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Abstract: Over the last few years, the number of research publications about the role of catecholamines
(epinephrine, norepinephrine, and dopamine) in the development of liver diseases such as liver
fibrosis, fatty liver diseases, or liver cancers is constantly increasing. However, the mechanisms
involved in these effects are not well understood. In this review, we first recapitulate the way
the liver is in contact with catecholamines and consider liver implications in their metabolism. A
focus on the expression of the adrenergic and dopaminergic receptors by the liver cells is also
discussed. Involvement of catecholamines in physiological (glucose metabolism, lipids metabolism,
and liver regeneration) and pathophysiological (impact on drug-metabolizing enzymes expression,
liver dysfunction during sepsis, fibrosis development, or liver fatty diseases and liver cancers)
processes are then discussed. This review highlights the importance of understanding the mechanisms
through which catecholamines influence liver functions in order to draw benefit from the adrenergic
and dopaminergic antagonists currently marketed. Indeed, as these molecules are well-known drugs,
their use as therapies or adjuvant treatments in several liver diseases could be facilitated.
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1. Introduction

Catecholamines (epinephrine, norepinephrine, dopamine) are well-known neurotrans-
mitters implicated in several central functions such as memory process, emotions, and
cognition. In the periphery, they are considered as neurohormones and are mainly involved
in the fight-or-flight response that allows the organism to react rapidly to a stressful sit-
uation. In the liver, the initial research focused on their physiological role, such as the
regulation of carbohydrates by epinephrine or liver regeneration, whereas more recent
works have dealt with their involvement in pathophysiological processes (such as their
involvement in the apparition of non-alcoholic fatty liver diseases or in the progression of
liver cancers). In this review, we recapitulate the physiological aspects of catecholamines
and then discuss their implication in diseases.

2. How the Liver Is in Contact with Catecholamines?
2.1. Liver Sympathetic Innervation

Postganglionic sympathetic innervation from the celiac and superior mesenteric gan-
glia enters the liver by the hilus and forms two nervous plexuses, the anterior and the
posterior plexus, following the branching of the hepatic artery and the portal vein, re-
spectively. This innervation has been recently illustrated in elegant works using the
immunolabeling-enabled 3D imaging of solvent-cleared organs (iDISCO) technique [1,2].
In humans, sympathetic fibers have been detected in the entire intralobular region of the
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liver parenchyma, and terminations of these nerves are observed close to the blood vessels
as well as in the space of Disse, allowing direct contact with hepatocytes, stellate cells,
and sinusoidal endothelial cells [3–6]. However, the distribution is different in rodent
livers, where the nerve fibers’ localization is limited to the portal tracts of interlobular
regions [5,7]. In humans, sympathetic innervations are also present in the bile ducts [1,2].
The concentration of norepinephrine in human livers has been estimated to be around
2.18 nmol per g of wet tissue [8]. The main source of norepinephrine in this organ appears to
be the sympathetic nerve fibers since, after liver transplantation, where denervation is done,
its concentration dips to 0.019 nmol per g of wet tissue [8]. These results are less contrasted
with epinephrine as the concentration in the liver drops from 0.04 to 0.01 nmol per g of
wet tissue before and after transplantation, respectively. Of note, although dopaminergic
nerves have not been detected in the hepatic parenchyma [9], hepatic cells can be in contact
with dopamine, given that sympathetic nerve fibers are also able to release dopamine in
addition to norepinephrine.

The release of catecholamines from sympathetic endings is under the control of specific
zones in the hypothalamus. Two mechanisms can explain the stimulation of these zones:

I. Neurons present in these locations are sensitive to several peripheral hormones such
as leptin, insulin, or glucagon-like peptide 1. Glucose-sensing neurons are also present
in these zones. Once activated, these neurons can stimulate sympathetic nerve fibers
ending in the liver, leading to a local release of norepinephrine [10,11];

1. II. Afferent vagal and spinal nerves leave the liver to specific regions of the hypotha-
lamus. These afferent nerves can be activated by several stimuli such as glucose,
metabolites, pH, and cytokines. In response to these stimulations, neurons present
in the hypothalamus activate efferent sympathetic fibers, leading to the release of
norepinephrine in the periphery [12].

2.2. Adrenal Gland and Mesenteric Organs Are the Main Sources of Blood Delivering
Catecholamines to the Liver

The adrenal medulla releases epinephrine in the circulation in response to several stres-
sors (e.g., hypoglycemia, fear, hypotension, hypoxia). Once in the bloodstream, epinephrine
can reach the liver. Concerning norepinephrine, a very tiny fraction is released into the
circulation by the sympathetic nerves that innervate organs and blood vessels [13]. Among
these organs, mesenteric organs are an important source of norepinephrine for the liver
as secretion occurs directly in the portal tract [14]. In addition to norepinephrine, the gas-
trointestinal tract, spleen, and pancreas are also significant sources of dopamine due to its
synthesis by noradrenergic nerves, tyrosine hydroxylase-containing cells, and non-neuronal
cells [15].

2.3. Hepatic Stellate Cells: A Source of Catecholamines?

Some studies have described catecholamines synthesis in activated stellate cells. Firstly,
murine stellate cells express tyrosine hydroxylase and dopamine-β-hydroxylase and both
norepinephrine and dopamine have been detected in the culture medium of these cells [16].
Secondly, the secretion of norepinephrine and, to a lower level, epinephrine by human
stellate cells has also been observed [17]. In these cultures, endogenous synthesis of
norepinephrine has an autocrine action by allowing cell proliferation and by having an
anti-apoptotic effect [16,17]. These in vitro results suggest that activation of hepatic stellate
cells leads to the synthesis of catecholamines, which would not be observed in quiescent
cells. On the other hand, single-cell RNA sequencing analysis of 246 hepatic stellate cells
has recently revealed the presence of two hepatic stellate cell populations in the human
liver. One of these populations is located in the portal and central vein area. The second is
specifically present in the perisinusoidal space and is characterized by a specific signature
with a high expression of dopamine β-hydroxylase [18]. This result raises the possibility
that not all hepatic stellate cells produce catecholamines.
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In addition, at least two publications have raised the possibility of an epinephrine biosyn-
thesis from norepinephrine by the liver related to nonspecific N-methyltransferases [19,20].
This possibility of catecholamines synthesis by stellate cells is quite interesting and deserves
to be supported by other works in order to fully understand its relevance in pathophysio-
logical process.

3. Catecholamines Metabolism in the Liver

As previously mentioned, the liver is in contact with catecholamines and seems
able to synthesize them. However, the liver is also known to play an important role in
their metabolism. Thus, epinephrine and norepinephrine are carried in hepatocytes by
various transporters such as organic cation transporter (OCT) 1, 2, and 3 and uptake2
and P-glycoprotein [21,22]. They are then metabolized directly by the monoamine oxi-
dases (MAOs) to give a reactive intermediate product, 3,4-dihydroxyphenylglycoaldehyde
(DOPEGAL) [23]. This compound is bio-transformed in 3,4-dihydroxyphenylglycol (DHPG)
by the aldehyde reductases. DHPG, a substrate of the catechol-O-methyltransferase
(COMT), gives 4-hydroxy-3-methoxyphenylglycol (MHPG), which, in turn, is metabo-
lized in vanillylmandelic acid (VMA) by the action of the alcohol dehydrogenase and the
aldehyde dehydrogenase [24]. However, in hepatocytes, epinephrine and norepinephrine
are also directly metabolized by the COMT in metanephrine (MN) and normetanephrine
(NMN), respectively [25,26]. MN and NMN are taken in charge by the MAO and the
aldehyde reductases to form the MHPG, which is then metabolized in VMA, as previ-
ously described.

Besides the role of the liver in their metabolism, the catecholamines are mainly me-
tabolized on their sites of production. Because their metabolites are released in the blood
circulation, NMN, MN, MHPG, and DHPG are produced in extra-neuronal tissues; sympa-
thetic nerve fibers or adrenal glands can also be carried in hepatocytes. After their uptake
by the liver, they are mainly transformed in VMA before being eliminated via the kidney
in urines [14]. Accordingly, the main metabolite of catecholamines excreted in the urine is
VMA, and more than 94% is produced within the liver [15]. Sulfated metabolites of DHPG,
MHPG, and NMN are also found in the portal circulation [27,28]. They are formed by the
sulfotransferase 1A3 (SULT1A3) expressed in the mesenteric organs [29,30], and some of
them can be eliminated in the bile by the multidrug resistance-associated protein (MRP) 2
transporter [31]. The main pathways of this metabolism are summarized in Figure 1.

Dopamine is rapidly conjugated in mesenteric organs to dopamine-sulfate by SULT1A3,
and this sulfoconjugate is found at high concentrations in plasma: more than 90% of
dopamine is found in a sulfoconjugated form in the circulation [13,32,33]. The UDP-
glucuronosyltransferase 1A10 (UGT1A10), expressed in epithelial cells of the gastroin-
testinal tract, is also able to form dopamine 3- and 4-glucuronates from dopamine [34].
Interestingly, in mouse liver, very low concentrations of dopamine metabolites are ob-
served [35]. This could be due to the fact that dopamine is mainly used as a precursor of
norepinephrine and, consequently, only poorly secreted by sympathetic termination.

Interestingly, an enterohepatic cycle has been identified for dopamine- and norepineph-
rine-conjugates in an experience using germ-free mice. Thus, once eliminated in the
duodenum with the bile, catecholamine-conjugates could be deconjugated by bacteria,
generating free catecholamines in the duodenal lumen. These free catecholamines, in
addition to being reabsorbed, could have an impact on gut microorganisms [36].
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Figure 1. Metabolism of epinephrine (E) and norepinephrine (NE) in the liver. Adrenal glands, 
mesenteric organs, and liver sympathetic innervation are the main sources of E and NE in the 
liver. The last step of metabolism for metanephrine (MN) and normetanephrine (NMN) extracted 
from the circulation are also performed in the liver. Thus, E, NE, MN, and NMN are uptaken by 
hepatocytes and metabolized in VMA. VMA is then eliminated in the urine. AD: aldehyde reduc-
tase; ADH: alcohol dehydrogenase; ALDH: aldehyde dehydrogenase; MAO: monoamine oxidases; 
COMT: catechol-O-methyltransferase; TH: tyrosine hydroxylase; AADC: aromatic L-aminoacid 
decarboxylase; DBH: dopamine-β-hydroxylase; PNMT: phenylethanolamine N-methyltransferase; 
DHPG: 3,4-dihydroxyphenylglycol; MHPG: 4-hydroxy-3methoxyphenylglycol; VMA: vanillyl 
mandelic acid (Solid arrow: main pathway; dotted arrow: minor pathway). 
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Figure 1. Metabolism of epinephrine (E) and norepinephrine (NE) in the liver. Adrenal glands,
mesenteric organs, and liver sympathetic innervation are the main sources of E and NE in the liver.
The last step of metabolism for metanephrine (MN) and normetanephrine (NMN) extracted from
the circulation are also performed in the liver. Thus, E, NE, MN, and NMN are uptaken by hepa-
tocytes and metabolized in VMA. VMA is then eliminated in the urine. AD: aldehyde reductase;
ADH: alcohol dehydrogenase; ALDH: aldehyde dehydrogenase; MAO: monoamine oxidases; COMT:
catechol-O-methyltransferase; TH: tyrosine hydroxylase; AADC: aromatic L-aminoacid decarboxy-
lase; DBH: dopamine-β-hydroxylase; PNMT: phenylethanolamine N-methyltransferase; DHPG:
3,4-dihydroxyphenylglycol; MHPG: 4-hydroxy-3methoxyphenylglycol; VMA: vanillyl mandelic acid
(Solid arrow: main pathway; dotted arrow: minor pathway).

4. Adrenergic and Dopaminergic Receptors Expression in the Liver

Catecholamines are ligands of G-protein-coupled receptors (GPCRs). Dopamine
binds to dopamine receptors (DRDs), and both norepinephrine and epinephrine bind to
adrenergic receptors (ADRs) (Figure 2). However, these catecholamines are not exclusive
to their specific receptors as dopamine can activate ADRs and both norepinephrine and
epinephrine can activate DRDs [37–40].

4.1. Dopamine Receptors

There are five subtypes of DRD, namely, DRD1 to DRD5, encoded by five distinct
genes. They are divided into two groups. The first one includes the D1-like receptors
(DRD1 and DRD5) that are coupled to Gsα proteins. By stimulating adenylate cyclase (AC),
they lead to an increase in the cyclic adenosine monophosphate (cAMP) intracellular level.
The second group is composed of D2-like receptors (DRD2 to DRD4), which are coupled to
Giα proteins and allow the decrease of the cAMP level by inhibiting AC (Figure 2). DRDs
are mainly expressed in dopaminergic neurons and, to a lesser extent, in the kidney and
the heart. According to the public Human Protein Atlas (www.proteinatlas.org; accessed
on 10 December 2021), DRDs do not seem to be expressed at mRNA and protein levels
in hepatocytes, stellate cells, Kupffer cells, or sinusoidal endothelial cells. However, four
human cholangiocarcinoma cell lines (Mz-ChA-1, HuCCT-1, SG231, and CCLP-1), as well
as the non-malignant H69 cholangiocyte cell line, express all DRDs [41]. Moreover, DRD2 is
expressed in rat cholangiocytes on the basolateral membrane [42]. The human HepG2 hep-
atoma cell line expresses the five receptors, whereas only the DRD1 and DRD5 are present
in the human Hep3B hepatoma cell line [43,44]. To further characterize DRD expression in

www.proteinatlas.org
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hepatocytes, we analyzed their expression by RT-qPCR in other hepatoma cell lines (Hep-
aRG, HBG-BC2, HepG2, and HuH7) as well as in human hepatocytes in primary culture
(Table 1 and Figure S1). We found a very low expression for all these receptors in all these
cell lines (Table 1). However, DRD4 and DRD5 seem to have higher expression in HepG2
cells and in HepaRG-progenitors and -hepatocytes in our culture conditions. Thus, our
data and others indicate that DRDs could be expressed in hepatocytes and cholangiocytes;
however, the cues responsible for their expressions remain to be characterized.
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Figure 2. Catecholamines receptors. Catecholamines can activate adrenergic receptors (ADRs),
composed of 9 receptors (α1A, α1B, α1D, α2A, α2B, α2C, β1, β2, and β3), or dopamine receptors (DRDs),
composed of 5 receptors (DRD1 to 5). Each receptor is coupled to G proteins alpha (q/11; i/o; s;
s/olf) that can activate or inhibit effectors such as phospholipase C (PLC), adenylate cyclase (AC), or
ion channels.

Table 1. Expression of the dopamine receptor mRNAs in human hepatocytes in primary human
hepatocytes in culture (PHH) and in four hepatoma cell lines (HepG2, HepaRG, HuH-7, HBG-BC2).

PHH HepG2 HepaRG
Progenitors

HepaRG
Hepatocytes

HepaRG
Cholangiocytes HuH-7 HBG-BC2

DRD1 35.1 ± 2.00 34.1 ± 1.40 35.5 ± 1.43 34.0 ± 1.42 36.6 ± 1.74 35.8 ± 2.06 31.7 ± 0.85

DRD2 37.1 ± 1.72 35.5 ± 1.89 34.1 ± 1.85 36.3 ± 0.71 35.5 ± 1.31 35.4 ± 1.54 36.6 ± 1.57

DRD3 37.0 ± 1.38 37.9 ± 0.89 37.1 ± 1.52 37.4 ± 0.91 37.8 ± 1.31 35.8 ± 2.02 37.3 ± 0.59

DRD4 30.8 ± 1.19 28.3 ± 0.52 29.5 ± 0.43 29.3 ± 0.42 29.9 ± 0.74 30.5 ± 0.27 29.5 ± 0.75

DRD5 30.8 ± 0.82 28.1 ± 0.70 29.2 ± 0.32 29.1 ± 0.29 30.4 ± 0.92 30.5 ± 0.70 31.2 ± 0.92

Expression of dopamine receptor (DRD) mRNAs has been analyzed by real-time quantitative polymerase chain
reaction (5 ng of cDNA) in progenitors HepaRG cells (4 days of culture), differentiated HepaRG-hepatocytes,
HepaRG-cholangiocytes, as well as in HepG2, HuH-7, HBG-BC2 cells and in PHH. mRNAs’ expression is
represented by the cycle threshold (CT). CT values above 30 (in grey) are considered as not expressed in the
cells. All values are the mean of 3 independent experiments in triplicates, except for cholangiocytes-HepaRG
(3 experiments with biological duplicates) and PHH (5 experiments with biological triplicates).

4.2. Adrenergic Receptors

Nine ADRs encoded by different genes are identified: ADRA1A, ADRA1B, ADRA1D,
ADRA2A, ADRA2B, ADRA2C, ADRB1, ADRB2, and ADRB3. The α1-ADR (ADRA1A,
ADRA1B, and ADRA1D) are coupled to Gq/11 proteins and are able to increase intracellular
Ca2+ levels through the phospholipase C (PLC) pathway. The α2-ADR (ADRA2A, ADRA2B,
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and ADRA2C) are coupled to Giα proteins and inhibit the AC, whereas the β-ADR (ADRB1,
ADRB2, and ADRB3) are mainly coupled to Gsα proteins and stimulate the AC (Figure 2).
These adrenoceptors are functional as homodimers or heterodimers. Heterodimerization
happens between different classes of ADRs. For example, α1-ADR is able to heterodimerize
with β2-ADR [45].

In the liver, those receptors are differentially expressed depending on the cell types,
i.e., stellate cells, Kupffer cells, cholangiocytes, or hepatocytes (Table 2). The analysis of
their expression using the single cell-RNA sequencing of the human liver (http://human-
liver-cell-atlas.ie-freiburg.mpg.de/; accessed on 3 March 2022) [46] reveals that ADRA1A,
ADRA2A, and ADRB2 are the most expressed in normal liver. Interestingly, whereas
ADRA1A and ADRB2 seem mainly expressed in the hepatocytes, ADRB2 is also expressed
in leucocytes and, according to the cluster identified by Aizarani et al. (2019) [46], mainly
in NK, NKT, and T-cell populations as well as in Kupffer cells. On the other hand, ADRA2A
seems mainly expressed in the cholangiocyte population (Figure 3).

Interestingly, the density and expression of adrenoceptors can change through aging.
The β2-ADR expression is high in fetal rat liver and rapidly decreases in postnatal days,
whereas the opposite is observed for α1-ADR [47]. However, during aging, an increase in
the expression of β-ADR is observed in rodents [47–49].

Table 2. Adrenoceptors expression in liver cells.

ADR Subtype Hepatic Cells or Cell Lines References Methods Used

α1A

Human hepatic stellate cells [50] RT-PCR
Activated Human hepatic stellate cells [17] RT-PCR; Western blot

Human liver [17] RT-PCR,
[51] RNA-seq

LO2 cells++ [50] RT-PCR, Western blot
[51]
[52]

HepG2 cells [51] RT-PCR, Western blot
[52] RT-PCR, Western blot

HuH7 cells [51] RT-PCR, Western blot
MHCC97 cells [52] RT-PCR, Western blot

SK-Hep1, PLC/PRF/5, Snu423 cells [51] RT-PCR, Western blot
FIH and PHH (high expression) [53] qPCR
HepaRG cell (high expression) [53] qPCR

Rat Kupffer Cells [54] Immunofluorescence
Rat cholangiocytes [55] Immunohistochemistry

α1B

Rat liver [56] Northern blot
Human liver [50] RT-PCR

[51] RNA-seq
FIH and PHH (low expression) [53] qPCR
LO2, HepG2 and MCC98H cells [52] RT-PCR

Mice hepatic stellate cells [16] RT-PCR
Rat Kupffer Cells [54] Immunofluorescence

Rat cholangiocytes [55] Immunohistochemistry

α1D

Mice hepatic stellate cells [16] RT-PCR
Rat Kupffer Cells [54] Immunofluorescence

Rat cholangiocytes [55] Immunohistochemistry

α2A

Human liver [50] RT-PCR
[51] RNA-seq

Rat Kupffer Cells [54] Immunofluorescence

α2B

Human hepatic stellate cells [50] RT-PCR
Human liver [50] RT-PCR

[51] RNA-seq
FIH (low expression) [53] qPCR

Rat Kupffer Cells [54] Immunofluorescence
Rat liver [56] Northern blot

http://human-liver-cell-atlas.ie-freiburg.mpg.de/
http://human-liver-cell-atlas.ie-freiburg.mpg.de/
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Table 2. Cont.

ADR Subtype Hepatic Cells or Cell Lines References Methods Used

α2C
FIH and PHH (low expression) [53] qPCR

Rat Kupffer Cells [54] Immunofluorescence

β1

Human liver [50] RT-PCR
[51] RNA-seq

Activated Human hepatic stellate cells [17] RT-PCR; Western blot
FIH and HepaRG cells (low expression) [53] qPCR

Mice hepatic stellate cells [16] RT-PCR
Rat Kupffer Cells [54] Immunofluorescence

β2

Rat liver [56] Northern blot
[50] RT-PCR

Human liver [57] Western blot
[51] RNA-seq
[58] Immunohistochemistry
[50] RT-PCR

Human hepatic stellate cells [50] RT-PCR

Activated Human hepatic stellate cells [17] RT-PCR; Western Blot
[52] Western blot; RT-PCR

LO2 cells + [59] Western blot; RT-PCR
HepG2 cells ++ [52] Western blot; RT- PCR

[59] Western blot
MHCC97 cells ++ [52] Western blot; RT-PCR

[59] Western blot
HuH-7 [59] qPCR

HepG2 cells [53] RT-PCR
FIH and PHH (high expression

but lower than α1A) [53] Immunofluorescence

HepaRG cells (high expression
but lower than α1A)

Mice hepatic stellate cells [16] RT-PCR
Rat Kupffer Cells [54] Immunofluorescence

Rat cholangiocytes [60] Immunohistochemistry

β3

LO2 cells [52] RT-PCR
HepG2 cells [52] RT-PCR

MHCC97 cells [59] RT-PCR
Rat Kupffer Cells [54] Immunofluorescence

Activated human hepatic stellate cells [17] RT-PCR; Western blot
ADR: adrenergic receptor; RT-PCR: real-time-polymerase chain reaction; RNA-seq: RNA sequencing; qPCR: quan-
titative polymerase chain reaction; PHH: primary human hepatocytes in culture.
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5. Physiological and Metabolic Roles of Catecholamines in the Liver
5.1. Glucose Metabolism

One of the best-known actions of catecholamines is their capacity to induce glycogenol-
ysis and gluconeogenesis in response to stress in order to generate energy substrates
(Figure 4). The liver is the main organ implicated in this response. Depending on the
species, α1-ADR, β2-ADR, or both receptors could be involved [61–64]. In human hep-
atocytes, catecholamines rapidly activate glycogenolysis by the stimulation of glycogen
phosphorylase [65]. This was confirmed in rat hepatocytes and associated with an inac-
tivation of the glycogen synthase [66]. In the second phase of catecholamine action, a
shift to gluconeogenesis, with lactate and alanine as main substrates, is observed [67–69].
The origin of this shift remains not fully understood and may involve a glycogen deple-
tion. At the molecular level, catecholamines induce post-translational modifications or
direct modulation of the expression of several enzymes to stimulate gluconeogenesis. As
such, epinephrine induces the phosphorylation and activation of fructose biphosphatase,
which converts fructose 1,6-diphosphate into fructose-6-phosphate [70]. An increase in
the pyruvate carboxylase activity, allowing the transformation of pyruvate in oxaloac-
etate, has also been described [71]. Interestingly, epinephrine enhances the expression of
phosphoenolpyruvate carboxykinase (PEPCK), which facilitates the use of oxaloacetate to
synthesize phosphoenolpyruvate [72,73]. Furthermore, phosphorylation of the pyruvate
kinase by epinephrine-induced signaling leads to an inhibition of this enzyme, favoring
the use of phosphoenolpyruvate to the synthesis of glucose [74].
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Glucose metabolism is mainly observed in the periportal hepatocytes. However,
depending on the nutritional status, a dynamic adaptation of the gene expression of
enzymes involved in glucose metabolism is observed. For example, PEPCK is mainly
expressed in periportal hepatocytes when rats are in a fed state [75]. During fasting,
PEPCK is rapidly induced in periportal hepatocytes as well as in pericentral hepatocytes,
with a diminution of the gradient expression compared to the fed state [75]. It could be
interesting to evaluate whether a zonation is present for the expression of the ADR in order
to understand these rapid adaptations to the nutritional status.
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5.2. Fatty Acid Metabolism

In addition to their role in the production of glucose as an energy substrate in re-
sponse to stressful situations, catecholamines facilitate the β-oxidation in hepatocytes in
order to produce ATP and ketone bodies. First of all, epinephrine inhibits the secretion
of triglycerides (TGs) from hepatocytes [76]. This effect was confirmed in an in vivo rat
model of liver denervation as well as in a perfused rat liver model [77,78]. Appealingly,
catecholamines might also favor the breakdown of hepatic intracellular TG into fatty
acids. This effect has been described in the human Hep3B hepatoma cell line as well as in
rat primary hepatocytes and involved a β2-ADR-cAMP-PKA-dependent mechanism [79].
Activation of this signaling pathway results in the phosphorylation and recruitment of
hormone-sensitive lipase and adipose triglyceride lipase to lipid droplet surfaces, where
they can liberate the free fatty acids from TG. Free fatty acids can then undergo β-oxidation.
Interestingly, catecholamines have also been described to directly regulate long-chain fatty
acid oxidation [80]. In rat primary hepatocytes, dopamine, by a β-ADR activation, increases
the expression of carnitine palmitoyltransferases (CPTs), a crucial enzyme for the entrance
of fatty acids into the mitochondria [81]. This induction is correlated with increased β-
oxidation and ketogenesis. These results are in accordance with studies showing that by
submitting rats to liver noradrenergic denervation, a decrease in the CPTI and II activities is
observed [82]. This effect is not found in rats undergoing adrenodemedullectomy, strength-
ening a role for norepinephrine and sympathetic fibers in this regulation. Furthermore,
catecholamines induce the phosphorylation of the acetyl-CoA carboxylase through an
α-ADR mechanism [83]. This phosphorylation inhibits this enzyme, avoiding the transfor-
mation of acyl-CoA in malonyl-CoA. The accumulation of acyl-CoA in hepatocytes can
then promote the β-oxidation of free fatty acid instead of their esterification into TG.

In summary, catecholamines could limit the secretion of VLDL (very low density
lipoprotein)-TG in plasma and favor the degradation of TG in free fatty acids. These free
fatty acids could then be used to produce energy through the β-oxidation pathway.

5.3. Catecholamines and Liver Regeneration

The elevation of catecholamines in plasma is quickly observed after partial hepate-
ctomy, suggesting that besides their effects on metabolism, they could also play a role
in hepatocyte proliferation during liver regeneration (Figure 5) [84,85]. This hypothesis
is strengthened by the fact that an α1-ADR stimulation could enhance the effect of EGF
on the DNA synthesis in rat primary hepatocytes [86,87]. This latter effect is suspected
to involve transglutaminase 2 (TG2), an enzyme owning both transamidation and GT-
Pase activities. It has been described that the TG2 transamidation of the EGF receptor
(EGFR) leads to a decrease in EGFR activation and thus to an inhibition of hepatocyte
proliferation [88]. However, α1-ADR is able to interact with TG2, and its activation by nore-
pinephrine shifts the transamidation activity of TG2 to GTPase activity, thereby preventing
EGFR transamidation. This results in an upregulation of EGFR activity and perivenous
hepatocyte proliferation [89].

An enhancement of the β2-ADR binding site density in rat hepatocytes is also ob-
served upon partial hepatectomy compared to hepatocytes from sham control [56,90]. This
increase begins 4 h after resection to reach a maximum 48 h after and is associated with a
slight diminution of the α1-ADR binding site density. These results were in accordance with
the higher increase of the AC activity induced by epinephrine in partial rat hepatectomies
compared to sham rat liver homogenates [91]. Furthermore, isoproterenol, a β-adrenergic
agonist, at low concentration (10−10 to 10−8 M) and in the presence of epidermal growth
factor (EGF), dexamethasone, and insulin, increases DNA synthesis in rat primary hep-
atocytes isolated after partial hepatectomy. However, β-ADR activation has also been
described to exert an inhibitory effect in the late G1 phase [92].

A sex difference has also been described concerning liver regeneration since cate-
cholamines effects were mediated by both α- and β-ADRs in female rats, whereas only
α-ADR seems implicated in male rats [93].
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Interestingly, catecholamines could also act on other liver cells during liver regen-
eration. For example, catecholamines and adrenoceptor agonists favor the proliferation
of cholangiocytes [55,60]. This suggests a beneficial action of catecholamines during the
formation of lesions of bile ducts. Additionally, last but not least, catecholamines have
been described to play a role in the conservation of the hepatic progenitor cell (HPC)
pool. Indeed, in the presence of a severe injury, and when replication from differentiated
hepatocytes is not sufficient to repair the liver damage, liver regeneration can also involve
the proliferation and differentiation of HPC. Surprisingly, in a mouse model fed with an
antioxidant-depleted diet, antagonism of α1-ADR by prazosin or chemical sympathectomy
induced by 6-hydroxy-dopamine had a positive effect on liver injury by increasing the
pool of HPC, suggesting that catecholamines could control it [95]. On the other hand,
the use of the β-adrenoceptor agonist isoproterenol in acetaminophen-induced liver in-
juries in a dopamine β-hydroxylase-deficient mouse model allowed the recovery of the
HPC pool [96]. These results suggest an opposite action of β-ADR activation compared to
α1-ADR activation on HPC expansion.

Taking together, these results suggest that catecholamines could have a positive role
in liver repair when the regeneration process involves differentiated hepatocytes. It would
be interesting to evaluate if variations in the expression of ADR are observed in HPC when
major injuries occur in order to explain how catecholamines could favor the proliferation
of the HPC pool in such situations.

6. Involvement of Catecholamines in Liver Diseases
6.1. Catecholamines and Drug-Metabolizing Enzymes Modulation

In addition to the role of the central noradrenergic system in the regulation of hepatic
cytochrome P450 (CYP) expression by modulating the hypothalamic–pituitary–adrenal axis,
few studies have described a direct impact of epinephrine on the expression of hepatocyte
drug-metabolizing enzymes. For example, a 24 h treatment with epinephrine of primary
rat hepatocytes in culture led to the cAMP-mediated repression of CYP2C11 mRNA [97].
We also observed the repression of CYP3A4 by treating primary human hepatocytes and
the HepaRG hepatoma cell line with epinephrine [98]. This CYP3A4 repression was also
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observed on cryopreserved human hepatocytes treated every 24 h for 48 h by epinephrine
and norepinephrine [99]. On the other hand, Daskalopoulos et al. described the induction
of CYP3A1/2 by epinephrine in primary rat hepatocytes [100]. Additionally, the repression
of several drug transporters by a β2-ADR/cAMP mechanism after the treatment of primary
human hepatocytes or the HepaRG cell line with epinephrine has also been described [53].
In this study, several sinusoidal influx transporters, such as NTCP and efflux transporters
(MRP2, BSEP), are repressed, whereas MDR1 is found to be induced by epinephrine.
However, to our knowledge, such phenomena have not been described in vivo. Hence,
further investigations are warranted to determine whether these modulations are observed
in pathophysiological situations in which catecholamines are highly secreted, such as
pheochromocytoma, a tumor leading to an overproduction of catecholamines.

6.2. Catecholamines and Liver Dysfunction in Sepsis

Sympathetic system activation is observed during sepsis. Thus, in a rat model of sepsis,
induced by cecal ligation and puncture, an increase in epinephrine, norepinephrine, and
dopamine plasma concentrations was observed 5 h after the onset of sepsis [101,102]. The
main source of norepinephrine in the early phase of sepsis in this model is the mesenteric
tract [103]. These results are in accordance with the induction of tyrosine hydroxylase
expression in the gut sympathetic nerve fibers observed during sepsis [104]. Several
studies have shown that this early release of catecholamines in the portal vein is impli-
cated in the initial hepatocellular dysfunction, notably by potentiating the production
and secretion of proinflammatory cytokines (TNFα, IL-1β, IL-6) by Kupffer cells [103–106].
Activation of α2-ADR by norepinephrine is thus implicated in the secretion of TNFα by
Kupffer cells [107–109], and the use of a specific α2A antagonist reduced the inflammatory
response and liver transaminases release in a rat model of sepsis following cecal ligation
and puncture [110]. Thus, a high concentration of catecholamines may induce liver injury.
Although little is known on the topic, at least one study has already described hepatic
cytolysis with elevated transaminases and C-reactive protein (CRP) in a patient suffering
from pheochromocytoma [111].

6.3. Catecholamines and Fatty Liver Diseases

The incidence of metabolic-associated fatty liver disease (MAFLD) is constantly rising
in the Western world. Consumption of a highly caloric diet and/or limited physical
activities are the main causes of these pathologies. The prevalence of these diseases is also
known to be enhanced with aging. As previously mentioned, aging is characterized by an
increase in β-ADR expression in rodents. This increase is correlated with an enhancement
of AC activity in the presence of β2-agonists in liver homogenates from 24-month-old rats
compared to younger ones [112]. As steatosis development is also linked to aging, the
question arises about the role of the β-ADR in lipid accumulation in hepatocytes. In vivo
experiments in old and young rats seem to confirm this hypothesis [112,113]. Furthermore,
treatment with the long β2-agonist formeterol induces an increase in lipid hepatic content
in mice [114]. Mechanisms allowing this steatosis involve the increased expression of
enzymes implicated in TG synthesis, such as DGAT1 (diacylglycerol O-acyltransferase 1)
and lipin-1, and of genes involved in lipid droplets formation (Cidea, Cidec, Plin2, -3, and
-5, and Hilpa), concomitant to a reduction in VLDL-TG secretion.

In the same way, an increase in sympathetic activity has been described in patients with
metabolic syndrome [115] and in a high-fat diet-induced obesity (HFD) rodent model [116].
This increased activity has been linked to higher liver TG and lipid droplet contents and
correlated to an increased expression of genes involved in fatty acid uptake (CD36) and de
novo lipogenesis (DGAT1 and DGAT2) [116]. However, in these studies, the measurement
of the nerve activity has been done outside the hepatic lobe, while, in a more recent
paper using the iDISCO technique, it has been described that the HFD regime leads to the
reversible destruction of sympathetic fibers within the liver [1]. These disturbances in the
sympathetic nerve fibers in mouse steatotic livers, as well as the degeneration in human
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steatohepatitis, have also been observed by Adori et al. [2]. In this last paper, they suggest
that chronic sympathetic hyperexcitation is a key factor in this degeneration. Taken together,
these experiments indicate a contribution of catecholamines in steatosis establishment.

6.4. Catecholamines and Fibrosis

The sympathetic system and norepinephrine play a role in liver fibrosis by acting on
stellate cells [14]. Indeed, liver fibrosis induced by carbon tetrachloride (CCl4) is lower
in rats after the sympathetic denervation or injection of the α1-ADR antagonist compared
to the control group [117]. This phenomenon could be due to a decreased expression of
collagen type I and of the tissue inhibitor of metalloproteinase 1 (TIMP1) in the livers of rats
with denervation. In addition, carvedilol, an α- and β-non-selective antagonist, as well as
doxazosin, an α1-ADR-antagonist, have been described to attenuate liver fibrosis induced
by CCl4 in mice [118,119]. This hypothesis was partly confirmed in a leptin-deficient ob/ob
mouse model that exhibits low plasma norepinephrine concentration. In these mice, the
injection of norepinephrine leads to an increase in TGF-β and collagen type I-α1 as well
as to liver fibrosis [120]. In addition, higher expression of α1A-ADR is observed in human
cirrhotic liver compared to normal liver, and norepinephrine, through the activation of this
receptor, increases the production of several proinflammatory chemokines, such as RANTES
and IL-8, in human stellate cells [50]. Interestingly and in line with the recent observations
in the hepatosteatosis described above [2], an analysis of biopsies from human normal
or fibrotic livers following HBV/HCV infection or NASH revealed a correlation between
the degree of fibrosis and the decrease of intrahepatic sympathetic nerve fibers [121].
Thus, the activation of sympathetic fibers could be involved in the initiation of fibrosis,
whereas in advanced fibrosis, when intralobular denervation is observed, the implication
of catecholamine production by stellate cells could be suspected.

Catecholamines also play a role in the development of alcoholic liver disease. Elevation
of norepinephrine plasma concentrations is observed after alcohol consumption [122,123].
This enhancement is due to an increase in sympathetic activity as well as in the release
of catecholamines by the adrenal medulla. Indeed, chronic exposure to ethanol leads to
an induction of the main enzymes involved in catecholamine synthesis (TH, BDH, and
PNMT) [124]. Thus, norepinephrine and epinephrine participate in the establishment of an
inflammatory environment in the liver during ethanol exposure by activating the Kupffer
cells as well as the stellate cells [16,109]. These mechanisms are thus implicated in the
apparition of fibrosis and steatohepatitis during chronic exposure to alcohol [125].

6.5. Catecholamines and Liver Cancers

A link between stress or psychosocial factors and the incidence or increasing aggres-
siveness of cancer has been established for several types of cancer. Among the molecules
that could be implicated in this process, catecholamines have been suggested since their
production is increased in these situations [126,127]. In agreement with this hypothesis, cat-
echolamines have been described to modulate tumor cell migration, angiogenesis, and the
epithelial-to-mesenchymal transition (EMT) in various types of cancer, especially in breast
and prostate cancers [128,129]. Since the beginning of the 1990’s, studies have pointed out
that it may also be the case for liver cancers [130]. To our knowledge, Bevilacqua et al. were
the first to introduce this concept by describing a difference in the density of adrenoceptors
in the tumor tissue of human hepatocellular carcinoma (HCC) compared to the adjacent
non-tumoral tissue [131]. This modulation was characterized by an increase in β2-ADR
and a decrease in the α1-ADR expression in tumor tissue. These results were confirmed
by Kassahum et al. [57,132], and later, the downregulation of the α1A-ADR in HCC was
assigned to aberrant hypermethylation in its promoter [51]. More recently, the implication
of the microRNA miR-3682, overexpressed in HCC tissues and targeting the α1-ADR, has
been incriminated in this repression [133]. In addition, the high density of sympathetic
nerve fibers in HCC is also correlated with poor prognostic results [54].
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Several mechanisms explaining the role of catecholamines in HCC progression have
been proposed:

I. Epinephrine activation of the β2-ADR expressed by tumor hepatocytes initiates the
Akt signaling pathway and leads to autophagy inhibition, which consequently sta-
bilizes the transcription factor hypoxia inducible factor 1 subunit α (HIF-1α). This
stabilization boosts glucose metabolism, notably by increasing hexokinase-2 (HK2)
expression, and favors cell growth and tumor progression [58]. In addition, Akt
signaling pathway activation by β2-ADR has been involved in the nuclear translo-
cation of the oncoprotein YB-1(Y binding protein 1), leading to EMT and β-catenin
induction [134];

II. Both α1A- and β2-ADR activations are responsible for an increase in cell invasion
through EGFR transactivation [135];

III. β2-ADR mediates anoikis inhibition in several hepatic cancer cell lines [135];
IV. By acting on the β-ADR of the hepatic tumor cells, norepinephrine induces the secre-

tion of chemokines such as CXCL2. In turn, CXCL2 is able to recruit splenic myeloid
cells in the tumor tissue and favor hepatic tumor progression [136];

V. Catecholamines can also act on the cells of the tumor microenvironment. Nore-
pinephrine, by binding the α1-ADR of Kupffer cells, increases the secretion of IL-6 and
TGF-β. This inflammatory environment promotes tumor development [54]. Hepatic
stellate cells stimulated by norepinephrine favor HCC progression by enhancing
the proliferation, EMT, and stemness properties of HCC cells, notably through the
secretion of secreted frizzled-related protein 1 (sFRP1), which activates the Wnt16B/β-
catenin pathway in hepatic cancer cells [137].

Interestingly, the repression of MAOA, an enzyme involved in the degradation of
norepinephrine and epinephrine, is observed in the tumor tissue and is associated with
the invasiveness and poor prognostic of several cancers, including HCC and cholangio-
carcinoma [135,138–140]. This repression could be due to an epigenetic regulation since
the hypermethylation of the promoter of this gene is observed in tumors. Inflammation
may also be implicated since a specificity protein 1 (SP1) binding site is present in the
MAOA promoter. Indeed, the transcription factor SP1 induces MAOA expression, but this
is abolished by IL-6, which prevents SP1 binding to its consensus sequences by enabling the
R1 repressor to bind instead [135,140]. Interestingly, hypoxia, which is observed in tumors,
is also known to repress the expression of this enzyme, as observed in the hepatoma cell line
HepaRG [141]. This repression may lead to an increase in norepinephrine concentration
within the tumor tissue, thus enhancing the local effects of this catecholamine.

Considering these studies, the higher expression of β2-ADR in HCC has been sug-
gested as a prognostic biomarker for lower survival rates as well as for tumor recur-
rence [59]. Furthermore, HK2 and ADRB2 overexpression has been found to positively
correlate and associate with poor prognosis in HCC patients [142]. Serum catecholamine
concentrations associated with the HAMA score, an evaluation of anxiety, have also been
identified as potential prognostic markers in HCC patients [143]. With regard to these re-
sults, the use of beta-blocker in cancer has been suggested as adjuvant therapy, and several
publications have highlighted a beneficial effect of these drugs, notably on melanoma and
breast cancers [144,145]. As β-blockers are currently used in cirrhosis in order to reduce
portal hypertension and the risk of hemorrhage in esophagus varices, investigating their
role in HCC could be relevant. To our knowledge, only five retrospectives studies have eval-
uated their effects and have highlighted a positive impact of propranolol, a non-selective
β-blocker, on the occurrence of HCC in patients with hepatitis C virus (HCV)-associated
cirrhosis [146], alcoholic cirrhosis [147], or with no distinction of HCC etiology in patients
with cirrhosis [148]. The use of propranolol prescription before HCC diagnosis improved
the survival rate in a Swedish cohort of 2104 HCC patients [149]. Finally, the use of three
distinct non-selective β-blockers (carvedilol, nadolol, and propranolol) was associated
with a lower risk of HCC incidence in a large cohort of 107.428 HCC American patients
with cirrhosis [150]. Hence, β-blockers appear as a promising pharmacological strategy
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in lowering HCC incidences; whether other β-ADR or α-ADR antagonists would exert
beneficial effects remains to be determined.

7. Therapeutic Implications

Adrenergic antagonists are well-known drugs for which we have certain hindsight in
their use in medicine. The majority of these molecules are non-selective β-blockers, such as
propranolol or nadolol. Selective α1-ADR antagonists, such as prazosin or doxazosin, are
also used clinically to treat hypertension, prostatic hyperplasia, or post-traumatic stress
disorders. Carvedilol is a β-ADR and α1-ADR receptor antagonist used in the treatment
of heart failure. As discussed in paragraph 6.5, several retrospective studies have been
carried out on these molecules in the context of HCC. Furthermore, studies performed
on animal models with fibrosis or cirrhosis demonstrated that carvedilol could act on
tumor processes such as inflammation, matrix remodeling, resistance to cell death, or even
angiogenesis [151]. Carvedilol appears to be hepatoprotective against fibrosis by limiting
the effects of hepatic stellate cells and decreasing types I, III, and IV collagen deposits and
the production of TGF-β1 [118,152]. Retrospective studies based on clinical data registries
in order to follow patients under these therapies for other pathologies, such as high blood
pressure, for example, could give an idea of their benefits in the apparition of liver diseases.

8. Conclusions

As described in this review, catecholamines play important roles in many aspects of
liver physiology. However, interrogations are still present, notably on their implication
in several pathophysiological processes such as the development of fibrosis, MAFLD,
or cancer progression. A summary of the current knowledge is presented in Figure 6.
Increasing works about their involvement in these diseases may lead to new therapies
or adjuvant treatments. As antagonists of ADR are well-known drugs introduced on the
market for a long time now, their use in these pathologies could be facilitated.
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Figure 6. Summary of catecholamines liver effects during a high fat diet or obesity (A) and on
HCC progression (B). (A) During high fat diet or obesity, an increase in liver sympathetic activity is
observed during the onset of the pathology. This increase could lead to early events characterized by
an increase in gluconeogenesis, an activation of stellate cells, cytokine production by Kupffer cells, and
an increase in lipid content in hepatocytes. All of these phenomena could induce a local inflammation
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responsible for the reverse destruction of liver sympathetic fibers as well as fibrosis and steatohepatitis.
These results suggest that α/β-antagonists could have a beneficial effect in the early stages of
steatosis/fibrosis. (B) In hepatocellular carcinoma, a decrease in the expression of α1-ADR and
MAO and an increase in the expression of β2-ADR are observed. High sympathetic innervation of
the tumor tissue has also been observed but remains to be validated by other studies. In vitro and
in vivo studies have also shown that several processes involved in cancer progression are activated
by catecholamines. MAO: monoamine oxidase, EMT: epithelial to mesenchymal transition, sFRP1:
secreted frizzled-related protein 1.
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Author Contributions: E.L., A.C., N.N., Y.M., P.S. and C.A. co-wrote the manuscript. C.R. and E.L.
performed the analysis of the dopaminergic expression on various cell lines. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Centre National de la Recherche Scientifique, the Institut
National de la Santé et de la Recherche Médicale (INSERM), the University of Rennes, and the Ligue
contre le cancer (Comité 22-41-44).

Acknowledgments: Figures 1 and 5 were produced with the assistance of Servier Medical Art
(https://smart.servier.com, accessed on 16 December 2021). The authors thank Julie Massart for the
critical reading of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, K.; Yang, L.; Wang, G.; Liu, J.; Zhao, X.; Wang, Y.; Li, J.; Yang, J. Metabolic Stress Drives Sympathetic Neuropathy within the

Liver. Cell Metab. 2021, 33, 666–675.e4. [CrossRef] [PubMed]
2. Adori, C.; Daraio, T.; Kuiper, R.; Barde, S.; Horvathova, L.; Yoshitake, T.; Ihnatko, R.; Valladolid-Acebes, I.; Vercruysse, P.;

Wellendorf, A.M.; et al. Disorganization and Degeneration of Liver Sympathetic Innervations in Nonalcoholic Fatty Liver Disease
Revealed by 3D Imaging. Sci. Adv. 2021, 7, eabg5733. [CrossRef] [PubMed]

3. Forssmann, W.G.; Ito, S. Hepatocyte Innervation in Primates. J. Cell Biol. 1977, 74, 299–313. [CrossRef] [PubMed]
4. Nobin, A.; Baumgarten, H.G.; Falck, B.; Ingemansson, S.; Moghimzadeh, E.; Rosengren, E. Organization of the Sympathetic

Innervation in Liver Tissue from Monkey and Man. Cell Tissue Res. 1978, 195, 371–380. [CrossRef] [PubMed]
5. Akiyoshi, H.; Gonda, T.; Terada, T. A Comparative Histochemical and Immunohistochemical Study of Aminergic, Cholinergic

and Peptidergic Innervation in Rat, Hamster, Guinea Pig, Dog and Human Livers. Liver 1998, 18, 352–359. [CrossRef]
6. Bioulac-Sage, P.; Lafon, M.E.; Saric, J.; Balabaud, C. Nerves and Perisinusoidal Cells in Human Liver. J. Hepatol. 1990, 10, 105–112.

[CrossRef]
7. Lin, Y.S.; Nosaka, S.; Amakata, Y.; Maeda, T. Comparative Study of the Mammalian Liver Innervation: An Immunohistochemical

Study of Protein Gene Product 9.5, Dopamine Beta-Hydroxylase and Tyrosine Hydroxylase. Comp. Biochem. Physiol. A Physiol.
1995, 110, 289–298. [CrossRef]

8. Kjaer, M.; Jurlander, J.; Keiding, S.; Galbo, H.; Kirkegaard, P.; Hage, E. No Reinnervation of Hepatic Sympathetic Nerves after
Liver Transplantation in Human Subjects. J. Hepatol. 1994, 20, 97–100. [CrossRef]

9. Mann, R.; Bhathal, P.S.; Bell, C. Sympathetic Innervation of the Liver in Man and Dog: An Immunohistochemical Study. Clin.
Auton. Res. Off. J. Clin. Auton. Res. Soc. 1991, 1, 141–145. [CrossRef] [PubMed]

10. Geerling, J.J.; Boon, M.R.; Kooijman, S.; Parlevliet, E.T.; Havekes, L.M.; Romijn, J.A.; Meurs, I.M.; Rensen, P.C.N. Sympathetic
Nervous System Control of Triglyceride Metabolism: Novel Concepts Derived from Recent Studies. J. Lipid Res. 2014, 55, 180–189.
[CrossRef] [PubMed]

11. Kosse, C.; Gonzalez, A.; Burdakov, D. Predictive Models of Glucose Control: Roles for Glucose-Sensing Neurones. Acta Physiol.
Oxf. Engl. 2015, 213, 7–18. [CrossRef] [PubMed]

12. Uyama, N.; Geerts, A.; Reynaert, H. Neural Connections between the Hypothalamus and the Liver. Anat. Rec. A Discov. Mol. Cell.
Evol. Biol. 2004, 280A, 808–820. [CrossRef] [PubMed]

13. Goldstein, D.S.; Eisenhofer, G.; Kopin, I.J. Sources and Significance of Plasma Levels of Catechols and Their Metabolites in
Humans. J. Pharmacol. Exp. Ther. 2003, 305, 800–811. [CrossRef] [PubMed]

14. Eisenhofer, G.; Åneman, A.; Hooper, D.; Rundqvist, B.; Friberg, P. Mesenteric Organ Production, Hepatic Metabolism, and Renal
Elimination of Norepinephrine and Its Metabolites in Humans. J. Neurochem. 1996, 66, 1565–1573. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cells11061021/s1
https://www.mdpi.com/article/10.3390/cells11061021/s1
https://smart.servier.com
http://doi.org/10.1016/j.cmet.2021.01.012
http://www.ncbi.nlm.nih.gov/pubmed/33545051
http://doi.org/10.1126/sciadv.abg5733
http://www.ncbi.nlm.nih.gov/pubmed/34290096
http://doi.org/10.1083/jcb.74.1.299
http://www.ncbi.nlm.nih.gov/pubmed/406265
http://doi.org/10.1007/BF00233883
http://www.ncbi.nlm.nih.gov/pubmed/103622
http://doi.org/10.1111/j.1600-0676.1998.tb00817.x
http://doi.org/10.1016/0168-8278(90)90080-B
http://doi.org/10.1016/0300-9629(94)00189-Z
http://doi.org/10.1016/S0168-8278(05)80473-8
http://doi.org/10.1007/BF01826211
http://www.ncbi.nlm.nih.gov/pubmed/1688040
http://doi.org/10.1194/jlr.R045013
http://www.ncbi.nlm.nih.gov/pubmed/24285857
http://doi.org/10.1111/apha.12360
http://www.ncbi.nlm.nih.gov/pubmed/25131833
http://doi.org/10.1002/ar.a.20086
http://www.ncbi.nlm.nih.gov/pubmed/15382020
http://doi.org/10.1124/jpet.103.049270
http://www.ncbi.nlm.nih.gov/pubmed/12649306
http://doi.org/10.1046/j.1471-4159.1996.66041565.x
http://www.ncbi.nlm.nih.gov/pubmed/8627312


Cells 2022, 11, 1021 17 of 22

15. Eisenhofer, G.; Aneman, A.; Friberg, P.; Hooper, D.; Fåndriks, L.; Lonroth, H.; Hunyady, B.; Mezey, E. Substantial Production of
Dopamine in the Human Gastrointestinal Tract. J. Clin. Endocrinol. Metab. 1997, 82, 3864–3871. [CrossRef] [PubMed]

16. Oben, J.A.; Roskams, T.; Yang, S.; Lin, H.; Sinelli, N.; Torbenson, M.; Smedh, U.; Moran, T.H.; Li, Z.; Huang, J.; et al. Hepatic
Fibrogenesis Requires Sympathetic Neurotransmitters. Gut 2004, 53, 438–445. [CrossRef] [PubMed]

17. Sigala, B.; McKee, C.; Soeda, J.; Pazienza, V.; Morgan, M.; Lin, C.-I.; Selden, C.; Vander Borght, S.; Mazzoccoli, G.; Roskams, T.;
et al. Sympathetic Nervous System Catecholamines and Neuropeptide Y Neurotransmitters Are Upregulated in Human NAFLD
and Modulate the Fibrogenic Function of Hepatic Stellate Cells. PLoS ONE 2013, 8, e72928. [CrossRef]

18. Payen, V.L.; Lavergne, A.; Alevra Sarika, N.; Colonval, M.; Karim, L.; Deckers, M.; Najimi, M.; Coppieters, W.; Charloteaux, B.;
Sokal, E.M.; et al. Single-Cell RNA Sequencing of Human Liver Reveals Hepatic Stellate Cell Heterogeneity. JHEP Rep. Innov.
Hepatol. 2021, 3, 100278. [CrossRef] [PubMed]

19. Elayan, H.; Kennedy, B.; Ziegler, M.G. Epinephrine Synthesis by an N-Methyltransferase in Rat Liver. Gastroenterology 1990, 98,
152–155. [CrossRef]

20. Kennedy, B.; Bigby, T.D.; Ziegler, M.G. Nonadrenal Epinephrine-Forming Enzymes in Humans. Characteristics, Distribution,
Regulation, and Relationship to Epinephrine Levels. J. Clin. Investig. 1995, 95, 2896–2902. [CrossRef] [PubMed]

21. Martel, F.; Calhau, C.; Martins, M.J.; Azevedo, I. Uptake of [3H]-Adrenaline by Freshly Isolated Rat Hepatocytes: Putative
Involvement of P-Glycoprotein. J. Auton. Pharmacol. 1998, 18, 57–64. [CrossRef] [PubMed]

22. Busch, A.E.; Quester, S.; Ulzheimer, J.C.; Gorboulev, V.; Akhoundova, A.; Waldegger, S.; Lang, F.; Koepsell, H. Monoamine
Neurotransmitter Transport Mediated by the Polyspecific Cation Transporter ROCT1. FEBS Lett. 1996, 395, 153–156. [CrossRef]

23. Burke, W.J.; Mattammal, M.B.; Marshall, G.L.; Chung, H. Detection of 3,4-Dihydroxyphenylglycolaldehyde in Human Brain by
High-Performance Liquid Chromatography. Anal. Biochem. 1989, 180, 79–84. [CrossRef]

24. Mårdh, G.; Luehr, C.A.; Vallee, B.L. Human Class I Alcohol Dehydrogenases Catalyze the Oxidation of Glycols in the Metabolism
of Norepinephrine. Proc. Natl. Acad. Sci. USA 1985, 82, 4979–4982. [CrossRef] [PubMed]

25. Axelrod, J.; Tomchick, R. Enzymatic O-Methylation of Epinephrine and Other Catechols. J. Biol. Chem. 1958, 233, 702–705.
[CrossRef]

26. Axelrod, J. O-Methylation of Epinephrine and Other Catechols in Vitro and in Vivo. Science 1957, 126, 400–401. [CrossRef]
[PubMed]

27. Johnson, G.A.; Baker, C.A.; Smith, R.T. Radioenzymatic Assay of Sulfate Conjugates of Catecholamines and DOPA in Plasma. Life
Sci. 1980, 26, 1591–1598. [CrossRef]

28. Claustre, J.; Serusclat, P.; Peyrin, L. Glucuronide and Sulfate Catecholamine Conjugates in Rat and Human Plasma. J. Neural
Transm. 1983, 56, 265–278. [CrossRef] [PubMed]

29. Taskinen, J.; Ethell, B.T.; Pihlavisto, P.; Hood, A.M.; Burchell, B.; Coughtrie, M.W.H. Conjugation of Catechols by Recombinant
Human Sulfotransferases, UDP-Glucuronosyltransferases, and Soluble Catechol O-Methyltransferase: Structure-Conjugation
Relationships and Predictive Models. Drug Metab. Dispos. Biol. Fate Chem. 2003, 31, 1187–1197. [CrossRef] [PubMed]

30. Riches, Z.; Stanley, E.L.; Bloomer, J.C.; Coughtrie, M.W.H. Quantitative Evaluation of the Expression and Activity of Five Major
Sulfotransferases (SULTs) in Human Tissues: The SULT “Pie”. Drug Metab. Dispos. Biol. Fate Chem. 2009, 37, 2255–2261. [CrossRef]

31. Kitamura, T.; Alroy, J.; Gatmaitan, Z.; Inoue, M.; Mikami, T.; Jansen, P.; Arias, I.M. Defective Biliary Excretion of Epinephrine
Metabolites in Mutant (TR-) Rats: Relation to the Pathogenesis of Black Liver in the Dubin-Johnson Syndrome and Corriedale
Sheep with an Analogous Excretory Defect. Pathobiology 1992, 15, 1154–1159. [CrossRef] [PubMed]

32. Eisenhofer, G.; Coughtrie, M.W.; Goldstein, D.S. Dopamine Sulphate: An Enigma Resolved. Clin. Exp. Pharmacol. Physiol. Suppl.
1999, 26, S41–S53. [PubMed]

33. Mezey, E.; Eisenhofer, G.; Hansson, S.; Harta, G.; Hoffman, B.J.; Gallatz, K.; Palkovits, M.; Hunyady, B. Non-Neuronal Dopamine
in the Gastrointestinal System. Clin. Exp. Pharmacol. Physiol. Suppl. 1999, 26, S14–S22. [PubMed]

34. Oda, S.; Kato, Y.; Hatakeyama, M.; Iwamura, A.; Fukami, T.; Kume, T.; Yokoi, T.; Nakajima, M. Evaluation of Expression and
Glycosylation Status of UGT1A10 in Supersomes and Intestinal Epithelial Cells with a Novel Specific UGT1A10 Monoclonal
Antibody. Drug Metab. Dispos. Biol. Fate Chem. 2017, 45, 1027–1034. [CrossRef] [PubMed]

35. Nagler, J.; Schriever, S.C.; Angelis, M.D.; Pfluger, P.T.; Schramm, K.-W. Comprehensive Analysis of Nine Monoamines and
Metabolites in Small Amounts of Peripheral Murine (C57Bl/6 J) Tissues. Biomed. Chromatogr. 2018, 32, e4151. [CrossRef]

36. Asano, Y.; Hiramoto, T.; Nishino, R.; Aiba, Y.; Kimura, T.; Yoshihara, K.; Koga, Y.; Sudo, N. Critical Role of Gut Microbiota in the
Production of Biologically Active, Free Catecholamines in the Gut Lumen of Mice. Am. J. Physiol. Gastrointest. Liver Physiol. 2012,
303, G1288–G1295. [CrossRef] [PubMed]

37. Robbins, J.; Wakakuwa, K.; Ikeda, H. Noradrenaline Action on Cat Retinal Ganglion Cells Is Mediated by Dopamine (D2)
Receptors. Brain Res. 1988, 438, 52–60. [CrossRef]

38. Cornil, C.A.; Balthazart, J.; Motte, P.; Massotte, L.; Seutin, V. Dopamine Activates Noradrenergic Receptors in the Preoptic Area. J.
Neurosci. Off. J. Soc. Neurosci. 2002, 22, 9320–9330. [CrossRef]

39. Anfossi, G.; Massucco, P.; Mularoni, E.; Mattiello, L.; Cavalot, F.; Burzacca, S.; Trovati, M. Effect of Dopamine on Adenosine
3′,5′-Cyclic Monophosphate Levels in Human Platelets. Gen. Pharmacol. 1993, 24, 435–438. [CrossRef]

40. Lanau, F.; Zenner, M.T.; Civelli, O.; Hartman, D.S. Epinephrine and Norepinephrine Act as Potent Agonists at the Recombinant
Human Dopamine D4 Receptor. J. Neurochem. 1997, 68, 804–812. [CrossRef]

http://doi.org/10.1210/jcem.82.11.4339
http://www.ncbi.nlm.nih.gov/pubmed/9360553
http://doi.org/10.1136/gut.2003.026658
http://www.ncbi.nlm.nih.gov/pubmed/14960531
http://doi.org/10.1371/journal.pone.0072928
http://doi.org/10.1016/j.jhepr.2021.100278
http://www.ncbi.nlm.nih.gov/pubmed/34027339
http://doi.org/10.1016/0016-5085(90)91304-O
http://doi.org/10.1172/JCI117996
http://www.ncbi.nlm.nih.gov/pubmed/7769131
http://doi.org/10.1046/j.1365-2680.1998.1810057.x
http://www.ncbi.nlm.nih.gov/pubmed/9728326
http://doi.org/10.1016/0014-5793(96)01030-7
http://doi.org/10.1016/0003-2697(89)90090-0
http://doi.org/10.1073/pnas.82.15.4979
http://www.ncbi.nlm.nih.gov/pubmed/3161078
http://doi.org/10.1016/S0021-9258(18)64731-3
http://doi.org/10.1126/science.126.3270.400
http://www.ncbi.nlm.nih.gov/pubmed/13467217
http://doi.org/10.1016/0024-3205(80)90362-8
http://doi.org/10.1007/BF01243495
http://www.ncbi.nlm.nih.gov/pubmed/6688268
http://doi.org/10.1124/dmd.31.9.1187
http://www.ncbi.nlm.nih.gov/pubmed/12920175
http://doi.org/10.1124/dmd.109.028399
http://doi.org/10.1002/hep.1840150629
http://www.ncbi.nlm.nih.gov/pubmed/1592353
http://www.ncbi.nlm.nih.gov/pubmed/10386253
http://www.ncbi.nlm.nih.gov/pubmed/10386249
http://doi.org/10.1124/dmd.117.075291
http://www.ncbi.nlm.nih.gov/pubmed/28698303
http://doi.org/10.1002/bmc.4151
http://doi.org/10.1152/ajpgi.00341.2012
http://www.ncbi.nlm.nih.gov/pubmed/23064760
http://doi.org/10.1016/0006-8993(88)91322-4
http://doi.org/10.1523/JNEUROSCI.22-21-09320.2002
http://doi.org/10.1016/0306-3623(93)90329-V
http://doi.org/10.1046/j.1471-4159.1997.68020804.x


Cells 2022, 11, 1021 18 of 22

41. Coufal, M.; Invernizzi, P.; Gaudio, E.; Bernuzzi, F.; Frampton, G.A.; Onori, P.; Franchitto, A.; Carpino, G.; Ramirez, J.C.; Alvaro,
D.; et al. Increased Local Dopamine Secretion Has Growth-Promoting Effects in Cholangiocarcinoma. Int. J. Cancer 2010, 126,
2112–2122. [CrossRef] [PubMed]

42. Glaser, S.; Alvaro, D.; Roskams, T.; Phinizy, J.L.; Stoica, G.; Francis, H.; Ueno, Y.; Barbaro, B.; Marzioni, M.; Mauldin, J.; et al.
Dopaminergic Inhibition of Secretin-Stimulated Choleresis by Increased PKC-Gamma Expression and Decrease of PKA Activity.
Am. J. Physiol. Gastrointest. Liver Physiol. 2003, 284, G683–G694. [CrossRef]

43. Xu, J.-J.; Wang, S.-Y.; Chen, Y.; Chen, G.-P.; Li, Z.-Q.; Shao, X.-Y.; Li, L.; Lu, W.; Zhou, T.-Y. Dopamine D1 Receptor Activation
Induces Dehydroepiandrosterone Sulfotransferase (SULT2A1) in HepG2 Cells. Acta Pharmacol. Sin. 2014, 35, 889–898. [CrossRef]
[PubMed]

44. Kline, C.L.B.; Ralff, M.D.; Lulla, A.R.; Wagner, J.M.; Abbosh, P.H.; Dicker, D.T.; Allen, J.E.; El-Deiry, W.S. Role of Dopamine
Receptors in the Anticancer Activity of ONC201. Neoplasia 2018, 20, 80–91. [CrossRef] [PubMed]

45. Uberti, M.A.; Hague, C.; Oller, H.; Minneman, K.P.; Hall, R.A. Heterodimerization with Beta2-Adrenergic Receptors Promotes
Surface Expression and Functional Activity of Alpha1D-Adrenergic Receptors. J. Pharmacol. Exp. Ther. 2005, 313, 16–23. [CrossRef]
[PubMed]

46. Aizarani, N.; Saviano, A.; Sagar, R.; Mailly, L.; Durand, S.; Herman, J.S.; Pessaux, P.; Baumert, T.F.; Grün, D. A Human Liver Cell
Atlas Reveals Heterogeneity and Epithelial Progenitors. Nature 2019, 572, 199–204. [CrossRef] [PubMed]

47. Katz, M.S.; Dax, E.M.; Gregerman, R.I. Beta Adrenergic Regulation of Rat Liver Glycogenolysis during Aging. Exp. Gerontol. 1993,
28, 329–340. [CrossRef]

48. Graham, S.M.; Herring, P.A.; Arinze, I.J. Age-Associated Alterations in Hepatic Beta-Adrenergic Receptor/Adenylate Cyclase
Complex. Am. J. Physiol. 1987, 253, E277–E282. [CrossRef] [PubMed]

49. Katz, M.S.; McNair, C.L.; Hymer, T.K.; Boland, S.R. Emergence of Beta Adrenergic-Responsive Hepatic Glycogenolysis in Male
Rats during Post-Maturational Aging. Biochem. Biophys. Res. Commun. 1987, 147, 724–730. [CrossRef]

50. Sancho-Bru, P.; Bataller, R.; Colmenero, J.; Gasull, X.; Moreno, M.; Arroyo, V.; Brenner, D.A.; Ginès, P. Norepinephrine Induces
Calcium Spikes and Proinflammatory Actions in Human Hepatic Stellate Cells. Am. J. Physiol. Gastrointest. Liver Physiol. 2006,
291, G877–G884. [CrossRef] [PubMed]

51. Chen, G.; Fan, X.; Li, Y.; He, L.; Wang, S.; Dai, Y.; Bin, C.; Zhou, D.; Lin, H. Promoter Aberrant Methylation Status of ADRA1A Is
Associated with Hepatocellular Carcinoma. Epigenetics 2020, 15, 684–701. [CrossRef] [PubMed]

52. Yuan, A.; Li, Z.; Li, X.; Yi, S.; Wang, S.; Cai, Y.; Cao, H. The Mitogenic Effectors of Isoproterenol in Human Hepatocellular
Carcinoma Cells. Oncol. Rep. 2010, 23, 151–157. [CrossRef] [PubMed]

53. Mayati, A.; Moreau, A.; Denizot, C.; Stieger, B.; Parmentier, Y.; Fardel, O. B2-Adrenergic Receptor-Mediated in Vitro Regulation of
Human Hepatic Drug Transporter Expression by Epinephrine. Eur. J. Pharm. Sci. Off. J. Eur. Fed. Pharm. Sci. 2017, 106, 302–312.
[CrossRef] [PubMed]

54. Huan, H.-B.; Wen, X.-D.; Chen, X.-J.; Wu, L.; Wu, L.-L.; Zhang, L.; Yang, D.-P.; Zhang, X.; Bie, P.; Qian, C.; et al. Sympathetic
Nervous System Promotes Hepatocarcinogenesis by Modulating Inflammation through Activation of Alpha1-Adrenergic
Receptors of Kupffer Cells. Brain. Behav. Immun. 2017, 59, 118–134. [CrossRef]

55. Alpini, G.; Franchitto, A.; Demorrow, S.; Onori, P.; Gaudio, E.; Wise, C.; Francis, H.; Venter, J.; Kopriva, S.; Mancinelli, R.;
et al. Activation of Alpha1-Adrenergic Receptors Stimulate the Growth of Small Mouse Cholangiocytes via Calcium-Dependent
Activation of Nuclear Factor of Activated T Cells 2 and Specificity Protein 1. Pathobiology 2011, 53, 628–639. [CrossRef] [PubMed]

56. Spector, M.S.; Auer, K.L.; Jarvis, W.D.; Ishac, E.J.; Gao, B.; Kunos, G.; Dent, P. Differential Regulation of the Mitogen-Activated Pro-
tein and Stress-Activated Protein Kinase Cascades by Adrenergic Agonists in Quiescent and Regenerating Adult Rat Hepatocytes.
Mol. Cell. Biol. 1997, 17, 3556–3565. [CrossRef]

57. Kassahun, W.T.; Guenl, B.; Ungemach, F.R.; Jonas, S.; Abraham, G. Expression and Functional Coupling of Liver B2—
Adrenoceptors in the Human Hepatocellular Carcinoma. Pharmacology 2012, 89, 313–320. [CrossRef] [PubMed]

58. Wu, F.-Q.; Fang, T.; Yu, L.-X.; Lv, G.-S.; Lv, H.-W.; Liang, D.; Li, T.; Wang, C.-Z.; Tan, Y.-X.; Ding, J.; et al. ADRB2 Signaling
Promotes HCC Progression and Sorafenib Resistance by Inhibiting Autophagic Degradation of HIF1α. J. Hepatol. 2016, 65,
314–324. [CrossRef] [PubMed]

59. Chen, D.; Xing, W.; Hong, J.; Wang, M.; Huang, Y.; Zhu, C.; Yuan, Y.; Zeng, W. The Beta2-Adrenergic Receptor Is a Potential
Prognostic Biomarker for Human Hepatocellular Carcinoma after Curative Resection. Ann. Surg. Oncol. 2012, 19, 3556–3565.
[CrossRef] [PubMed]

60. Glaser, S.; Alvaro, D.; Francis, H.; Ueno, Y.; Marucci, L.; Benedetti, A.; De Morrow, S.; Marzioni, M.; Mancino, M.G.; Phinizy, J.L.;
et al. Adrenergic Receptor Agonists Prevent Bile Duct Injury Induced by Adrenergic Denervation by Increased CAMP Levels and
Activation of Akt. Am. J. Physiol. Gastrointest. Liver Physiol. 2006, 290, G813–G826. [CrossRef] [PubMed]

61. Hutson, N.J.; Brumley, F.T.; Assimacopoulos, F.D.; Harper, S.C.; Exton, J.H. Studies on the Alpha-Adrenergic Activation of Hepatic
Glucose Output. I. Studies on the Alpha-Adrenergic Activation of Phosphorylase and Gluconeogenesis and Inactivation of
Glycogen Synthase in Isolated Rat Liver Parenchymal Cells. J. Biol. Chem. 1976, 251, 5200–5208. [CrossRef]

62. Chu, C.A.; Sindelar, D.K.; Igawa, K.; Sherck, S.; Neal, D.W.; Emshwiller, M.; Cherrington, A.D. The Direct Effects of Catecholamines
on Hepatic Glucose Production Occur via Alpha1- and Beta2-Receptors in the Dog. Am. J. Physiol. Endocrinol. Metab. 2000, 279,
E463–E473. [CrossRef]

http://doi.org/10.1002/ijc.24909
http://www.ncbi.nlm.nih.gov/pubmed/19795457
http://doi.org/10.1152/ajpgi.00302.2002
http://doi.org/10.1038/aps.2014.19
http://www.ncbi.nlm.nih.gov/pubmed/24909515
http://doi.org/10.1016/j.neo.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29216597
http://doi.org/10.1124/jpet.104.079541
http://www.ncbi.nlm.nih.gov/pubmed/15615865
http://doi.org/10.1038/s41586-019-1373-2
http://www.ncbi.nlm.nih.gov/pubmed/31292543
http://doi.org/10.1016/0531-5565(93)90060-Q
http://doi.org/10.1152/ajpendo.1987.253.3.E277
http://www.ncbi.nlm.nih.gov/pubmed/2820236
http://doi.org/10.1016/0006-291X(87)90990-9
http://doi.org/10.1152/ajpgi.00537.2005
http://www.ncbi.nlm.nih.gov/pubmed/16782692
http://doi.org/10.1080/15592294.2019.1709267
http://www.ncbi.nlm.nih.gov/pubmed/31933413
http://doi.org/10.3892/or_00000616
http://www.ncbi.nlm.nih.gov/pubmed/19956875
http://doi.org/10.1016/j.ejps.2017.06.010
http://www.ncbi.nlm.nih.gov/pubmed/28603032
http://doi.org/10.1016/j.bbi.2016.08.016
http://doi.org/10.1002/hep.24041
http://www.ncbi.nlm.nih.gov/pubmed/21274883
http://doi.org/10.1128/MCB.17.7.3556
http://doi.org/10.1159/000337381
http://www.ncbi.nlm.nih.gov/pubmed/22584966
http://doi.org/10.1016/j.jhep.2016.04.019
http://www.ncbi.nlm.nih.gov/pubmed/27154061
http://doi.org/10.1245/s10434-012-2396-1
http://www.ncbi.nlm.nih.gov/pubmed/22588469
http://doi.org/10.1152/ajpgi.00306.2005
http://www.ncbi.nlm.nih.gov/pubmed/16339297
http://doi.org/10.1016/S0021-9258(17)33147-2
http://doi.org/10.1152/ajpendo.2000.279.2.E463


Cells 2022, 11, 1021 19 of 22

63. Arinze, I.J.; Kawai, Y. Adrenergic Regulation of Glycogenolysis in Isolated Guinea-Pig Hepatocytes: Evidence That B2-Receptors
Mediate Catecholamine Stimulation of Glycogenolysis. Arch. Biochem. Biophys. 1983, 225, 196–202. [CrossRef]

64. Kawai, Y.; Arinze, I.J. Beta-Adrenergic Receptors in Rabbit Liver Plasma Membranes. Predominance of Beta 2-Receptors and
Mediation of Adrenergic Regulation of Hepatic Glycogenolysis. J. Biol. Chem. 1983, 258, 4364–4371. [CrossRef]

65. Keppens, S.; Vandekerckhove, A.; Moshage, H.; Yap, S.H.; Aerts, R.; De Wulf, H. Regulation of Glycogen Phosphorylase Activity
in Isolated Human Hepatocytes. Pathobiology 1993, 17, 610–614. [CrossRef] [PubMed]

66. Bouscarel, B.; Exton, J.H. Regulation of Hepatic Glycogen Phosphorylase and Glycogen Synthase by Calcium and Diacylglycerol.
Biochim. Biophys. Acta BBA -Mol. Cell Res. 1986, 888, 126–134. [CrossRef]

67. Saccà, L.; Vigorito, C.; Cicala, M.; Corso, G.; Sherwin, R.S. Role of Gluconeogenesis in Epinephrine-Stimulated Hepatic Glucose
Production in Humans. Am. J. Physiol. 1983, 245, E294–E302. [CrossRef]

68. Meyer, C.; Stumvoll, M.; Welle, S.; Woerle, H.J.; Haymond, M.; Gerich, J. Relative Importance of Liver, Kidney, and Substrates in
Epinephrine-Induced Increased Gluconeogenesis in Humans. Am. J. Physiol. Endocrinol. Metab. 2003, 285, E819–E826. [CrossRef] [PubMed]

69. Stumvoll, M.; Meyer, C.; Perriello, G.; Kreider, M.; Welle, S.; Gerich, J. Human Kidney and Liver Gluconeogenesis: Evidence for
Organ Substrate Selectivity. Am. J. Physiol. 1998, 274, E817–E826. [CrossRef] [PubMed]

70. Ekdahl, K.N.; Ekman, P. Effects of Epinephrine, Glucagon and Insulin on the Activity and Degree of Phosphorylation of
Fructose-1,6-Bisphosphatase in Cultured Hepatocytes. Biochim. Biophys. Acta 1987, 929, 318–326. [CrossRef]

71. Garrison, J.C.; Borland, M.K. Regulation of Mitochondrial Pyruvate Carboxylation and Gluconeogenesis in Rat Hepatocytes via
an Alpha-Adrenergic, Adenosine 3′:5′-Monophosphate-Independent Mechanism. J. Biol. Chem. 1979, 254, 1129–1133. [CrossRef]

72. Wölfle, D.; Hartmann, H.; Jungermann, K. Induction of Phosphoenolpyruvate Carboxykinase by Sympathetic Agents in Primary
Cultures of Adult Rat Hepatocytes. Biochem. Biophys. Res. Commun. 1981, 98, 1084–1090. [CrossRef]

73. Kim, K.; Cho, S.C.; Cova, A.; Jang, I.S.; Park, S.C. Alterations of Epinephrine-Induced Gluconeogenesis in Aging. Exp. Mol. Med.
2009, 41, 334–340. [CrossRef] [PubMed]

74. Feliú, J.E.; Hue, L.; Hers, H.G. Hormonal Control of Pyruvate Kinase Activity and of Gluconeogenesis in Isolated Hepatocytes.
Proc. Natl. Acad. Sci. USA 1976, 73, 2762–2766. [CrossRef]

75. Rajas, F.; Jourdan-Pineau, H.; Stefanutti, A.; Mrad, E.A.; Iynedjian, P.B.; Mithieux, G. Immunocytochemical Localization of
Glucose 6-Phosphatase and Cytosolic Phosphoenolpyruvate Carboxykinase in Gluconeogenic Tissues Reveals Unsuspected
Metabolic Zonation. Histochem. Cell Biol. 2007, 127, 555–565. [CrossRef] [PubMed]

76. Rasouli, M.; Zahraie, M. Suppression of VLDL Associated Triacylglycerol Secretion by Both Alpha- and Beta-Adrenoceptor
Agonists in Isolated Rat Hepatocytes. Eur. J. Pharmacol. 2006, 545, 109–114. [CrossRef] [PubMed]

77. Rasouli, M.; Mosavi-Mehr, M.; Tahmouri, H. Liver Denervation Increases the Levels of Serum Triglyceride and Cholesterol via
Increases in the Rate of VLDL Secretion. Clin. Res. Hepatol. Gastroenterol. 2012, 36, 60–65. [CrossRef] [PubMed]

78. Yamauchi, T.; Iwai, M.; Kobayashi, N.; Shimazu, T. Noradrenaline and ATP Decrease the Secretion of Triglyceride and Apoprotein
B from Perfused Rat Liver. Pflugers Arch. 1998, 435, 368–374. [CrossRef] [PubMed]

79. Schott, M.B.; Rasineni, K.; Weller, S.G.; Schulze, R.J.; Sletten, A.C.; Casey, C.A.; McNiven, M.A. β-Adrenergic Induction of
Lipolysis in Hepatocytes Is Inhibited by Ethanol Exposure. J. Biol. Chem. 2017, 292, 11815–11828. [CrossRef] [PubMed]

80. Oberhaensli, R.D.; Schwendimann, R.; Keller, U. Effect of Norepinephrine on Ketogenesis, Fatty Acid Oxidation, and Esterification
in Isolated Rat Hepatocytes. Diabetes 1985, 34, 774–779. [CrossRef] [PubMed]

81. Barke, R.A.; Brady, P.S.; Brady, L.J. The Regulation of Mitochondrial Fatty Acid Oxidation and Hepatic Gene Expression by
Catecholamine. J. Surg. Res. 1993, 54, 95–101. [CrossRef]

82. Carreño, F.R.; Seelaender, M.C.L. Liver Denervation Affects Hepatocyte Mitochondrial Fatty Acid Transport Capacity. Cell
Biochem. Funct. 2004, 22, 9–17. [CrossRef]

83. Ly, S.; Kim, K.H. Inactivation of Hepatic Acetyl-CoA Carboxylase by Catecholamine and Its Agonists through the Alpha-
Adrenergic Receptors. J. Biol. Chem. 1981, 256, 11585–11590. [CrossRef]

84. Cruise, J.L.; Knechtle, S.J.; Bollinger, R.R.; Kuhn, C.; Michalopoulos, G. Alpha 1-Adrenergic Effects and Liver Regeneration.
Pathobiology 1987, 7, 1189–1194. [CrossRef]

85. Michalopoulos, G.K.; DeFrances, M.C. Liver Regeneration. Science 1997, 276, 60–66. [CrossRef]
86. Takai, S.; Nakamura, T.; Komi, N.; Ichihara, A. Mechanism of Stimulation of DNA Synthesis Induced by Epinephrine in Primary

Culture of Adult Rat Hepatocytes. J. Biochem. 1988, 103, 848–852. [CrossRef] [PubMed]
87. Cruise, J.L.; Houck, K.A.; Michalopoulos, G.K. Induction of DNA Synthesis in Cultured Rat Hepatocytes through Stimulation of

Alpha 1 Adrenoreceptor by Norepinephrine. Science 1985, 227, 749–751. [CrossRef] [PubMed]
88. Maruko, A.; Ohtake, Y.; Konno, K.; Abe, S.; Ohkubo, Y. Transglutaminase Differentially Regulates Growth Signalling in Rat

Perivenous and Periportal Hepatocytes. Cell Prolif. 2006, 39, 183–193. [CrossRef]
89. Ohtake, Y.; Kobayashi, T.; Maruko, A.; Oh-Ishi, N.; Yamamoto, F.; Katoh, S.; Ohkubo, Y. Norepinephrine Modulates the Zonally

Different Hepatocyte Proliferation through the Regulation of Transglutaminase Activity. Am. J. Physiol. Gastrointest. Liver Physiol.
2010, 299, G106–G114. [CrossRef]

90. Sandnes, D.; Sand, T.E.; Sager, G.; Brønstad, G.O.; Refsnes, M.R.; Gladhaug, I.P.; Jacobsen, S.; Christoffersen, T. Elevated Level
of Beta-Adrenergic Receptors in Hepatocytes from Regenerating Rat Liver. Time Study of [125I]Iodocyanopindolol Binding
Following Partial Hepatectomy and Its Relationship to Catecholamine-Sensitive Adenylate Cyclase. Exp. Cell Res. 1986, 165,
117–126. [CrossRef]

http://doi.org/10.1016/0003-9861(83)90023-1
http://doi.org/10.1016/S0021-9258(18)32632-2
http://doi.org/10.1002/hep.1840170414
http://www.ncbi.nlm.nih.gov/pubmed/8386694
http://doi.org/10.1016/0167-4889(86)90078-9
http://doi.org/10.1152/ajpendo.1983.245.3.E294
http://doi.org/10.1152/ajpendo.00145.2003
http://www.ncbi.nlm.nih.gov/pubmed/12959936
http://doi.org/10.1152/ajpendo.1998.274.5.E817
http://www.ncbi.nlm.nih.gov/pubmed/9612239
http://doi.org/10.1016/0167-4889(87)90259-X
http://doi.org/10.1016/S0021-9258(17)34178-9
http://doi.org/10.1016/0006-291X(81)91222-5
http://doi.org/10.3858/emm.2009.41.5.037
http://www.ncbi.nlm.nih.gov/pubmed/19307753
http://doi.org/10.1073/pnas.73.8.2762
http://doi.org/10.1007/s00418-006-0263-5
http://www.ncbi.nlm.nih.gov/pubmed/17211624
http://doi.org/10.1016/j.ejphar.2006.06.066
http://www.ncbi.nlm.nih.gov/pubmed/16876783
http://doi.org/10.1016/j.clinre.2011.09.012
http://www.ncbi.nlm.nih.gov/pubmed/22264838
http://doi.org/10.1007/s004240050525
http://www.ncbi.nlm.nih.gov/pubmed/9426292
http://doi.org/10.1074/jbc.M117.777748
http://www.ncbi.nlm.nih.gov/pubmed/28515323
http://doi.org/10.2337/diab.34.8.774
http://www.ncbi.nlm.nih.gov/pubmed/2862086
http://doi.org/10.1006/jsre.1993.1014
http://doi.org/10.1002/cbf.1047
http://doi.org/10.1016/S0021-9258(19)68442-5
http://doi.org/10.1002/hep.1840070604
http://doi.org/10.1126/science.276.5309.60
http://doi.org/10.1093/oxfordjournals.jbchem.a122359
http://www.ncbi.nlm.nih.gov/pubmed/2846521
http://doi.org/10.1126/science.2982212
http://www.ncbi.nlm.nih.gov/pubmed/2982212
http://doi.org/10.1111/j.1365-2184.2006.00379.x
http://doi.org/10.1152/ajpgi.00365.2009
http://doi.org/10.1016/0014-4827(86)90537-9


Cells 2022, 11, 1021 20 of 22

91. Brønstad, G.; Christoffersen, T. Increased Effect of Adrenaline on Cyclic AMP Formation and Positive Beta-Adrenergic Modulation
of DNA-Synthesis in Regenerating Hepatocytes. FEBS Lett. 1980, 120, 89–93. [CrossRef]

92. Refsnes, M.; Thoresen, G.H.; Sandnes, D.; Dajani, O.F.; Dajani, L.; Christoffersen, T. Stimulatory and Inhibitory Effects of
Catecholamines on DNA Synthesis in Primary Rat Hepatocyte Cultures: Role of Alpha 1- and Beta-Adrenergic Mechanisms. J.
Cell. Physiol. 1992, 151, 164–171. [CrossRef]

93. Tsukamoto, I.; Kojo, S. The Sex Difference in the Regulation of Liver Regeneration after Partial Hepatectomy in the Rat. Biochim.
Biophys. Acta 1990, 1033, 287–290. [CrossRef]

94. Musso, O.; Caroline, A.; Pascal, L.; Anne, C. Structure et Fonctions des Hépatocytes. Available online: https://www.em-consulte.
com/article/1355219/structure-et-fonctions-des-hepatocytes (accessed on 7 March 2022).

95. Oben, J.A.; Roskams, T.; Yang, S.; Lin, H.; Sinelli, N.; Li, Z.; Torbenson, M.; Huang, J.; Guarino, P.; Kafrouni, M.; et al. Sympathetic
Nervous System Inhibition Increases Hepatic Progenitors and Reduces Liver Injury. Pathobiology 2003, 38, 664–673. [CrossRef]

96. Soeda, J.; Mouralidarane, A.; Ray, S.; Novelli, M.; Thomas, S.; Roskams, T.; Diehl, A.M.; Oben, J.A. The β-Adrenoceptor Agonist
Isoproterenol Rescues Acetaminophen-Injured Livers through Increasing Progenitor Numbers by Wnt in Mice. Pathobiology 2014,
60, 1023–1034. [CrossRef]

97. Iber, H.; Li-Masters, T.; Chen, Q.; Yu, S.; Morgan, E.T. Regulation of Hepatic Cytochrome P450 2C11 via CAMP: Implications for
down-Regulation in Diabetes, Fasting, and Inflammation. J. Pharmacol. Exp. Ther. 2001, 297, 174–180. [PubMed]

98. Aninat, C.; Seguin, P.; Descheemaeker, P.-N.; Morel, F.; Malledant, Y.; Guillouzo, A. Catecholamines Induce an Inflammatory
Response in Human Hepatocytes. Crit. Care Med. 2008, 36, 848–854. [CrossRef]

99. Badolo, L.; Jensen, B.; Säll, C.; Norinder, U.; Kallunki, P.; Montanari, D. Evaluation of 309 Molecules as Inducers of CYP3A4,
CYP2B6, CYP1A2, OATP1B1, OCT1, MDR1, MRP2, MRP3 and BCRP in Cryopreserved Human Hepatocytes in Sandwich Culture.
Xenobiotica Fate Foreign Compd. Biol. Syst. 2015, 45, 177–187. [CrossRef]

100. Daskalopoulos, E.P.; Malliou, F.; Rentesi, G.; Marselos, M.; Lang, M.A.; Konstandi, M. Stress Is a Critical Player in CYP3A, CYP2C,
and CYP2D Regulation: Role of Adrenergic Receptor Signaling Pathways. Am. J. Physiol. Endocrinol. Metab. 2012, 303, E40–E54.
[CrossRef]

101. Hahn, P.Y.; Wang, P.; Tait, S.M.; Ba, Z.F.; Reich, S.S.; Chaudry, I.H. Sustained Elevation in Circulating Catecholamine Levels during
Polymicrobial Sepsis. Shock Augusta Ga 1995, 4, 269–273. [CrossRef] [PubMed]

102. Kovarik, M.F.; Jones, S.B.; Romano, F.D. Plasma Catecholamines Following Cecal Ligation and Puncture in the Rat. Circ. Shock
1987, 22, 281–290.

103. Yang, S.; Koo, D.J.; Zhou, M.; Chaudry, I.H.; Wang, P. Gut-Derived Norepinephrine Plays a Critical Role in Producing Hepatocel-
lular Dysfunction during Early Sepsis. Am. J. Physiol. Gastrointest. Liver Physiol. 2000, 279, G1274–G1281. [CrossRef]

104. Zhou, M.; Hank Simms, H.; Wang, P. Increased Gut-Derived Norepinephrine Release in Sepsis: Up-Regulation of Intestinal
Tyrosine Hydroxylase. Biochim. Biophys. Acta 2004, 1689, 212–218. [CrossRef] [PubMed]

105. Wang, P.; Tait, S.M.; Chaudry, I.H. Sustained Elevation of Norepinephrine Depresses Hepatocellular Function. Biochim. Biophys.
Acta 2000, 1535, 36–44. [CrossRef]

106. Bergmann, M.; Gornikiewicz, A.; Tamandl, D.; Exner, R.; Roth, E.; Függer, R.; Götzinger, P.; Sautner, T. Continuous Therapeutic
Epinephrine but Not Norepinephrine Prolongs Splanchnic IL-6 Production in Porcine Endotoxic Shock. Shock 2003, 20, 575–581.
[CrossRef] [PubMed]

107. Yang, S.; Zhou, M.; Chaudry, I.H.; Wang, P. Norepinephrine-Induced Hepatocellular Dysfunction in Early Sepsis Is Mediated by
Activation of Alpha2-Adrenoceptors. Am. J. Physiol. Gastrointest. Liver Physiol. 2001, 281, G1014–G1021. [CrossRef]

108. Zhou, M.; Das, P.; Simms, H.H.; Wang, P. Gut-Derived Norepinephrine Plays an Important Role in up-Regulating IL-1beta and
IL-10. Biochim. Biophys. Acta 2005, 1740, 446–452. [CrossRef]

109. Zhou, M.; Yang, S.; Koo, D.J.; Ornan, D.A.; Chaudry, I.H.; Wang, P. The Role of Kupffer Cell Alpha(2)-Adrenoceptors in
Norepinephrine-Induced TNF-Alpha Production. Biochim. Biophys. Acta 2001, 1537, 49–57. [CrossRef]

110. Zhang, F.; Wu, R.; Qiang, X.; Zhou, M.; Wang, P. Antagonism of Alpha2A-Adrenoceptor: A Novel Approach to Inhibit
Inflammatory Responses in Sepsis. J. Mol. Med. Berl. Ger. 2010, 88, 289–296. [CrossRef]

111. Wallenhorst, T.; Manunta, A.; Bardou-Jacquet, E.; Poirier, J.-Y.; Rioux-Leclerc, N.; Brissot, P. Chronic Hepatic Cytolysis Revealing
a Pheochromocytoma. Clin. Res. Hepatol. Gastroenterol. 2012, 36, e60–e62. [CrossRef]

112. Ghosh, P.M.; Shu, Z.-J.; Zhu, B.; Lu, Z.; Ikeno, Y.; Barnes, J.L.; Yeh, C.-K.; Zhang, B.-X.; Katz, M.S.; Kamat, A. Role of β-Adrenergic
Receptors in Regulation of Hepatic Fat Accumulation during Aging. J. Endocrinol. 2012, 213, 251–261. [CrossRef] [PubMed]

113. Shi, Y.; Shu, Z.-J.; Xue, X.; Yeh, C.-K.; Katz, M.S.; Kamat, A. B2-Adrenergic Receptor Ablation Modulates Hepatic Lipid
Accumulation and Glucose Tolerance in Aging Mice. Exp. Gerontol. 2016, 78, 32–38. [CrossRef] [PubMed]

114. Shi, Y.; Pizzini, J.; Wang, H.; Das, F.; Abdul Azees, P.A.; Ghosh Choudhury, G.; Barnes, J.L.; Zang, M.; Weintraub, S.T.; Yeh,
C.-K.; et al. B2-Adrenergic Receptor Agonist Induced Hepatic Steatosis in Mice: Modeling Nonalcoholic Fatty Liver Disease in
Hyperadrenergic States. Am. J. Physiol. Endocrinol. Metab. 2021, 321, E90–E104. [CrossRef] [PubMed]

115. Licht, C.M.M.; Vreeburg, S.A.; van Reedt Dortland, A.K.B.; Giltay, E.J.; Hoogendijk, W.J.G.; DeRijk, R.H.; Vogelzangs, N.; Zitman,
F.G.; de Geus, E.J.C.; Penninx, B.W.J.H. Increased Sympathetic and Decreased Parasympathetic Activity Rather than Changes in
Hypothalamic-Pituitary-Adrenal Axis Activity Is Associated with Metabolic Abnormalities. J. Clin. Endocrinol. Metab. 2010, 95,
2458–2466. [CrossRef] [PubMed]

http://doi.org/10.1016/0014-5793(80)81053-2
http://doi.org/10.1002/jcp.1041510121
http://doi.org/10.1016/0304-4165(90)90135-J
https://www.em-consulte.com/article/1355219/structure-et-fonctions-des-hepatocytes
https://www.em-consulte.com/article/1355219/structure-et-fonctions-des-hepatocytes
http://doi.org/10.1053/jhep.2003.50371
http://doi.org/10.1002/hep.27266
http://www.ncbi.nlm.nih.gov/pubmed/11259542
http://doi.org/10.1097/CCM.0B013E31816532BE
http://doi.org/10.3109/00498254.2014.955831
http://doi.org/10.1152/ajpendo.00545.2011
http://doi.org/10.1097/00024382-199510000-00007
http://www.ncbi.nlm.nih.gov/pubmed/8564555
http://doi.org/10.1152/ajpgi.2000.279.6.G1274
http://doi.org/10.1016/j.bbadis.2004.03.008
http://www.ncbi.nlm.nih.gov/pubmed/15276647
http://doi.org/10.1016/S0925-4439(00)00080-6
http://doi.org/10.1097/01.shk.0000095934.86703.83
http://www.ncbi.nlm.nih.gov/pubmed/14625484
http://doi.org/10.1152/ajpgi.2001.281.4.G1014
http://doi.org/10.1016/j.bbadis.2004.11.005
http://doi.org/10.1016/S0925-4439(01)00055-2
http://doi.org/10.1007/s00109-009-0555-z
http://doi.org/10.1016/j.clinre.2011.12.010
http://doi.org/10.1530/JOE-11-0406
http://www.ncbi.nlm.nih.gov/pubmed/22457517
http://doi.org/10.1016/j.exger.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/26952573
http://doi.org/10.1152/ajpendo.00651.2020
http://www.ncbi.nlm.nih.gov/pubmed/34029162
http://doi.org/10.1210/jc.2009-2801
http://www.ncbi.nlm.nih.gov/pubmed/20237163


Cells 2022, 11, 1021 21 of 22

116. Hurr, C.; Simonyan, H.; Morgan, D.A.; Rahmouni, K.; Young, C.N. Liver Sympathetic Denervation Reverses Obesity-Induced
Hepatic Steatosis. J. Physiol. 2019, 597, 4565–4580. [CrossRef] [PubMed]

117. Dubuisson, L.; Desmoulière, A.; Decourt, B.; Evadé, L.; Bedin, C.; Boussarie, L.; Barrier, L.; Vidaud, M.; Rosenbaum, J. Inhibition
of Rat Liver Fibrogenesis through Noradrenergic Antagonism. Pathobiology 2002, 35, 325–331. [CrossRef] [PubMed]

118. Wu, Y.; Li, Z.; Xiu, A.-Y.; Meng, D.-X.; Wang, S.-N.; Zhang, C.-Q. Carvedilol Attenuates Carbon Tetrachloride-Induced Liver
Fibrosis and Hepatic Sinusoidal Capillarization in Mice. Drug Des. Devel. Ther. 2019, 13, 2667–2676. [CrossRef] [PubMed]

119. Xiu, A.-Y.; Ding, Q.; Li, Z.; Zhang, C.-Q. Doxazosin Attenuates Liver Fibrosis by Inhibiting Autophagy in Hepatic Stellate Cells
via Activation of the PI3K/Akt/MTOR Signaling Pathway. Drug Des. Devel. Ther. 2021, 15, 3643–3659. [CrossRef] [PubMed]

120. Oben, J.A.; Roskams, T.; Yang, S.; Lin, H.; Sinelli, N.; Li, Z.; Torbenson, M.; Thomas, S.A.; Diehl, A.M. Norepinephrine Induces
Hepatic Fibrogenesis in Leptin Deficient Ob/Ob Mice. Biochem. Biophys. Res. Commun. 2003, 308, 284–292. [CrossRef]

121. Mizuno, K.; Haga, H.; Okumoto, K.; Hoshikawa, K.; Katsumi, T.; Nishina, T.; Saito, T.; Katagiri, H.; Ueno, Y. Intrahepatic
Distribution of Nerve Fibers and Alterations Due to Fibrosis in Diseased Liver. PLoS ONE 2021, 16, e0249556. [CrossRef]

122. Ireland, M.A.; Vandongen, R.; Davidson, L.; Beilin, L.J.; Rouse, I.L. Acute Effects of Moderate Alcohol Consumption on Blood
Pressure and Plasma Catecholamines. Clin. Sci. 1984, 66, 643–648. [CrossRef] [PubMed]

123. Patel, V.A.; Pohorecky, L.A. Acute and Chronic Ethanol Treatment on Beta-Endorphin and Catecholamine Levels. Alcohol 1989, 6,
59–63. [CrossRef]

124. Patterson-Buckendahl, P.; Blakley, G.; Kubovcakova, L.; Krizanova, O.; Pohorecky, L.A.; Kvetnansky, R. Alcohol Alters Rat
Adrenomedullary Function and Stress Response. Ann. N. Y. Acad. Sci. 2004, 1018, 173–182. [CrossRef] [PubMed]

125. Liu, J.; Takase, I.; Hakucho, A.; Okamura, N.; Fujimiya, T. Carvedilol Attenuates the Progression of Alcohol Fatty Liver Disease in
Rats. Alcohol. Clin. Exp. Res. 2012, 36, 1587–1599. [CrossRef]

126. Antoni, M.H.; Lutgendorf, S.K.; Cole, S.W.; Dhabhar, F.S.; Sephton, S.E.; McDonald, P.G.; Stefanek, M.; Sood, A.K. The Influence of
Bio-Behavioural Factors on Tumour Biology: Pathways and Mechanisms. Nat. Rev. Cancer 2006, 6, 240–248. [CrossRef] [PubMed]

127. Jia, Y.; Li, F.; Liu, Y.F.; Zhao, J.P.; Leng, M.M.; Chen, L. Depression and Cancer Risk: A Systematic Review and Meta-Analysis.
Public Health 2017, 149, 138–148. [CrossRef]

128. Zahalka, A.H.; Arnal-Estapé, A.; Maryanovich, M.; Nakahara, F.; Cruz, C.D.; Finley, L.W.S.; Frenette, P.S. Adrenergic Nerves
Activate an Angio-Metabolic Switch in Prostate Cancer. Science 2017, 358, 321–326. [CrossRef] [PubMed]

129. Zhang, J.; Deng, Y.; Liu, J.; Wang, Y.; Yi, T.; Huang, B.; He, S.; Zheng, B.; Jiang, Y. Norepinephrine Induced Epithelial-Mesenchymal
Transition in HT-29 and A549 Cells in Vitro. J. Cancer Res. Clin. Oncol. 2016, 142, 423–435. [CrossRef] [PubMed]

130. Chida, Y.; Sudo, N.; Kubo, C. Does Stress Exacerbate Liver Diseases? J. Gastroenterol. Hepatol. 2006, 21, 202–208. [CrossRef]
[PubMed]

131. Bevilacqua, M.; Norbiato, G.; Chebat, E.; Baldi, G.; Bertora, P.; Regalia, E.; Colella, G.; Gennari, L.; Vago, T. Changes in Alpha-1
and Beta-2 Adrenoceptor Density in Human Hepatocellular Carcinoma. Cancer 1991, 67, 2543–2551. [CrossRef]

132. Kassahun, W.T.; Günl, B.; Jonas, S.; Ungemach, F.R.; Abraham, G. Altered Liver A1-Adrenoceptor Density and Phospholipase C
Activity in the Human Hepatocellular Carcinoma. Eur. J. Pharmacol. 2011, 670, 92–95. [CrossRef] [PubMed]

133. Zhao, W.; Liu, X. MiR-3682 Promotes the Progression of Hepatocellular Carcinoma (HCC) via Inactivating AMPK Signaling by
Targeting ADRA1A. Ann. Hepatol. 2021, 27, 100570. [CrossRef] [PubMed]

134. Liu, J.; Qu, L.; Wan, C.; Xiao, M.; Ni, W.; Jiang, F.; Fan, Y.; Lu, C.; Ni, R. A Novel B2-AR/YB-1/β-Catenin Axis Mediates Chronic
Stress-Associated Metastasis in Hepatocellular Carcinoma. Oncogenesis 2020, 9, 84. [CrossRef] [PubMed]

135. Li, J.; Yang, X.-M.; Wang, Y.-H.; Feng, M.-X.; Liu, X.-J.; Zhang, Y.-L.; Huang, S.; Wu, Z.; Xue, F.; Qin, W.-X.; et al. Monoamine
Oxidase A Suppresses Hepatocellular Carcinoma Metastasis by Inhibiting the Adrenergic System and Its Transactivation of EGFR
Signaling. J. Hepatol. 2014, 60, 1225–1234. [CrossRef]

136. Jiang, W.; Li, Y.; Li, Z.-Z.; Sun, J.; Li, J.-W.; Wei, W.; Li, L.; Zhang, C.; Huang, C.; Yang, S.-Y.; et al. Chronic Restraint Stress
Promotes Hepatocellular Carcinoma Growth by Mobilizing Splenic Myeloid Cells through Activating β-Adrenergic Signaling.
Brain. Behav. Immun. 2019, 80, 825–838. [CrossRef] [PubMed]

137. Lin, X.-H.; Liu, H.-H.; Hsu, S.-J.; Zhang, R.; Chen, J.; Chen, J.; Gao, D.-M.; Cui, J.-F.; Ren, Z.-G.; Chen, R.-X. Norepinephrine-
Stimulated HSCs Secrete SFRP1 to Promote HCC Progression Following Chronic Stress via Augmentation of a Wnt16B/β-Catenin
Positive Feedback Loop. J. Exp. Clin. Cancer Res. CR 2020, 39, 64. [CrossRef] [PubMed]

138. Rybaczyk, L.A.; Bashaw, M.J.; Pathak, D.R.; Huang, K. An Indicator of Cancer: Downregulation of Monoamine Oxidase-A in
Multiple Organs and Species. BMC Genom. 2008, 9, 134. [CrossRef] [PubMed]

139. Pang, Y.-Y.; Li, J.-D.; Gao, L.; Yang, X.; Dang, Y.-W.; Lai, Z.-F.; Liu, L.-M.; Yang, J.; Wu, H.-Y.; He, R.-Q.; et al. The Clinical Value
and Potential Molecular Mechanism of the Downregulation of MAOA in Hepatocellular Carcinoma Tissues. Cancer Med. 2020, 9,
8004–8019. [CrossRef] [PubMed]

140. Huang, L.; Frampton, G.; Rao, A.; Zhang, K.; Chen, W.; Lai, J.; Yin, X.; Walker, K.; Culbreath, B.; Leyva-Illades, D.; et al.
Monoamine Oxidase A Expression Is Suppressed in Human Cholangiocarcinoma via Coordinated Epigenetic and IL-6-Driven
Events. Lab. Investig. J. Tech. Methods Pathol. 2012, 92, 1451–1460. [CrossRef]

141. Legendre, C.; Hori, T.; Loyer, P.; Aninat, C.; Ishida, S.; Glaise, D.; Lucas-Clerc, C.; Boudjema, K.; Guguen-Guillouzo, C.; Corlu,
A.; et al. Drug-Metabolising Enzymes Are down-Regulated by Hypoxia in Differentiated Human Hepatoma HepaRG Cells:
HIF-1alpha Involvement in CYP3A4 Repression. Eur. J. Cancer 2009, 45, 2882–2892. [CrossRef] [PubMed]

http://doi.org/10.1113/JP277994
http://www.ncbi.nlm.nih.gov/pubmed/31278754
http://doi.org/10.1053/jhep.2002.31166
http://www.ncbi.nlm.nih.gov/pubmed/11826405
http://doi.org/10.2147/DDDT.S210797
http://www.ncbi.nlm.nih.gov/pubmed/31534314
http://doi.org/10.2147/DDDT.S317701
http://www.ncbi.nlm.nih.gov/pubmed/34456560
http://doi.org/10.1016/S0006-291X(03)01360-3
http://doi.org/10.1371/journal.pone.0249556
http://doi.org/10.1042/cs0660643
http://www.ncbi.nlm.nih.gov/pubmed/6723203
http://doi.org/10.1016/0741-8329(89)90074-8
http://doi.org/10.1196/annals.1296.020
http://www.ncbi.nlm.nih.gov/pubmed/15240366
http://doi.org/10.1111/j.1530-0277.2012.01773.x
http://doi.org/10.1038/nrc1820
http://www.ncbi.nlm.nih.gov/pubmed/16498446
http://doi.org/10.1016/j.puhe.2017.04.026
http://doi.org/10.1126/science.aah5072
http://www.ncbi.nlm.nih.gov/pubmed/29051371
http://doi.org/10.1007/s00432-015-2044-9
http://www.ncbi.nlm.nih.gov/pubmed/26358081
http://doi.org/10.1111/j.1440-1746.2006.04110.x
http://www.ncbi.nlm.nih.gov/pubmed/16460474
http://doi.org/10.1002/1097-0142(19910515)67:10&lt;2543::AID-CNCR2820671026&gt;3.0.CO;2-L
http://doi.org/10.1016/j.ejphar.2011.08.009
http://www.ncbi.nlm.nih.gov/pubmed/21910987
http://doi.org/10.1016/j.aohep.2021.100570
http://www.ncbi.nlm.nih.gov/pubmed/34706275
http://doi.org/10.1038/s41389-020-00268-w
http://www.ncbi.nlm.nih.gov/pubmed/32973139
http://doi.org/10.1016/j.jhep.2014.02.025
http://doi.org/10.1016/j.bbi.2019.05.031
http://www.ncbi.nlm.nih.gov/pubmed/31125710
http://doi.org/10.1186/s13046-020-01568-0
http://www.ncbi.nlm.nih.gov/pubmed/32293507
http://doi.org/10.1186/1471-2164-9-134
http://www.ncbi.nlm.nih.gov/pubmed/18366702
http://doi.org/10.1002/cam4.3434
http://www.ncbi.nlm.nih.gov/pubmed/32931665
http://doi.org/10.1038/labinvest.2012.110
http://doi.org/10.1016/j.ejca.2009.07.010
http://www.ncbi.nlm.nih.gov/pubmed/19695866


Cells 2022, 11, 1021 22 of 22

142. Zhang, Z.-F.; Feng, X.-S.; Chen, H.; Duan, Z.-J.; Wang, L.-X.; Yang, D.; Liu, P.-X.; Zhang, Q.-P.; Jin, Y.-L.; Sun, Z.-G.; et al. Prognostic
Significance of Synergistic Hexokinase-2 and Beta2-Adrenergic Receptor Expression in Human Hepatocelluar Carcinoma after
Curative Resection. BMC Gastroenterol. 2016, 16, 57. [CrossRef] [PubMed]

143. Liu, J.; Zong, G.; Zhang, C.; Li, C.; Chen, X.; Zhang, Y. Anxiety and Serum Catecholamines as Predictors of Survival and
Recurrence in Hepatocellular Carcinoma. Psychooncology 2017, 26, 1347–1353. [CrossRef] [PubMed]

144. De Giorgi, V.; Grazzini, M.; Benemei, S.; Marchionni, N.; Geppetti, P.; Gandini, S. β-Blocker Use and Reduced Disease Progression
in Patients with Thick Melanoma: 8 Years of Follow-Up. Melanoma Res. 2017, 27, 268–270. [CrossRef] [PubMed]

145. Hiller, J.G.; Cole, S.W.; Crone, E.M.; Byrne, D.J.; Shackleford, D.M.; Pang, J.-M.B.; Henderson, M.A.; Nightingale, S.S.; Ho, K.M.;
Myles, P.S.; et al. Preoperative β-Blockade with Propranolol Reduces Biomarkers of Metastasis in Breast Cancer: A Phase II
Randomized Trial. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2020, 26, 1803–1811. [CrossRef] [PubMed]

146. Nkontchou, G.; Aout, M.; Mahmoudi, A.; Roulot, D.; Bourcier, V.; Grando-Lemaire, V.; Ganne-Carrie, N.; Trinchet, J.-C.;
Vicaut, E.; Beaugrand, M. Effect of Long-Term Propranolol Treatment on Hepatocellular Carcinoma Incidence in Patients with
HCV-Associated Cirrhosis. Cancer Prev. Res. 2012, 5, 1007–1014. [CrossRef]

147. Li, T.-H.; Tsai, Y.-L.; Hsu, C.-F.; Liu, C.-W.; Huang, C.-C.; Yang, Y.-Y.; Tsai, H.-C.; Huang, S.-F.; Hsieh, Y.-C.; Liu, H.-M.; et al.
Propranolol Is Associated with Lower Risk of Incidence of Hepatocellular Carcinoma in Patients with Alcoholic Cirrhosis: A
Tertiary-Center Study and Indirect Comparison with Meta-Analysis. Gastroenterol. Res. Pract. 2020, 2020, 1892584. [CrossRef]

148. Herrera, I.; Pascual, S.; Zapater, P.; Carnicer, F.; Bellot, P.; María Palazón, J. The Use of β-Blockers Is Associated with a Lower Risk
of Developing Hepatocellular Carcinoma in Patients with Cirrhosis. Eur. J. Gastroenterol. Hepatol. 2016, 28, 1194–1197. [CrossRef]

149. Udumyan, R.; Montgomery, S.; Duberg, A.-S.; Fang, F.; Valdimarsdottir, U.; Ekbom, A.; Smedby, K.E.; Fall, K. Beta-Adrenergic
Receptor Blockers and Liver Cancer Mortality in a National Cohort of Hepatocellular Carcinoma Patients. Scand. J. Gastroenterol.
2020, 55, 597–605. [CrossRef]

150. Wijarnpreecha, K.; Li, F.; Xiang, Y.; Xu, X.; Zhu, C.; Maroufy, V.; Wang, Q.; Tao, W.; Dang, Y.; Pham, H.A.; et al. Nonselective
Beta-Blockers Are Associated with a Lower Risk of Hepatocellular Carcinoma among Cirrhotic Patients in the United States.
Aliment. Pharmacol. Ther. 2021, 54, 481–492. [CrossRef] [PubMed]

151. Balaha, M.; Kandeel, S.; Barakat, W. Carvedilol Suppresses Circulating and Hepatic IL-6 Responsible for Hepatocarcinogenesis of
Chronically Damaged Liver in Rats. Toxicol. Appl. Pharmacol. 2016, 311, 1–11. [CrossRef] [PubMed]

152. Tian, X.; Zhao, C.; Guo, J.; Xie, S.; Yin, F.; Huo, X.; Zhang, X. Carvedilol Attenuates the Progression of Hepatic Fibrosis Induced by
Bile Duct Ligation. BioMed Res. Int. 2017, 2017, 4612769. [CrossRef] [PubMed]

http://doi.org/10.1186/s12876-016-0474-8
http://www.ncbi.nlm.nih.gov/pubmed/27255554
http://doi.org/10.1002/pon.4305
http://www.ncbi.nlm.nih.gov/pubmed/27862617
http://doi.org/10.1097/CMR.0000000000000317
http://www.ncbi.nlm.nih.gov/pubmed/28346289
http://doi.org/10.1158/1078-0432.CCR-19-2641
http://www.ncbi.nlm.nih.gov/pubmed/31754048
http://doi.org/10.1158/1940-6207.CAPR-11-0450
http://doi.org/10.1155/2020/1892584
http://doi.org/10.1097/MEG.0000000000000677
http://doi.org/10.1080/00365521.2020.1762919
http://doi.org/10.1111/apt.16490
http://www.ncbi.nlm.nih.gov/pubmed/34224163
http://doi.org/10.1016/j.taap.2016.10.012
http://www.ncbi.nlm.nih.gov/pubmed/27746314
http://doi.org/10.1155/2017/4612769
http://www.ncbi.nlm.nih.gov/pubmed/28396867

	Introduction 
	How the Liver Is in Contact with Catecholamines? 
	Liver Sympathetic Innervation 
	Adrenal Gland and Mesenteric Organs Are the Main Sources of Blood Delivering Catecholamines to the Liver 
	Hepatic Stellate Cells: A Source of Catecholamines? 

	Catecholamines Metabolism in the Liver 
	Adrenergic and Dopaminergic Receptors Expression in the Liver 
	Dopamine Receptors 
	Adrenergic Receptors 

	Physiological and Metabolic Roles of Catecholamines in the Liver 
	Glucose Metabolism 
	Fatty Acid Metabolism 
	Catecholamines and Liver Regeneration 

	Involvement of Catecholamines in Liver Diseases 
	Catecholamines and Drug-Metabolizing Enzymes Modulation 
	Catecholamines and Liver Dysfunction in Sepsis 
	Catecholamines and Fatty Liver Diseases 
	Catecholamines and Fibrosis 
	Catecholamines and Liver Cancers 

	Therapeutic Implications 
	Conclusions 
	References

