhibitors and ARBs show cardioprotective effects by the inhibition of
atrial fibrosis and inflammation, the prevention of electrical cardiac remodeling, and the
epicardial adipose tissue’s modulation [20].

ACE inhibitor and captopril effectively reduced TGF-β1 and collagen gene expression,
reduced collagen deposition, and delayed the progression of hepatic fibrosis [32]

ACE activity is generally higher in adult males than females [27]. AngII infusion
induces hypertension in male but not in female rodents, indicating that estrogen protection
shifts the balance from AngII to Ang(1-7) pathways [27].

3.4. Angiotensin-Converting Enzyme 2 (ACE2) and Ang(1-7)

The disclosure of ACE2 has a potential therapeutic role in RAS modulation [33]. This
ACE homologue ACE2 monocarboxypeptidase is the main source of the vasodilator and
natriuretic peptide Ang(1-7) [13,26]. ACE2 can form Ang (1–7) directly or indirectly from
either the AngI or from AngII [13]. ACE2 preferentially removes carboxy-terminal amino
acids from substrates including AngII, AngI, and apelin [25]. Ang(1-7) mediate its effect
through the Mas receptor (MasR), a G protein-coupled receptor [34].

In contrast with ACE, ACE2 does not convert AngI to AngII and is not inhibited by
ACE inhibitors. ACE2 increases degradation of AngII and reduces AngII formation by
competitively stimulating alternative pathways for AngI degradation [29].

ACE2 expression and activity is found in multiple tissues including heart, kidney,
liver, skeletal muscle, adipose, and pancreas [27]. ACE2 expression is upregulated in
the serum, kidney, pancreas, and liver of male and female diabetic rodents suggesting a
compensatory protective mechanism [27]. Levels of ACE2, Ang(1-7) production, and MasR
are found increased in splanchnic vessels from cirrhotic patients and rats compared to
healthy controls [26]. ACE2 is now thought to be a negative regulator of the RAS and, in
the liver, this enzyme generates Ang(1-7) that may inhibit experimental liver fibrosis [2,35].
In many cases, the second axis ACE2/Ang (1-7)/MasR appears to counter-regulate the
effects of the classical RAS axis [13].

ACE2 is upregulated in chronic liver injury in order to limit fibrogenesis by the
cleavage of AngII [35]. Hepatic ACE2 overexpression would be expected to produce dual
benefits, breakdown of the potent profibrotic peptide AngII and generation of the anti-
fibrotic peptide Ang(1-7) within the liver [36]. Ang(1-7) peptide reduces matrix formation
in cultured rat hepatic stellate cells (HSCs) which leads to pronounced improvement
in hepatic fibrosis [34]. Ang(1-7) tends to reduce HSC activation and pro-inflammatory
and pro-fibrotic mediators [36]. Ang(1-7) infusion inhibited the expression of the potent
profibrotic cytokine TGFβ1 in the early development of fibrosis [36]. ACE2 knock out mice
show increased serum and tissue AngII and develop spontaneous glomerulosclerosis with
increased deposition of fibrillary collagen [35]. Blockade of Mas receptor enhances liver
fibrosis by increasing the liver content of collagen and TGFβ1 [5].

The non-classical RAS, through the ACE2, mediates the entry of the etiological agent of
COVID-19 (SARS-CoV-2) into cells. This may induce a reduction in ACE2 and an imbalance
between angiotensins in favor of AngII that may be responsible for the lung and heart
damage [20]. In another study, ACE2 has been identified as a functional receptor for the
severe acute respiratory syndrome SARS-CoV in vitro and in vivo. The SARS-CoV receptor
ACE2 is expressed in the lungs of healthy and diseased humans. SARS Spike-protein-
mediated ACE2 downregulation appears to contribute to the severity of lung failure [37].

4. Crosstalk between RAS, Liver Lipid and Carbohydrate Metabolism

RAS plays a critical role in lipid and carbohydrate metabolism and also is involved in
prevention, diagnosis and treatment of many diseases. Alterations in RAS functioning is



Metabolites 2022, 12, 411 8 of 16

related to hepatic and diabetic disorders such as type 2 diabetes mellitus (T2DM), obesity,
and NAFLD [6,33].

RAS overactivity represented by the increase in local AngII and activation of AT1R
may lead to liver dysfunction promoting inflammation, liver steatosis and lipid metabolism
dysregulation [38]. In metabolic disease of the liver it has been shown there is an imbalance
between ACE/AngII/AT1 and ACE2/Ang(1-7)/Mas [31]. Several studies have suggested
that local hepatic ACE2 overexpression and blockers of AngII and ATR1 can be used in
the prevention and treatment of diabetes, insulin resistance, glucose homeostasis, hep-
atic steatosis, NAFLD, liver fibrosis and other metabolic disorders [2,16,33,34,39,40]. In
fact, Ang(1-7) has a marked effect in decreasing liver gluconeogenesis, and to improve
carbohydrate metabolism.

On the contrary, several studies supported that increased levels of AngII accelerate
inflammation, oxidative stress and vascular injury in hepatic patients and lead to liver
fibrosis [13]. Inappropriately elevated AngII and over-activation of its target receptor,
AT1, contribute to impaired hepatic lipid metabolism and development of fatty liver and
insulin resistance [40]. A large number of studies have shown that insulin resistance
linked to dysregulation of lipid metabolism and insulin resistance is a high-risk factor
for hepatocellular carcinoma (HCC); it can increase the risk of HCC by 2–3 times [41].
Interestingly, RAS is also involved in mitigating NAFLD by reducing liver lipogenesis,
increasing fatty acid oxidation, and inhibiting gluconeogenesis in rodents. The mechanism
behind it is the yet to be mentioned opposing effects of the two arms of RAS, the inhibition
of the ACE/AngII/AT1R axis by AT1R blockers or by activation of the ACE2/Ang1-
7/MasR axis [6] (Figure 5). The increased accumulation of intrahepatic lipids may drive
local liver inflammation and steatohepatitis, which when maintained over time may evolve
to liver fibrosis and lastly cirrhosis. Some studies have shown that high circulating ACE
level may be used as a marker of evolving fibrosis in hepatitis B patients [39]. Liver
fibrosis progression is accompanied by angiogenesis [42] which is in part regulated by
RAS components [43,44]. The renin–angiotensin system (RAS) plays an essential role in
developmental and pathologic blood vessel growth; angiotensin II possesses proangiogenic
activity. Studies in mouse models show that ACE inhibitors reduce tumor growth by
blocking angiogenesis [44].

Hepatic fibrosis is related to AngII/AT1 activation, meanwhile Ang(1-7) exhibited
beneficial effects against hepatic fibrosis [33]. The ACE 2/Ang(1-7)/Mas axis activates
Akt signaling to improve hepatic steatosis [45]. AngII accelerates NADPH oxidase and
increases reactive oxygen species (ROS) generation through the angiotensin type 1 (AT1)
receptor. ROS activates the NF
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andIL-6) that
leads to inhibiting insulin signaling [46]. AngII acts by amplifying the general inflammatory
response that follows the chronic liver injury, inducing ROS generation and inflammatory
cytokines [16].

Ang(1-7) has been involved in decreasing liver gluconeogenesis, and the Mas receptor
is an important component of the insulin receptor signalling [33].

Given all that is mentioned above, the RAS plays a central role in cellular responses to
insulin (insulin sensitivity) [16]. Chronic impaired tissue responses to insulin are associated
with hyperglycemia and hyperlipidemia. Moreover, boost islet damage leads to worse
IR that in turn dysregulates glycolipid metabolism by impaired endocrine pancreatic
function [16].
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Figure 5. Effect of RAS in lipid and carbohydrate metabolism. Two RAS arms, ACE/AngII/AT1
and ACE2/Ang(1-7)/MasR, act antagonistically on lipid and carbohydrate metabolism. PRR also
accelerates the FA synthesis and tricarboxylic acid cycle (TCA).

5. Gender in RAS, Liver Lipid and Carbohydrate Metabolism

In previous studies, it is concluded that women’s metabolism substantially differs
from men’s [10]. Several studies have shown sex differences in body composition and
visceral and subcutaneous fat distribution. Females have more subcutaneous adipose tissue
compared with a greater visceral adipose distribution in males [47]. Excess fat stores in
the visceral tissues, is associated with higher TG levels in the liver [47], and has a higher
contribution to fatty acid (FA) delivery to the liver compared to adipose from subcutaneous
fat [48]. These sex differences in adipose distribution have been linked to metabolic health
having, the females currently show a more favorable lipid and glucose metabolism profile
compared with males [27]. Sex differences in metabolic traits such as obesity, diabetes, and
cardiovascular disease have been widely described in mice, humans, and other species,
with females generally exhibiting more beneficial metabolic profiles than males [8].

NAFLD is also more frequent in men than women, and men exhibit more severe
symptoms when NAFLD is present [8]. Interestingly, as shown in other reports, hormones,
gene expression differences from the X and Y chromosomes and genetic background may
be responsible for the differences in the levels of enzymes and lipids between both sexes [8].
According to one report, the ACE2 gene is located on the X chromosome, with females
generally having higher ACE2 activity [27]. Previous studies focused on the vasoconstrictor
arm of the RAS (ACE/AngII/AT1R) in rodents, illustrating that females are protected
from cardiovascular and metabolic disorders produced by AGT, renin, and angiotensin II,
as compared to males. By involving estrogen downregulating AngII and upregulating
Ang(1-7) pathways, female animal models appear to maintain higher circulating Ang(1-7)
levels, which protect them from hypertension and metabolic complications induced by
AngII and AT1R activation [27]. It has been reported that AT2R deletion exerts a nega-



Metabolites 2022, 12, 411 10 of 16

tive impact on insulin sensitivity and glucose homeostasis in female mice compared to
males [49].

Several RAS components are differentially expressed in females, with estrogen down-
regulating AngII and upregulating Ang(1-7) pathways [27]. Accordingly, sex-dependent
differences in RAS responses observed between men and women might be linked to the lev-
els of sex hormones [14]. Activation of the vasodilator branch of RAS, including Ang(1-7),
ACE2, and mas receptors, has been attributed to the exertion of beneficial effects on glucose
homeostasis and lipid metabolism in male animal models, despite there being no sufficient
data available in females [27].

6. Effect of Perinatal Undernutrition on RAS, Liver Lipid and Carbohydrate Metabolism

Undernutrition is an increasingly common problem; about 800 million people glob-
ally suffer from hunger, while studies regarding the effects of undernutrition on various
aspects of human life are insufficient. The effects of maternal undernutrition, calorie re-
striction, and deficiencies in macro- and micronutrients may have long term effects on
hepatic lipid accumulation and metabolism regulation. Undernutrition in mothers creates
immediate health problems, not only in women and newborns, but its impact may also
be transmitted to later generations. Maternal nutrient deficiency affects gene expression
levels by epigenetic mechanisms such as DNA methylation [50] (Figure 6). Consequently,
prenatal undernutrition impairs lipid metabolism by altering the mRNA levels of key genes
responsible for lipid homeostasis [51]. Prenatal undernutrition has been associated with
substantial changes in endocrine functions in adulthood [7]. Maternal calorie deficiency
clearly alters lipid metabolism in offspring, and a tight link was observed between low birth
weight and NAFLD in those individuals [51]. Caloric restriction in the perinatal period
is also related to type 2 diabetes, glucose intolerance and obesity [52]. It has been shown
in many previous studies that undernourishment may alter the RAS components’ level,
which in turn generates many metabolic disorders and diseases. AGT and ACE expression
are increased in adipose tissue of malnourished individuals, promoting adiposity and lipid
accumulation [53].
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In intrauterine undernourished rats, over-activity of chymase may result in increased
intrarenal AngII production, which contributes to the development of hypertension [54].
Low protein intake in early life enhances RAS activity, associated with metabolic changes,
cardiovascular impairment and high blood pressure during adulthood [55]. Several nutri-
tional factors including low-protein diet during early life lead to a predisposition toward
dysregulation of RAS components [56]. Fetal and lactation undernutrition result in in-
creased AngII and alterations in RAS cardiac AT1, AT2, MasR and MrgD receptors in male
pups [57]. Maternal food restriction may affect many brain areas; the total number of neu-
rons and granule cells are remarkably reduced [58]. Moderate food restriction modulates
RAS components and cytokine expression in mice and improves the metabolism [53]. In
utero environmental changes such as the antennal hypoxia reduce the ACE expression in
fetal lungs, leading to the upregulation of ACE-2 at both transcriptional and translational
levels. In addition, in utero environment conditions promote epigenetic changes which
modify the expression of several genes of the pulmonary RAS [59].

7. GLP-1R Agonists Regulate the Liver Lipids and Carbohydrate Metabolism

The RAS plays a key role in regulating glucose and lipid metabolism and liver
function [6]. ACE2 deficient mice have shown significant liver metabolic disorders [6].
Glucagon-like peptide 1 (GLP-1) is a potent incretin hormone produced in the L-cells of
the distal ileum and colon. Previous studies demonstrate that concentration of biologically
active incretin hormone is lower in NAFLD patients as compared to healthy individuals and
GLP-receptor agonists can improve liver injury, lipid metabolism and metabolic disorder in
patients with liver disease [60]. One previous study shows that G protein-coupled receptor
GLP-1R is present on human hepatocytes [61]. In addition, immunohistochemistry has
shown that the GLP-1 receptor is present in the lipid microdomains of hepatocytes with
steatosis besides the pancreatic islet cells, lung, brain, kidney and adipose tissue of animals
and humans [62].

One of the meta-analyses shows that GLP-1 receptor agonists significantly improve
the liver fat contents [60]. Liraglutide is a GLP-1 receptor agonist which has been shown to
have a potent regulatory effect in the RAS biological actions [63]. In the β cells, the GLP-1
agonist receptor enhances insulin secretion in a glucose-dependent manner by accelerating
the metabolism of glucose that increase the ATP generation, which result in closure of the
ATP-sensitive KC channels and the subsequent influx of calcium [63].

Liraglutide ameliorated NAFLD and promoted glucose metabolism in mice livers [6,64]
and it is able to induce a marked increase in the expression levels of ACE-2 in the lungs of
animal models in different experimental conditions [59]. It has an antagonistic effect on the
ACE/AngII/AT1R axis and a positive impact on the ACE2/Ang(1-7)/MasR axis [6,59] and
is mediated through the PI3K/AKT pathway [6].

ACE2 knockout increases lipid accumulation and the severity of liver steatosis [6].
Liraglutide treatment activates the ACE2/Ang1-7/Mas axis, increases fatty acid oxidation
gene expression, suppression of gluconeogenesis, and inflammation in the liver associated
with NF-kB activation, which is impaired in ACE2-KO mice [6]. Liraglutide downregulates
ACE and AT1R while further upregulating ACE2 and MasR expression. These findings
indicate that liraglutide plays a dual regulatory role on the two arms of the RAS [6]. In
patients with type 2 diabetes mellitus, GLP-1 promotes a significant increase in insulin
sensitivity in both skeletal muscle and adipose tissue, with improvements in insulin-
mediated glucose uptake [65].

Previous studies have demonstrated that GLP-1R activation might play a role in regu-
lation of RAS components in different organs [66]. Liraglutide modulates the pulmonary
angiotensins and their receptors and increases the expression of key surfactant proteins
in the lungs [60]. Liraglutide is able to modulate the RAS expression levels in the lungs,
especially stimulating the expression of ACE-2 [59] (Figure 7), that leads to increased
production of Ang(1-7), activating the MasR [66]. Ang(1-7) reduces lung fibrosis and pul-
monary arterial hypertension and activates pathways that promote lung homeostasis [59].
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The GLP-1 receptor agonist improves myocardial glucose utilization in heart failure by
activating adenylate cyclase and phosphorylates the cAMP-dependent protein kinase that
enhances insulin-dependent signaling, increases glucose uptake and provides other car-
dioprotective actions [65]. In addition, dipeptidyl peptidase-4 inhibition, an enzyme that
degrades endogenous GLP-1 and GLP-1R activation, can reverse cardiac fibrosis induced
by angiotensin II by restoring angiotensin 2 type 2 receptor (ATR2)/ACE2 imbalance [66].
This may represent a potential new mechanism by which liraglutide can improve lipid and
carbohydrate metabolism.
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8. Discussion and Concluding Remarks

Liver is a metabolically active organ, where carbohydrates may be transformed into
fatty acids (FA), which can be esterified into TG for storage, or for secretion into lipopro-
teins that will be used by other tissues [11]. Liver diseases are increasing in the modern
world and are becoming a serious public health problem. Non-alcoholic fatty liver disease
(NAFLD) is one of the most prevalent chronic liver diseases worldwide [67]. NAFLD can
be accompanied by various metabolic disorders, including obesity, diabetes and hyperlipi-
demia. The abnormal metabolism of carbohydrates and fats due to an imbalance in hepatic
metabolism can result in insulin resistance, as the liver is a preferential target organ for
insulin-regulatory effects. An imbalance in hepatic metabolism may result in disease which
causes hepatic dysfunction [68].
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Prenatal undernutrition may exert a long-term effect on lipid metabolism not only in
offspring but also transmitted in later generations by changing gene expression levels [69].
There are several clues that offspring’s lipid metabolism and steatosis are promoted by
maternal undernutrition [51] altering the mRNA level of key genes responsible for lipid
homeostasis [69]. Intrauterine growth restriction (IUGR) may result in increased intrarenal
AngII production by overactivity of chymase [50]. The GLP-1 receptor agonist acts neuro-
protectively that minimizes the harmful effects of maternal food restriction [58]. AngII has
been shown to modulate lipolysis, lipogenesis and adipocyte differentiation [38]. AngII also,
via AngII receptor type 1 (AT1), stimulates cholesterol synthesis, low-density lipoprotein
cholesterol (LDL-C) oxidation and its incorporation into the vascular wall [38].

Several studies show a link between liver diseases and over-activation of RAS com-
ponents and ACE/AT1 receptor, and it is also demonstrated that ACE/AngII/AT1 axis
inhibitors block AngII production and its effects, preventing the development of hepatic
fibrosis and other liver diseases [1,3]. RAS is known to be altered during the pathogenesis of
liver fibrosis [3] and the new therapeutic group called RAS blockers, and the ACE inhibitors
telmisartan, losartan and perindopril ameliorate the hepatic fibrosis in ACE/Ang II/AT1
while increasing ACE2/Ang(1-7)/Mas activation [3]. Chronic blockade of AT1 protects
the liver from triacylglycerol (TAG) accumulation, particularly during a glucose load [40].
Some clinical studies indicate that a reduction in hyperlipidemia and RAS blockade may
have a synergistic effect [38]. RAS inhibitors that are used as classical antihypertensive
drugs can lessen the occurrence of T2DM [6] and improve NAFLD and liver injury [3].

The discovery of ACE2 has reopened investigation into the potential therapeutic role
of RAS modulation [6]. Globally, modulation of RAS is recognized as a first-line strategy
in the treatment of hypertension and cardiovascular disease [70]. ACE inhibitors and
ARBs are widely used to treat cardiovascular diseases [18]. Previous studies demonstrate
RAS has a key link with NAFLD and also indicate that inhibiting the ACE/AngII/AT1R
axis or activating the ACE2/Ang1-7/Mas axis may represent effective targets for NAFLD
treatment [6]. The activation of Ang(1-7) pathways is also an attractive target to improve
glucose homeostasis, lipid metabolism and energy balance in male animal models, and
female comparison studies and clinical data related to metabolic outcomes are eagerly
awaited [27].

Thus, based upon findings, it may be concluded that the use of classical RAS axis
(ACE/AngII/AT1) inhibitors associated with non-classical RAS axis (ACE2/Ang(1-7)/Mas)
activation is a promising new strategy serving as a novel therapeutic regimen to prevent
and treat chronic liver diseases as well as acute liver injury [3,5,6]. The GLP-1 analogue
liraglutide modulates both axes of RAS, especially augmenting the expression levels of
ACE-2, which in turn drive the reduction in circulating AngII and the marked increase in
Ang(1-7) [6]. However, the factors regulating the expression and activity of the RAS are
still largely unknown, and extensive research gaps remain [6]. There is a lack of studies
carried out in females, especially studies related to metabolism in respect of RAS, which is
clearly different from males. The identification of sex-specific mechanisms underlying the
metabolic effects of the RAS, as well as the beneficial effects of therapies targeting the RAS,
remains an active area of research [27].
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