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Abstract: Epithelial transport is a multifaceted process crucial for maintaining normal physiolog-
ical functions in the human body. This comprehensive review delves into the pathophysiological
mechanisms underlying epithelial transport and its significance in disease pathogenesis. Beginning
with an introduction to epithelial transport, it covers various forms, including ion, water, and nu-
trient transfer, followed by an exploration of the processes governing ion transport and hormonal
regulation. The review then addresses genetic disorders, like cystic fibrosis and Bartter syndrome,
that affect epithelial transport. Furthermore, it investigates the involvement of epithelial transport in
the pathophysiology of conditions such as diarrhea, hypertension, and edema. Finally, the review
analyzes the impact of renal disease on epithelial transport and highlights the potential for future
research to uncover novel therapeutic interventions for conditions like cystic fibrosis, hypertension,
and renal failure.

Keywords: epithelial transport; ion transport; hormonal regulation; genetic disorders; pathophysiology;
renal disease

1. Introduction

Epithelial transport is a critical physiological process crucial for maintaining the proper
functioning of various organs within the human body. Epithelial cells are distributed across
diverse tissues and organs like the lungs, kidneys, and intestines, responsible for selectively
transporting ions, nutrients, and other substances across cell membranes [1,2]. This intri-
cate transport system is essential for maintaining fluid and electrolyte balance, nutrient
absorption, waste removal, and pH regulation. Disruptions in these mechanisms can lead
to various pathophysiological conditions, including cystic fibrosis, diarrhea, and hyper-
tension. In the case of cystic fibrosis, a genetic defect in the cystic fibrosis transmembrane
conductance regulator (CFTR) protein impairs chloride transport across epithelial cell
membranes, resulting in the accumulation of thick mucus in the lungs and other organs,
leading to chronic respiratory infections and other complications [3].

Similarly, disruptions in intestinal epithelial transport can cause diarrhea, character-
ized by excessive fluid loss and dehydration. This can occur due to factors such as bacterial
or viral infections, inflammatory bowel disease, and certain medications [4]. Worldwide,
viruses are the primary causative agents for acute gastroenteritis, constituting the major-
ity of diagnosed cases of community-acquired diarrhea [5]. In the case of hypertension,
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disruptions in epithelial transport within renal tubules can lead to impaired sodium and
water balance, resulting in elevated blood pressure [6].

Epithelial transport, involving the movement of ions, nutrients, and substances across
cell membranes, is vital for the proper function of organs like the lungs, kidneys, and
intestines. For instance, in the lungs, epithelial cells facilitate oxygen and carbon dioxide
transport across the alveolar membrane, crucial for gas exchange and oxygen de-livery to
body tissues. Similarly, in the kidneys, renal tubular epithelial cells selectively reabsorb
and excrete ions and substances, maintaining fluid and electrolyte balance [7,8].

Recent advances in our understanding of epithelial transport have elucidated the
intricate mechanisms governing this process. Research has unveiled the essential role of
ion channels, transporters, and pumps in selectively moving ions and substances across
cell membranes. Furthermore, various signaling pathways and regulatory mechanisms,
such as phosphorylation, ubiquitination, and membrane trafficking, have been identified to
control the activity of these transport proteins [9,10]. Recent studies have also underscored
the significance of the gut microbiota in regulating epithelial transport within the intestine.
The gut microbiota, comprising trillions of microorganisms residing in the gastrointestinal
tract, can influence intestinal epithelial cell function through mechanisms like metabolite
production, neurotransmitters, and signaling molecules, impacting epithelial transport and
other aspects of gut physiology, including immune function and gut barrier integrity [11].
Additionally, recent research has explored the potential of targeting epithelial transport
mechanisms for treating various disorders. For example, drugs modulating ion channels
and transporters, including diuretics, have been employed in treating conditions such as
hypertension and heart failure [12]. Other approaches like gene therapy and small-molecule
inhibitors are in development to target specific transport proteins and correct epithelial
transport defects in disorders like cystic fibrosis [13]. The critical role of epithelial transport
in human physiology and its involvement in the pathophysiology of various disorders
emphasize the need for ongoing research into these underlying mechanisms. Hence, this
narrative review aims to provide a comprehensive exploration of the pathophysiological
mechanisms governing epithelial transport and its significance in the development of
various illnesses. Advances in our comprehension of epithelial transport mechanisms and
their regulation have the potential to lead to novel therapies for a range of conditions,
including cystic fibrosis, hypertension, and other disorders (see Figure 1).
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2. Methodology

In this study, a comprehensive literature search was performed using primary and
secondary sources, such as scientific articles, bibliographic indexes, and databases including
PubMed, Scopus, Embase, Science Direct, Sports Discuss, ResearchGate, and the Web of
Science. The search utilized MeSH-compliant keywords related to epithelial and ion,
water, nutrient, hormonal regulation, and transport, as well as the pathophysiology of
diarrhea, hypertension, edema, and renal disease. The search spanned from the 1990s to
1 January 2023. From a total of 45,272 based on the initial inquiry, the following exclusion
criteria were applied: (i) studies with inappropriate or not relevant topics, which were
not pertinent to the main focus of the review, and (ii). Ph.D. dissertations, conference
proceedings, and unpublished studies. We included all of the articles that met the scientific
methodological standards and had implications for any of the subsections in which this
article is distributed: types of epithelial transport, ion transport, and nutrient transport;
hormonal regulation of epithelial transport; genetic disorders of epithelial transport; and
the pathophysiology of diarrhea, hypertension, edema, and renal disease. The information
treatment was carried out by a collective of five authors who participated in the review
process. A consensus was achieved within the group on the selection of these specific
subtopics. Subsequently, the application of exclusion criteria was carried out on studies
that employed obsolete data, addressed inappropriate subjects, or were not written in the
English language. The five authors engaged in a discussion on the articles, ultimately
selecting 222 papers that were deemed relevant to the search parameters pertinent to our
study’s purpose. The authors responsible for conducting the study selection also undertook
the task of extracting information from the chosen studies. The selection of research was
conducted in an impartial manner, and subsequent discussions of the findings led to the
development of the current narrative review.

3. Types of Epithelial Transport

Epithelial transport is the process through which substances are selectively trans-
ported across epithelial cells to maintain homeostasis in the body. There are three primary
mechanisms of epithelial transport: transcellular, paracellular, and vesicular transport.

3.1. Transcellular Transport

Transcellular transport involves the selective movement of substances across epithelial
cells via transmembrane proteins, such as ion channels, transporters, and pumps. These
proteins regulate the movement of ions and other solutes through the cell membrane,
allowing precise control over the composition of body fluids [14].

Epithelial cells form the barrier between the external environment and the internal
environment of the body. The different types of epithelial transport are important for the
maintenance of the body’s internal environment, including the regulation of pH, osmolarity,
and ion concentrations. Transcellular transport is critical for the movement of substances
across the epithelial barrier, including the transport of nutrients, water, and electrolytes.
For example, the transcellular movement of sodium and chloride ions across the epithelial
barrier is a critical step in the generation of the transepithelial potential difference, which is
essential for the absorption of nutrients in the intestines [10].

3.2. Paracellular Transport

Paracellular transport occurs between cells and involves the passage of substances
through the tight junctions between epithelial cells. These tight junctions prevent the
unregulated movement of substances between cells but can be selectively permeable to
allow the passage of certain molecules [15,16]. Paracellular transport plays a role in reg-
ulating the movement of water and solutes across the epithelial barrier. Tight junctions
between epithelial cells create a selectively permeable barrier that allows the regulated
movement of certain molecules between cells while preventing the uncontrolled passage
of substances. The regulation of paracellular transport is crucial for the maintenance of
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epithelial barrier function, as alterations in this mechanism can lead to the disruption of
barrier function and the development of diseases such as inflammatory bowel disease [11].
Paracellular transport is a type of epithelial transport that plays a critical role in regulat-
ing the movement of water and solutes across the epithelial barrier. Unlike transcellular
transport, which involves the movement of molecules through epithelial cells, paracellular
transport involves the movement of molecules between epithelial cells through tight junc-
tions. The tight junctions that form between epithelial cells create a barrier that prevents
the unregulated movement of molecules across the epithelium. However, certain ions
and small molecules can pass through the tight junctions via selective channels, which are
regulated via specific proteins, such as claudins and occludins [17,18]. The movement of
these molecules is tightly regulated and can be influenced by various factors, such as pH,
osmotic pressure, and the concentration of ions and solutes on either side of the epithelium.
Disruptions in paracellular transport can lead to various diseases, such as inflammatory
bowel disease (IBD) and celiac disease. In IBD, alterations in the tight junctions of the
intestinal epithelium led to increased permeability, which allows harmful substances to
pass through the epithelium and trigger an immune response [19]. In celiac disease, gluten
triggers the release of zonulin, a protein that regulates tight junctions, leading to increased
permeability and the development of inflammation [20].

3.3. Vesicular Transport

Vesicular transport involves the movement of substances through vesicles, which
are small membrane-bound compartments that bud off from the plasma membrane. This
process can be either endocytosis, in which substances are taken up into the cell, or exocy-
tosis, in which substances are released from the cell [21]. These different mechanisms of
epithelial transport play crucial roles in maintaining homeostasis in the body. For example,
transcellular transport is responsible for the movement of nutrients, electrolytes, and other
solutes across the epithelial barrier, while paracellular transport helps to maintain the
integrity of the epithelial barrier and regulate the movement of water and solutes. Vesicular
transport is involved in the uptake and secretion of substances, including hormones and
neurotransmitters. Additionally, the use of mammalian epithelial cell lines in experimental
studies has provided valuable insights into the biosynthetic and recycling processes of
apical and basolateral plasma-membrane proteins. Furthermore, these experiments have
successfully identified the specific components responsible for guiding the movement of
apical and basolateral proteins along these channels. The aforementioned components en-
compass apical and basolateral sorting signals, i.e., adaptors facilitating basolateral signals,
as well as docking and fusion proteins involved in vesicular trafficking. In contemporary
investigations utilizing live-cell imaging techniques, researchers have been able to see and
analyze sorting processes occurring within epithelial cells in real time. These studies have
shed light on the significant contributions of actin, microtubules, and motors in the intricate
organization of post-Golgi trafficking [22].

Vesicular transport is important for the uptake and release of substances into and
out of cells. For example, the release of hormones and neurotransmitters from endocrine
and nervous system cells involves vesicular transport. Vesicular transport can also be
involved in the uptake of nutrients and other substances, such as cholesterol and iron,
into cells [12]. Vesicular transport is critical for processes such as cell signaling, protein
secretion, and membrane recycling. The importance of vesicular transport is illustrated
by studies showing that disruptions in this mechanism can lead to various diseases. For
example, defects in vesicular transport have been implicated in neurological disorders such
as Alzheimer’s disease and Parkinson’s disease [23,24]. Vesicular transport has also been
shown to be involved in the pathogenesis of infectious diseases, such as viral infections,
by facilitating the entry of pathogens into cells [25]. The regulation of vesicular transport
is complex and involves multiple proteins and signaling pathways. For example, the Rab
family of small GTPases plays a critical role in the regulation of vesicular trafficking [26].
Additionally, vesicular transport is regulated through various signaling pathways, includ-
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ing the phosphatidylinositol-3-kinase (PI3K) signaling pathway, which is important for the
regulation of endocytosis and membrane recycling [27].

4. Methods for Measuring and Analyzing
4.1. Methods for Measuring Mitochondrial Transfer In Vitro and In Vivo

The mitochondria has the capability to regulate the levels of reactive oxygen species
(ROS) within the enterocytes, hence playing a crucial role in maintaining epithelial home-
ostasis through the modulation of apoptosis [28,29]. Mitochondrial transfer is a critical
cellular mechanism that allows cells to maintain healthy mitochondria and sustain proper
cellular function. Measuring mitochondrial transfer in vitro and in vivo is essential to
understand the underlying mechanisms of this process and its potential implications in
health and disease [30].

In vitro methods provide a controlled and reproducible environment to study mi-
tochondrial transfer. One of the advantages of using fluorescent dyes is that they allow
real-time monitoring of mitochondrial transfer from donor to recipient cells. For instance,
the MitoTracker dyes are frequently used for staining mitochondria in donor cells, which
allows the tracking of the transfer of mitochondria to recipient cells via flow cytometry
or confocal microscopy [30,31]. The labeling of mitochondria with fluorescent dyes also
provides a reliable and quantitative method to measure the efficiency of mitochondrial
transfer between different cell types.

In vitro studies are performed in a controlled environment outside of the living or-
ganism, usually using cultured cells. One of the most common methods for measuring
mitochondrial transfer in vitro is using fluorescent dyes [32]. The dyes are loaded into
donor cells, which are then co-cultured with recipient cells. The transfer of mitochondria
can be visualized through fluorescence microscopy, and the amount of transfer can be quan-
tified using flow cytometry [25]. Another in vitro method for measuring mitochondrial
transfer is the use of mitochondrial DNA (mtDNA) sequencing. By sequencing mtDNA
from donor and recipient cells, the presence of donor mtDNA in recipient cells can be
identified, indicating the transfer of mitochondria [33]. The mtDNA sequencing method
has the advantage of being able to detect the transfer of functional mitochondria, which
can result in improved cellular metabolism and bioenergetics.

However, there are limitations to in vitro methods for measuring mitochondrial trans-
fer. In vitro systems may not fully represent the complexity of in vivo environments, and
the experimental conditions may not accurately reflect the physiological and metabolic
state of cells in vivo [34]. Additionally, the use of fluorescent dyes and mtDNA sequencing
methods may require invasive procedures to load donor cells, which could affect cell
viability and induce cellular stress responses [35].

In contrast, in vivo experiments are carried out within a living body. The measurement
of mitochondrial transfer in vivo presents more challenges compared to in vitro experi-
ments, mostly attributed to the intricate nature of the organism’s surrounding environment.
The utilization of in vivo techniques to measure mitochondrial transfer offers a research
framework that is more representative of physiological conditions, hence enhancing the
study of intercellular mitochondrial transfer. A frequently employed methodology involves
the utilization of animal models, specifically mice or rats, for the purpose of examining the
intercellular transport of mitochondria across various tissues or organs. One instance of
investigation is the examination of the transfer of mitochondria from mesenchymal stem
cells to lung tissue, which has been conducted in mice models of acute lung damage [33].

One in vivo method for measuring mitochondrial transfer is using mitochondrial la-
beling. Labeling mitochondria with a fluorescent protein, such as green fluorescent protein
(GFP), allows the tracking of the mitochondria’s movement and localization within the
organism (Hayakawa et al., 2016) [36]. Another in vivo method for measuring mitochon-
drial transfer is the use of mtDNA sequencing. By sequencing mtDNA from tissues or
organs of interest, the presence of donor mtDNA can be identified, indicating the transfer
of mitochondria between cells (Islam et al., 2012) [37]. Another in vivo approach for mea-
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suring mitochondrial transfer is using mitochondrial DNA (mtDNA) haplotypes. mtDNA
haplotypes can be used to track the transfer of mitochondria from maternal sources, which
can be particularly useful in the study of maternal–fetal mitochondrial transfer during preg-
nancy [38]. This approach can provide insight into the role of maternal–fetal mitochondrial
transfer in fetal development and disease.

In addition to animal models, advances in imaging techniques have also enabled
the visualization of mitochondrial transfer in vivo. For example, two-photon microscopy
can be used to track the transfer of mitochondria between cells in live animals [39]. This
technique allows the visualization of mitochondrial dynamics and transfer between cells
in real time, which can provide valuable information about the mechanisms underlying
mitochondrial transfer in vivo.

Every technique used to quantify mitochondrial transfer possesses unique advantages
and disadvantages. The utilization of in vitro techniques enables researchers to maintain
exact control over the experimental parameters, facilitating accurate observations. Ad-
ditionally, the application of fluorescent dyes offers a direct approach to visualize and
quantify the process of mitochondrial translocation. Nevertheless, these methodologies
fail to adequately capture the intricacies of in vivo settings. Performing in vivo procedures
presents greater challenges; however, it offers a more authentic portrayal of mitochondrial
translocation within living animals. The technique of mitochondrial labeling enables the
monitoring and tracing of mitochondria inside an organism, whereas the sequencing of
mitochondrial DNA (mtDNA) offers conclusive proof of the transfer of mitochondria.
Nevertheless, it is important to note that these methodologies may not effectively cap-
ture the precise translocation of mitochondria in particular cell types or organs that are
of significance.

The measurement of mitochondrial transfer is of utmost importance in comprehend-
ing the fundamental mechanisms governing this phenomenon and its ramifications in the
context of both physiological well-being and pathological conditions. Fluorescent dyes and
mitochondrial DNA (mtDNA) sequencing are commonly employed in vitro techniques
that offer a direct and accurate means of quantifying mitochondrial translocation. In vivo
techniques, such as the utilization of mitochondrial labeling and mtDNA sequencing, offer
a more accurate depiction of mitochondrial transfer inside living organisms. Every method-
ology possesses its own set of advantages and drawbacks, and the choice of methodology
should be made in accordance with the research inquiry and experimental framework.

4.2. Methods to Analyze Epithelial Transport

One of the primary obstacles encountered in the field of epithelial transport research
involves the establishment of a model system that effectively replicates the crucial character-
istics of epithelial cells [40]. Epithelial transport research commonly employs many in vitro
cell culture models, including Caco-2, T-84, and HT-29-Cl.19A cells. The utilization of these
cell lines exemplifies a reductionist methodology in the modeling of the epithelium, and
they have been extensively employed in many mechanistic investigations, particularly in
the exploration of interactions between the epithelium and microorganisms. Nevertheless,
cell monolayers fail to effectively represent the interactions between cells and the complex
milieu seen in living organisms. The use of three-dimensional (3D) cell cultures has shown
considerable potential as a viable approach for investigating drug permeability. Anabazha-
gan et al.’s work demonstrates the utility of utilizing three-dimensional (3D) Caco-2 cell
models for investigating the functionality of epithelial transporters [40]. In addition, it is
crucial to supplement investigations conducted on Caco-2 cells with other models in order
to eliminate any biases associated with cell-specific responses and consider the intricate
nature of the native intestinal environment. Various techniques have been previously
employed to evaluate the efficacy of transporters, including everted sac and uptake assays
conducted on isolated epithelial cells or isolated plasma membrane vesicles. In light of
the difficulties encountered in the domain pertaining to models and the quantification
of transport function, this study presents a methodology for cultivating Caco-2 cells in
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a three-dimensional configuration. Additionally, it outlines the utilization of a Ussing
chamber as a viable technique for evaluating serotonin transport, particularly in intact
polarized intestinal epithelial tissues [40].

Of course, the kinetics of epithelial membrane transporters play a significant role
in the movement of solutes into and out of cells. Mechanistic models are employed for
the purpose of examining the transportation of solutes at various scales, including the
organ, tissue, cell, or membrane level. King et al. [41] provide a comprehensive analysis of
the latest developments in employing computer models for the examination of epithelial
transport kinetics on the cellular membrane. Various methods have been employed to
create transport phenomenon models that deal with the movement of solutes across the
epithelial cell membrane. It is worth noting that a significant number of models included
lumped parameters, such as the Michaelis–Menten kinetics, in order to simplify the reaction
term associated with transporter-mediated processes. Regrettably, this assumption fails to
consider the presence of transporter numbers or the potential influence of external stimuli
on membrane transport. In contrast, contemporary mechanistic models of transporter
kinetics incorporate the consideration of the number of transporters involved. Researchers
can explore the ramifications of physical or chemical disruptions on the system by de-
veloping models that closely resemble reality. It is apparent that there is a necessity to
enhance the intricacy of mechanistic models that examine the movement of solutes over a
membrane. This is crucial in order to acquire a deeper understanding of the interactions
between transporters and solutes [41].

5. Ion Transport

Ion transport plays a crucial role in the normal functioning of different tissues in
the body, including the respiratory, digestive, and urinary tracts. Abnormalities in ion
transport can lead to various diseases, such as cystic fibrosis and renal tubular acidosis [42].
In the respiratory system, the airway epithelium is responsible for regulating the movement
of ions such as chloride, sodium, and bicarbonate. The transport of these ions helps to
maintain proper airway hydration, mucociliary clearance, and pH balance. In cystic fibrosis
(CF), a genetic disease caused by mutations in the CFTR gene, there is a defect in the
chloride channel, leading to reduced chloride secretion and increased sodium absorption,
resulting in thick and sticky mucus in the airways, thus leading to chronic lung infections
and respiratory failure [22].

In the digestive system, the transport of ions is essential for the secretion and absorp-
tion of fluids and electrolytes in the intestine. The small intestine and colon are responsible
for the absorption of nutrients and water, while the colon also plays a role in maintaining
electrolyte balance. In diarrhea, there is an increase in chloride secretion and a decrease
in sodium absorption, leading to excessive fluid loss. In contrast, in constipation, there is
reduced secretion of fluids and electrolytes, leading to fecal impaction [43].

In the urinary system, the transport of ions such as sodium, chloride, potassium, and
bicarbonate is essential for the maintenance of proper electrolyte balance and acid–base
homeostasis. The kidney tubules, including the proximal tubule, loop of Henle, distal
tubule, and collecting ducts, are responsible for regulating ion transport. Renal tubular
acidosis (RTA) is a disease characterized by a defect in the renal tubules, leading to reduced
acid secretion and impaired bicarbonate reabsorption, resulting in metabolic acidosis [44].

Further, the pathophysiology of ion transport in various tissues involves the function
of ion channels and transporters. These proteins are responsible for the movement of ions
across the cell membrane and play a crucial role in regulating the fluid and electrolyte
balance in the body [45].

In the urinary system, the transport of ions is regulated via various transporters and
channels in the kidney tubules. For example, the sodium–potassium pump (Na+/K+
ATPase) is responsible for the movement of sodium ions out of the cell in exchange for
potassium ions. The chloride–bicarbonate exchanger (AE1) is involved in the exchange in
bicarbonate ions for chloride ions in the renal tubules. In RTA, mutations in the genes en-



Cells 2023, 12, 2455 8 of 35

coding these transporters can lead to defects in acid secretion and bicarbonate reabsorption,
leading to metabolic acidosis [46].

In this line, cystic fibrosis (CF) is a genetic disorder that affects multiple organs,
including the respiratory and digestive systems [47,48]. CF is caused by mutations in
the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which codes for a
chloride channel found in various tissues, including the airway epithelial cells, pancreatic
ducts, and sweat glands [49]. The lack of pancreatic enzymes leads to the malabsorption of
nutrients, causing malnutrition and growth failure in CF patients [47].

Renal tubular acidosis (RTA) is a group of disorders characterized by a defect in the
secretion or reabsorption of bicarbonate ions in the renal tubules, leading to metabolic
acidosis. The acidosis can cause various symptoms, including weakness, fatigue, confusion,
and bone demineralization [50]. There are three types of RTA: distal RTA, proximal RTA,
and hyperkalemic RTA. In distal RTA, there is a defect in the secretion of acid in the distal
renal tubules, leading to a reduced ability to excrete acid and reabsorb bicarbonate ions.
This results in a net loss of bicarbonate ions and metabolic acidosis. Proximal RTA is caused
by a defect in the reabsorption of bicarbonate ions in the proximal renal tubules, leading to
a net loss of bicarbonate ions and metabolic acidosis. Hyperkalemic RTA is caused by a
defect in the secretion of potassium ions in the distal renal tubules, leading to hyperkalemia
(high levels of potassium in the blood) and metabolic acidosis [30].

6. Water Transport

Water transport is essential for maintaining the body’s fluid balance and normal
physiological functions. The movement of water across cell membranes is primarily driven
by osmosis, which is the movement of water from an area of low solute concentration to
an area of high solute concentration. In different tissues, water transport is regulated via
various channels and transporters present on the cell membranes (Verkman et al., 1996) [31].
In the renal tubules, the transport of water occurs in the nephrons, which are the functional
units of the kidneys. The movement of water in the nephrons is regulated via the hormone
antidiuretic hormone (ADH), which is secreted by the pituitary gland. ADH binds to the
V2 receptor present on the basolateral membrane of the epithelial cells in the collecting
ducts and increases the expression of the aquaporin-2 channel on the apical membrane.
This channel allows the movement of water from the lumen of the collecting ducts to the
interstitial fluid and then to the bloodstream. Disruption in ADH secretion or expression of
aquaporin-2 channel can lead to conditions like diabetes insipidus, where excessive water
loss occurs [32].

In the lungs, water transport occurs across the alveolar–capillary membrane. The
movement of water in the lungs is regulated via the oncotic pressure gradient, which is
the difference in the concentration of proteins between the plasma and interstitial fluid.
The plasma proteins create an osmotic gradient that pulls water from the interstitial fluid
to the plasma. Disruption in the oncotic pressure gradient, such as in conditions like
hypoalbuminemia, can lead to the accumulation of fluid in the lungs, leading to pulmonary
edema [33]. In the gastrointestinal tract, water transport occurs in the small and large
intestines. The movement of water in the intestines is regulated via the osmotic gradient
created by the solutes present in the luminal contents. The absorption of water occurs in the
small intestine, while the large intestine reabsorbs the remaining water and concentrates the
fecal matter. Disruption in the absorption or reabsorption of water can lead to conditions
like diarrhea or constipation [34].

Disruptions in water transport can lead to various conditions, including dehydration
and pulmonary edema. Dehydration occurs when the body loses more water than it
takes in, leading to a decrease in total body water volume. This can occur in conditions
like excessive sweating, diarrhea, or vomiting. On the other hand, pulmonary edema
occurs when there is an accumulation of fluid in the lungs due to disruption in the normal
mechanisms of water transport. This can occur in conditions like heart failure or acute
respiratory distress syndrome (ARDS) [35].
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In the renal tubules, water transport occurs in the nephrons, which are responsible
for filtering blood and producing urine [38]. The movement of water in the nephrons is
regulated via the hormone antidiuretic hormone (ADH), which is secreted by the pituitary
gland. ADH acts on the collecting ducts in the nephrons and increases the expression of
the aquaporin-2 (AQP2) channel on the apical membrane of the epithelial cells [39]. AQP2
allows the movement of water from the lumen of the collecting ducts to the interstitial fluid
and then to the bloodstream. This process is essential for maintaining water balance and
preventing dehydration [51]. Disruptions in water transport in the renal tubules can lead to
conditions like diabetes insipidus, which is characterized by excessive urination and thirst.
Diabetes insipidus can be caused by either a deficiency in ADH secretion or resistance to
ADH action [52]. In central diabetes insipidus, there is a deficiency in ADH secretion due
to a defect in the hypothalamus or pituitary gland. In nephrogenic diabetes insipidus, there
is resistance to ADH action due to a defect in the AQP2 channel or downstream signaling
pathways [53].

In the lungs, water transport occurs across the alveolar–capillary membrane, which is
responsible for gas exchange between the lungs and bloodstream [54]. The movement of
water in the lungs is regulated via the oncotic pressure gradient, which is the difference in
the concentration of proteins between the plasma and interstitial fluid. The plasma proteins
create an osmotic gradient that pulls water from the interstitial fluid to the plasma [47]. This
process is essential for maintaining the normal volume of fluid in the lungs and preventing
the accumulation of fluid. Disruptions in the oncotic pressure gradient can lead to the
accumulation of fluid in the lungs, leading to pulmonary edema [55]. Pulmonary edema is
a condition that causes an abnormal buildup of fluid in the air sacs (alveoli) of the lungs,
making it difficult to breathe [33]. Pulmonary edema can be caused by various factors,
including heart failure, lung injury, or exposure to high altitudes [56]. In heart failure, there
is an increase in the pressure in the blood vessels of the lungs, leading to the accumulation
of fluid in the interstitial space and alveoli.

In the gastrointestinal tract, water transport occurs in the small and large intestines.
The small intestine is responsible for the absorption of water, while the large intestine is
responsible for reabsorbing the remaining water and concentrating the fecal matter [57].
The movement of water in the intestines is regulated via the osmotic gradient created by
the solutes present in the luminal contents. The absorption or reabsorption of water is
regulated via various transporters and channels present on the cell membranes (Goodman,
2002) [58]. Disruptions in the absorption or reabsorption of water can lead to conditions like
diarrhea or constipation [59]. In summary, water transport is essential for maintaining the
body’s fluid balance and normal physiological functions. Disruptions in water transport
can lead to various conditions, including dehydration, pulmonary edema, diarrhea, or
constipation. Understanding the pathophysiology of water transport in different tissues is
essential for the diagnosis and treatment of these conditions.

7. Nutrient Transport

The human body requires nutrients to maintain proper physiological functions, and
nutrient transport is crucial for the absorption of these essential molecules. Nutrient trans-
port in the intestine and liver involves a complex interplay of various transporters and
channels that facilitate the absorption and processing of different nutrients [60]. In the
intestine, the absorption of nutrients such as carbohydrates, proteins, and lipids occurs
through the enterocytes of the small intestine (Figure 2). These enterocytes are equipped
with specialized transporters that facilitate the uptake of different nutrients. For instance,
glucose and galactose are transported into the enterocytes via sodium–glucose cotrans-
porters (SGLTs), whereas fructose is transported through facilitated diffusion via GLUT5
transporters [61]. Proteins are transported via amino acid transporters, and lipids are
transported via fatty acid transporters, such as CD36 and FABPpm [62]. After absorption,
nutrients are transported to the liver via the portal vein.
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In the liver, the processing and storage of nutrients occur through various metabolic
pathways. For instance, glucose is stored as glycogen, and excess glucose is converted to
triglycerides and transported to adipose tissues for storage [63]. Proteins are metabolized,
and their amino acids are used for gluconeogenesis, urea synthesis, and protein synthe-
sis [64]. The liver also plays a crucial role in lipid metabolism, including the synthesis and
secretion of lipoproteins and the metabolism of cholesterol [65]. Disruptions in nutrient
transport can lead to malabsorption syndromes and liver diseases. Malabsorption syn-
dromes are a group of disorders characterized by impaired nutrient absorption, leading to
nutritional deficiencies. For instance, celiac disease is a malabsorption syndrome caused by
an autoimmune response to gluten, causing damage to the intestinal villi and impairing nu-
trient absorption [56]. Similarly, cystic fibrosis is a genetic disorder that affects the transport
of ions and nutrients across the intestinal epithelium, leading to malabsorption [66].
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Liver diseases can result from disruptions in nutrient transport, which can lead to
malnutrition, inflammation, and other health issues. The liver plays a crucial role in the
metabolism and storage of nutrients, including carbohydrates, lipids, and proteins, and
any disruption in this process can have a significant impact on overall health. For instance,
non-alcoholic fatty liver disease (NAFLD) is a condition characterized by the accumulation
of triglycerides in the liver, leading to liver damage [68]. NAFLD is associated with insulin
resistance, which impairs the transport of glucose and lipids in the liver [69]. Similarly,
Wilson’s disease is a genetic disorder that affects the transport of copper in the liver, leading
to liver damage [70]. According to a study by Jou et al. (2018), the disruption of nutrient
transport caused by a high-fat diet can contribute to the development of NAFLD. The
authors suggest that increased fatty acid uptake by the liver and decreased lipid export
contribute to the accumulation of fat in the liver, leading to NAFLD. The dysfunction of
nutrient transporters in the liver can lead to the accumulation of toxic metabolites, leading to
liver cancer. The authors suggest that restoring the proper function of nutrient transporters
may be a potential therapeutic strategy for preventing or treating liver cancer [71].

Nutrient transport is essential for the body’s growth, development, and maintenance.
The process involves the digestion of food, absorption of nutrients, and distribution of the
nutrients throughout the body. Disruptions in nutrient transport can lead to malabsorption
syndromes, which are associated with nutritional deficiencies and other health problems.
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For instance, celiac disease is a malabsorption syndrome that results from the body’s inabil-
ity to digest gluten, which is found in wheat, barley, and rye. The condition causes damage
to the small intestine, making it difficult for the body to absorb nutrients properly [72].
Another malabsorption syndrome is lactose intolerance, which results from the body’s
inability to digest lactose, a sugar found in milk and dairy products. The condition is char-
acterized by abdominal pain, bloating, and diarrhea, and it can be managed by avoiding
lactose-containing foods or taking lactase supplements [73]. The absorption of nutrients is a
complex process that involves various factors, including the presence of digestive enzymes,
the integrity of the intestinal lining, and the functioning of the immune system. Disrup-
tions in any of these factors can lead to malabsorption syndromes. For instance, some
medications can interfere with the absorption of nutrients, such as antibiotics that disrupt
the gut microbiota [74]. Proper nutrient transport is vital for the body’s proper functioning
and overall health. A balanced diet that provides all of the essential nutrients can help to
optimize nutrient absorption. Additionally, probiotics and digestive enzymes can aid the
absorption of nutrients, particularly for individuals with gastrointestinal disorders.

Nutrient transport is crucial for maintaining proper physiological functions, and
disruptions in this process can lead to malabsorption syndromes and liver diseases. Under-
standing the pathophysiology of nutrient transport in different tissues is essential for the
diagnosis and treatment of these conditions.

8. Hormonal Regulation of Epithelial Transport

Epithelial transport is essential for maintaining proper fluid and electrolyte balance in
the body. Hormones play a critical role in regulating epithelial transport by influencing the
transport proteins and channels present in the epithelial cells. The hormonal regulation
of epithelial transport is a complex process that involves multiple hormones, including
antidiuretic hormone (ADH), aldosterone, and parathyroid hormone (PTH). ADH, also
known as vasopressin, is produced in the hypothalamus and released from the posterior
pituitary gland [75]. It regulates water balance by increasing water reabsorption in the
kidneys and reducing urine output. Aldosterone, produced in the adrenal glands, regulates
sodium and potassium balance by increasing sodium reabsorption and potassium secretion
in the kidneys [76]. PTH, produced in the parathyroid glands, regulates calcium and
phosphate balance by increasing calcium reabsorption in the kidneys and stimulating bone
resorption [77].

The hormonal regulation of epithelial transport also involves interactions between
hormones. For example, aldosterone and ADH can have additive effects on water reab-
sorption in the kidneys [76]. PTH can also interact with vitamin D, another hormone, to
regulate calcium and phosphate balance [78]. Abnormalities in hormone production or
signaling can lead to disorders of epithelial transport. For example, diabetes insipidus
is a condition in which the body cannot properly regulate water balance due to a lack of
ADH production or signaling [71]. This leads to excessive urine output and dehydration.
Hyperaldosteronism, a condition in which the body produces too much aldosterone, can
lead to excessive sodium reabsorption and potassium secretion, resulting in high blood
pressure and electrolyte imbalances [79].

In addition to ADH, aldosterone, and PTH, other hormones play a role in regulating
epithelial transport. For example, the hormone atrial natriuretic peptide (ANP), which is
produced by the heart, acts on the kidneys to increase sodium and water excretion, thereby
reducing blood volume and blood pressure [80]. Another hormone, namely calcitonin,
produced by the thyroid gland, regulates calcium balance by inhibiting bone resorption
and increasing calcium excretion in the kidneys [81]. The hormonal regulation of epithelial
transport is also influenced by external factors, such as dietary intake and physical activity.
For example, low sodium intake can stimulate aldosterone production, leading to increased
sodium reabsorption in the kidneys [82]. Physical activity can also affect hormone levels
and electrolyte balance. Exercise-induced sweating, for example, can lead to electrolyte
losses that need to be replenished through dietary intake [76].



Cells 2023, 12, 2455 12 of 35

Disorders of epithelial transport can also result from abnormalities in hormone sig-
naling pathways. Abnormalities in epithelial transport can result in a variety of disorders,
including cystic fibrosis, renal tubular acidosis, and congenital chloride diarrhea. While
genetic mutations and environmental factors have been known to contribute to these disor-
ders, recent research has highlighted the role of hormonal signaling pathways in regulating
epithelial transport [83]. For example, primary hyperparathyroidism is a condition in
which the parathyroid glands produce too much PTH, leading to excessive bone resorption
and calcium reabsorption in the kidneys. In contrast, hypoparathyroidism, a condition
in which the parathyroid glands produce too little PTH, can lead to hypocalcemia and
neuromuscular symptoms [84].

Hormones, such as aldosterone, vasopressin, and the parathyroid hormone, play a
crucial role in regulating the transport of ions and water across epithelial membranes [85].
Abnormalities in the signaling pathways of these hormones can result in a variety of
disorders affecting epithelial transport. For example, mutations in the aldosterone receptor
gene can lead to the kidneys being unable to reabsorb sodium and chloride ions, resulting
in renal tubular acidosis type 2 [85]. Similarly, mutations in the vasopressin receptor gene
can result in the kidneys being unable to conserve water, leading to diabetes insipidus [86].

In addition to genetic mutations, environmental factors can disrupt hormone signaling
pathways, leading to disorders of epithelial transport. For example, exposure to heavy
metals, such as lead and cadmium, has been shown to disrupt the signaling pathways of
aldosterone and vasopressin, leading to impaired ion and water transport across epithelial
membranes [87]. Recent advances in our understanding of the role of hormone signaling
pathways in regulating epithelial transport have led to the development of new therapies
for these disorders. For example, drugs that target the aldosterone receptor have been de-
veloped for the treatment of hypertension and heart failure [30]. Additionally, vasopressin
receptor antagonists have been developed for the treatment of hyponatremia and heart
failure [86].

Hormones play a critical role in regulating epithelial transport and maintaining fluid
and electrolyte balance in the body. The hormonal regulation of epithelial transport is a
complex process that involves multiple hormones and their interactions. Abnormalities in
hormone production or signaling can lead to disorders of epithelial transport, highlighting
the importance of proper hormone regulation for overall health and well-being.

9. Genetic Disorders of Epithelial Transport

Several genetic disorders have been highlighted due to their roles in epithelial trans-
port, compromising the carriage of ions, water, and different kind of substances through
cell membranes, leading to different pathologies, such as cystic fibrosis, Bartter syndrome,
and Gitelman syndrome.

In this line, cystic fibrosis (CF) has been highlighted by the previous literature as a well-
known disease characterized by an important epithelial transport deficiency. Then, CF is a
common life-shortening and multisystem condition which involves different organic signs.
Firstly, it comprises pulmonary evidence, including chronic and progressive obstructive
lung disease, which may compromise gas exchange, generating respiratory distress. It
would be explained due to the pathophysiology of CF, as CF involves mucous blockade.
Consequently, an increased risk of pulmonary and sinus infections may occur, leading
to inflammation processes. Then, all of these events may lead to airway impediment,
enhancing bronchiectasis development, one of the most characteristic signs of CF. Regarding
other metabolic systems, CF has been related to obstructive biliary tract disease, triggering
liver failure, as well as insulin insufficiency in pancreas, thus eliciting insulin-dependent
diabetes mellitus development [88]. CF is an autosomal recessive disorder [89], in which
patients showed genetic variants of cystic fibrosis transmembrane conductance regulator
(CFTR) gen, which translates the CFTR protein. Thus, the recent literature proposed a
classification, in which six different classes of mutations were included, attending to its
effect in CFTR. Then, it was determined how different gene variations may compromise
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synthesis, reduce response, cause folding defects, and produce a reduced level of normal
and functional or generate instability in the CFTR protein, as well as impair gating of the
CFTR channel or decrease its conductance [90].

Previous authors stated that patients must present 2 deleterious CFTR variants to
develop CF disease, as it is a recessive disorder [88]. For instance, it has been found that
more than 2000 different CFTR variants may exist, with many of them being confirmed to
cause or be linked to CF [84], as the specific CFTR mutations which a patient may show
could be related to the functioning CFTR protein levels present, being it an important key
factor in phenotypic severity and tissue involvement [91]. CFTR protein plays an important
role in ion transport since it has a double functioning. Primarily, it has been described how
CFTR influences different kinds of ion channels, as it inhibits epithelial sodium channels,
triggering a reduction in sodium absorption [92]. Thus, in CF, it has been highlighted that
CFTR loses its inhibitory ability, which may enhance sodium levels due to its increased
absorption in the lumen. Additionally, it has been pointed out that CFTR reduces perme-
ability to chloride at the luminal surface, as well as modulates bicarbonate transport. This
fact may be explained due to its capability-modulating bicarbonate/chloride exchangers’
activity [92]. Furthermore, previous authors proposed that other types of channels may
similarly be affected, as CFTR also modulates other chloride-associated channels, including
calcium-activated chloride channels and outward-rectifying chloride channels [92]. Then,
as CF patients present abnormal CFTR functioning, it could be determined how damaged
CFTR may enhance epithelial sodium channels’ activity, triggering increased absorption
of sodium. Consequently, this elevated sodium reabsorption promotes an increase in
chloride transport through other non-CFTR channels, resulting in a net rise in sodium
chloride absorption and, subsequently, via osmotic gradient, increased water absorption.
The general outcome is a volume diminution of the airway surface liquid, as well as a
reduction in airway lumen pH. As a result, a dense and adherent viscous mucus, as well as
a reduction in the activity of endogenous pH-dependent antimicrobial peptides, may lead
to diminished mucociliary clearance and promote inflammatory and infectious events and
bronchiectasis [93,94].

Regarding Bartter syndrome and Guitelman syndrome (BS and GS, respectively), both
could be considered as different kind of tubulopathies, in which similarities could be found
regarding their clinical presentation [95]. In this line, BS and GS would be related to a
congenital salt-losing tubulopathies, promoting a disturbance in the thick ascending limb
of Henle loop in case of BS, as well as in the distal convoluted tubule as in case of GS. As a
result, renal salt wasting added to the increase in the excretion of high levels of potassium
through urine, leading to hypokalemic and hypochloremic metabolic events, may trigger
alkalosis. Additionally, they could be associated with secondary hyperaldosteronism and
low blood pressure [96]. In general conditions, in the thick ascending limb of the Henle
loop, an important cotransporter is constantly working. Thus, the furosemide-sensitive
sodium-potassium-2-chloride cotransporter (NKCC2) plays a key role in active sodium
and chloride uptake by tubular cells. Once sodium is located inside the cells, it is actively
pumped outside the thick ascending limb cells by the basolateral Na-K-ATPase, while
chloride is released from the cell basolateral through specific chloride channels (ClC-Ka
and ClC-Kb). Moreover, in common conditions, the distal convoluted tubule is where
sodium chloride reabsorption occurs through another important cotransporter. Thus, the
thiazide-sensitive sodium–chloride cotransporter (NCCT) works to improve sodium chlo-
ride transport, in combination with the activity of the basolateral Na-K-ATPase. In this case,
a sodium intracellular uptake occurs in combination with chloride absorption, and later,
chloride is basolaterally released from the cell through ClC-Kb [93]. In healthy patients,
NKCC2 works properly, and combined with the sodium/potassium pump, both have
the ability to reabsorb approximately 30% of the glomerular-filtered sodium [94]. Bartter
syndrome involves several genetic defects, which may strongly modulate sodium transport
in the thick ascending limb [96]. The recent literature suggests that its classification could
be established by considering the five known causal gene defects [97]. Type 3, classic
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Bartter syndrome, involves a mutation in CLCNKB, the gene associated with chloride
channel-Kb (ClC-Kb) [98]. Failings in the ClC-Kb channel constitute net sodium chloride
reabsorption in the thick ascending limb of Henle loop, as well as a rise in sodium chloride
transport to the distal tubule, triggering salt wasting, dehydration, and an increase in
renin–angiotensin–aldosterone system activity, all of which is associated with hypokalemic
metabolic alkalosis [98]. Regarding Gitelman syndrome, it has been shown that it is caused
by deactivating mutations in the SLC12A3 gene, which is responsible for thiazide-sensitive
sodium–chloride cotransporter (NCCT) activity in the distal convoluted tubule [99]. These
mutations lead to a reduction in sodium chloride reabsorption, triggering mild hypov-
olemia and stimulation of renin–angiotensin–aldosterone system activity. Furthermore,
GS is associated with hyperaldosteronism, which may increase sodium reabsorption in
the cortical collecting duct through the epithelial sodium channel and, subsequently, in-
crease the secretion of potassium and hydrogen ions, producing hypokalemic metabolic
alkalosis [100].

10. Pathophysiology of Diarrhea

Diarrhea could be defined as “the passage of 3 or more loose or liquid stools per day,
or more frequently than is normal for the individual”, according to the World Health Orga-
nization (WHO) [101]. Diarrhea could also be categorized into different types, depending
on duration. Thus, if it lasts less than 14 days, it could be classified as acute diarrhea. In
contrast, if its duration lasts between 14 and 28 days, it could be considered as persistent
diarrhea, whereas if it lasts more than 28 days, it could be defined as chronic diarrhea [102].

Regarding its etiology, diarrhea could be categorized into four types, namely watery,
fatty, inflammatory, and functional [103]. In turn, these types of diarrheas can be further
subdivided according to other classifications. Then, watery diarrhea could be further
divided into either osmotic or secretory types. In this line, secretory diarrhea is triggered
via decreased water absorption and leads to raised stool volumes. In contrast, osmotic diar-
rhea is produced via water retention in the intestine due to the presence of osmotic active
substances that have been poorly absorbed in gut [44]. Regarding fatty diarrhea, it could be
defined as a diarrhea in which malabsorption disorder could be present, and subsequently,
it presents feces characterized by a high content of fatty substances, known as steatorrheic
feces [103]. Related to inflammatory diarrhea, it is characterized by the presence in the feces
of several substances related to inflammation and damage, such as leukocytes and blood,
as well as different proteins, such as lactoferrin or calprotectin [44]. Usually, it is described
as ulcerative colitis and Crohn disease, otherwise known as inflammatory bowel diseases,
and they are characterized by a dysregulated mucosal immune response, promoting in-
flammation processes associated with weight loss, abdominal pain, and, in many cases,
bloody diarrhea [104]. In this line, irritable bowel syndrome is characterized by abdominal
pain, generally associated with defecation, and modifications to stool frequency, as well
as its form or appearance, occurring at least once per day or week over 3 months [105].
Finally, functional diarrhea could be defined as chronic diarrhea, in which the number of
evacuations is four or more and they are large and unformed, if patients do not present
pain and its onset occurs in the early stages of life, such as childhood [106]. Moreover,
the absence of abdominal pain or swelling is what differentiates functional diarrhea from
irritable bowel syndrome [44].

Concerning its physiopathology, diarrhea also could be defined based on its patholog-
ical pathways, since different types of diarrhea could be produced by irregularities that
involve different pathways. In this line, abnormalities in epithelial transport may have an
important role in pathophysiology. Thus, in general conditions, the combined absorption of
sodium and chloride ions is a fundamental mechanism that is mediated through two types
of transporters located in the apical membrane of epithelial cells, namely solute carriers
(SLC). Thus, SLC9 is responsible for sodium–hydrogen exchange, whereas SLC26 is liable
for chloride–bicarbonate exchange. Additionally, sodium and chloride could be trans-
ported to the basolateral membrane through the Na+/K+ ATPase and a potassium chloride
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co-transporter, respectively [14,107]. Additionally, it has been found that sodium could be
absorbed without concomitant chloride recapture in the distal colon. Thus, sodium may en-
ter the apical membranes of cells through the epithelial sodium channel, and consequently,
it could be exported across the basolateral membrane into Na+/K+ ATPase [108]. Regard-
ing chloride, its secretory mechanism comprises an uptake across the basolateral membrane
through the sodium–potassium-2 chloride co-transporter (NKCC1), partially mediated by
Na+/K+ ATPase. Then, when intracellular sodium levels rise, they trigger an extrusion of
sodium, which promotes NKCC1 activity. Additionally, this process is mediated though
potassium ions, which may also be reused from the basolateral membrane by different
kind of channels, including cyclic AMP and calcium-activated channels, with the aim being
to preserve the positive electrical gradient that allows chloride to leave across the apical
membrane [109]. Hence, the activity of intestinal SLC9, SLC26, epithelial sodium chan-
nels, and NKCC1 transporters could be downregulated via a variety of pro-inflammatory
cytokines, which may compromise diarrhea volume both in acute diarrhea, due to infec-
tions by microorganism or by toxins activity, and patients who suffer from inflammatory
bowel diseases [109–112]. For example, it has been shown that rotavirus introduces a non-
structural glycoprotein, namely NSP4, into the intestinal lumen, which may have a negative
impact on the epithelial sodium channel by inhibiting its activity [110]. Furthermore, ro-
tavirus infection also enhances active chloride secretion through calcium-activated chloride
channels, promoting ion dysregulation, thus triggering acute diarrhea [111]. Finally, mice
models proposed how different infections may stimulate diarrhea processes, since colitis
produced by enteropathogenic E. coli and C. rodentium were both associated with decreased
expression of SLC26, suggesting the possible causative effects that may cause toxins and
pro-inflammatory cytokines to be released from or in presence of these microorganisms in
these cotransporters, affecting ion exchanges [112,113]. Finally, regarding chronic diarrhea,
it has been proposed that the different mutations that affect nucleotide polymorphisms may
compromise SLC9A3 expression, which may raise susceptibility to chronic diarrhea, since
it could decrease the activity of SLC9 transporter [114]. Regarding secretory diarrhea, it has
been proposed that they could be affected by a dysregulation in CFTR, mentioned in cystic
fibrosis section. CFTR is present in the apical membrane of enterocytes, and it is known for
its activity in chloride secretion, especially in cyclic AMP-mediated diarrhea, as in the case
of cholera, promoting the liberation of liquid into the intestinal lumen [115], enhancing
diarrhea events. Concerning inflammatory diarrheas, the previous literature suggested
that inflammatory substances may compromise the expression and activity of numerous
SLC26 isoforms [116]. Furthermore, it has been shown by the recent literature that both
Japanese and Chinese cohorts presented polymorphisms in the SLC26A3, recognized as a
risk factor for ulcerative colitis [117]. In this case, the importance of SLC26A3 in colonic
electrolyte and fluid balance is crucial, as it is downregulated, improving chloride secretion
and, subsequently, causing watery diarrhea [118].

According to these findings, the importance of these cotransporters in ion exchanges
has been proven, promoting solute dysregulation and, subsequently, enhancing diar-
rhea events.

11. Pathophysiology of Hypertension

The world’s highest cardiovascular morbidity and mortality rates continue to be
associated with hypertension. Although numerous factors contribute to poor arterial
blood pressure (ABP) control and pseudo resistance (such as ignorance, lifestyle habits,
non-adherence to medication, inadequate treatment, drug-induced hypertension, and
undiagnosed secondary causes), 10.1% of patients treated for elevated ABP have true
resistant hypertension (RH) [119,120]. Despite the use of multiple treatment modalities,
blood pressure control to guideline-recommended target levels is often not achieved [121].

It is highly possible that many inter-related factors contribute to hypertensive patients’
elevated BP, and their relative contributions may vary between individuals. Among the fac-
tors that have been thoroughly examined include salt intake, obesity, insulin resistance, the
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renin–angiotensin system, and the sympathetic nervous system. The following examples
are the physiological processes typically involved in the emergence of essential hyperten-
sion: cardiac output, peripheral resistance, autonomic nervous system, renin–angiotensin
system, and endothelial dysfunction (Figure 3). Other factors, such as genetics, low birth
weight and intrauterine nutrition, and neurovascular anomalies, have been also evaluated
in recent years [122].
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Harmony between cardiac output and peripheral vascular resistance is necessary to
maintain normal blood pressure. The small arterioles, which have smooth muscle cells
on their walls, are what determine peripheral resistance, rather than the large arteries
or capillaries [123]. Long-term smooth muscle constriction is thought to cause structural
changes, with the thickening of the artery walls causing an increase in peripheral resistance
that cannot be reversed [124]. In very early hypertension, it has been argued that peripheral
resistance does not develop and the rise in blood pressure is due to an increase in cardiac
output, which is associated to sympathetic overactivity [125]. The ensuing rise in peripheral
arteriolar resistance may develop as a compensatory mechanism to prevent the elevated
pressure from being conveyed to the capillary bed, where it would have a substantial impact
on cell homeostasis. According to Fagard and Staessen [126], hypertensive people under
the age of 25 had an increased cardiac output, whereas older subjects had a normal cardiac
output. It is now known that long-term pathophysiological manifestations of hypertension
that raise vascular tone and resistance exist in addition to systemic autoregulation, which
is a physiological response [119].

As mentioned, arteriolar constriction and dilatation can both be caused by sympathetic
nervous system stimulation. As a result, the autonomic nervous system plays a critical
role in maintaining normal blood pressure. Although recent research on the sympathetic
nervous system’s role in hypertension, such as da Silva et al.’s study, have concentrated
on brain pathways [127] or associated signaling mechanisms that increase or decrease
ABP [128], parallel studies have been conducted to determine which sympathetic nerves
become hyperactive or whose modulation lowers ABP. Evidence reported that elevated
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plasma or cerebrospinal fluid NaCl concentrations are one signal thought, initiating and
sustaining sympathoexcitation in salt-sensitive hypertension (Figure 3) [129]. Although
it is known that the etiology of hypertension is multifactorial, the environmental causes,
such as excessive consumption of dietary sodium, has been identified as a well-established
contributor. The human population has a range of sodium sensitivity, as certain individuals
manifest a substantial increase in blood pressure upon heightened salt consumption, while
others undergo minor alterations. The observed variations can be partially attributed to
the genetic diversity of the mechanisms responsible for sodium regulation and elimination.
With regard to this issue, the epithelial sodium channel (ENaC) plays a crucial role in
facilitating the reabsorption of sodium inside the distal nephron [130]. The channel in
question plays a significant role in the control of the amount of extracellular fluid, hence
impacting blood pressure levels. The observed diversity in sensitivity to sodium ions can
be attributed, at least in part, to genetic variations associated with the renin–angiotensin–
aldosterone system and renal sodium transporters. Salt-sensing variability is influenced
by several factors, including immune cells, vascular endothelium, smooth muscle, and
particular parts of the central nervous system (CNS) [131].

In this regard, rodents’ studies also reported outcomes that revealed that a lesion of the
anteroventral third ventricular region of the hypothalamus may attenuate the development
or severity of multiple experimental models of salt-sensitive hypertension [132]. Kopp
et al. reported that high salt intake or aging-related tissue sodium accumulation has been
linked to hypertension and an increased risk of cardiovascular disease [133]. Recently, it
has been proposed that the immunomodulatory effects of salt deposited in the skin may
have evolved to serve as a barrier against microbial invasion [134]. However, other recent
studies indicate that a very high sodium intake can trigger prototypical metabolic changes
aimed at water conservation, with the side effect of increasing blood pressure [135].

Evidence also reports that a blockade of sympathetic outflow or sympathetic nerve
transection lowers ABP [136] and the interruption of neurotransmission in several sympathetic-
regulatory nuclei lowers, and it even normalizes sympathetic nerve activity (SNA) and/or
ABP [137]. Increased blood pressure variability predisposes people to end-organ damage
and the onset of cardiovascular disease, so this observation has important clinical impli-
cations. Increased blood pressure variability is a reliable indicator of later cardiovascular
disease and adverse events. It has not been established how a high-salt diet “sensitizes”
central autonomic networks without altering baseline SNA or ABP. However, lowering salt
intake or administering diuretics like thiazides are successful treatments for high blood pres-
sure. In human populations, sodium sensitivity is a relatively common phenotype linked to
an increased risk of hypertension and cardiovascular events. It is defined as an exaggerated
change in blood pressure in response to extremes of dietary salt intake [138–140].

Concerning the renin–angiotensin–aldosterone system (RAAS), it may be the most im-
portant endocrine system regulating blood volume and vascular resistance affecting blood
pressure regulation and cardiac output [141]. The juxtaglomerular apparatus of the kidney
secretes renin in response to the hypoperfusion of the glomeruli or a reduction in salt intake.
It is also secreted in response to the activation of the sympathetic nervous system [142].
Renin serves as the catalyst for converting renin substrate (angiotensinogen) into physi-
ologically inactive angiotensin I, which is promptly converted to physiologically active
angiotensin II by an angiotensin-converting enzyme in the lungs (ACE). Angiotensin II,
a powerful vasoconstrictor, induces a rise in blood pressure. In addition, it promotes the
secretion of aldosterone from the zona glomerulosa of the adrenal gland, resulting in a surge
in blood pressure associated with sodium and water retention (Figure 2) [143]. Although
some studies reported that the circulating renin–angiotensin system is not believed to be
directly responsible for the rise in blood pressure [122], one of the main causes of several
types of hypertension has been identified as the disruption of the renin–angiotensin system
(Figure 3) [144]. Many hypertension patients have traditionally had low levels of renin
and angiotensin II, and medicines that block the renin–angiotensin system have not been
particularly successful [122]. However, it is demonstrated that the RAAS plays a significant
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role in controlling the inflammatory response [145]. This system encourages the production
of several cytokines, including IL-6, TNF-a, and COX-2, and aids in the recruitment of
inflammatory cells to the site of injury. Additionally, there is a link between RAAS and
oxidative stress, another significant factor involved in atherogenesis [146].

In relation to the preceding point, by producing several potent local vasoactive sub-
stances, such as the vasodilator molecule nitric oxide and the vasoconstrictor peptide
endothelin, vascular endothelial cells play a crucial role in cardiovascular regulation [147].
In this regard, Gimbrone et al. specified that in its broadest sense, endothelial cell dys-
function refers to a collection of different non-adaptive changes in functional phenotype
that have significant effects on the control of thrombosis and hemostasis, local vascular
tone and redox balance, and the orchestration of acute and chronic inflammatory responses
within the arterial wall [148]. Consequently, human essential hypertension has been linked
to endothelium dysfunction. Nitric oxide (NO), a vasodilator, and angiotensin II, a vaso-
constrictor, are released by the vascular endothelium to maintain tone under physiological
conditions [149]. Reactive oxygen species (ROS) of pro-inflammatory cytokines, such as
interleukin 1 (IL1) and tumor necrosis factor (TNF)-a, are abnormally produced, and NO
is released less frequently, resulting in endothelial dysfunction (Figure 3). Additionally,
Wu et al. also reported that ROS can increase vasoconstriction, which will change vascular
caliber and reactivity. Hence, ROS are crucial for the remodeling of micro arterioles and
vascular stiffening. This condition initiates the development of atherosclerosis. Other con-
ditions caused by ROS can be seen in the renal system promoting salt reabsorption in the
kidney, hence increasing cardiac output and volume. ROS also boost neuronal activity in
important brain centers, such as the subcortical organ and brainstem centers, thus affecting
neural regulation in the brain [150–152].

Multiple genes are likely to play roles in the development of the disorder in a particu-
lar person, even though distinct genes and genetic factors have been linked to the onset
of essential hypertension. Therefore, it is very challenging to estimate the relative contri-
butions of each of these genes. Highly heritable Mendelian forms of hypertension have
been linked to several single-gene mutations, including those causing Liddle syndrome,
pseudo hyperaldosteronism, aldosterone-producing adenomas, glucocorticoid remedial
hypertension, and missense mutations of the mineralocorticoid receptor. Even though
these rare single-gene mutations have shed light on the pathogenesis of hypertension, they
cannot account for the high prevalence of familial hypertension that is frequently seen in
clinics [153,154].

12. Pathophysiology of Edema

Edema is a condition characterized by the accumulation of excess fluid in tissues, either
within cells (cellular edema) or in the collagen–mucopolysaccharide matrix of interstitial
spaces (interstitial edema) [155]. The present review focuses on interstitial edema, which
occurs due to abnormal changes in pressure (hydrostatic and oncotic) across microvascular
walls, alterations in molecular structures that form the barrier to fluid, and solute movement
in endothelial walls. Examples include changes in the hydraulic conductivity and osmotic
reflection coefficient for plasma proteins and disruptions in the lymphatic outflow system,
as suggested using the Starling equation [155].

In this regard, the transportation of ions plays a crucial role in the regulation of
transmembrane and transcellular electrical potential, fluid transportation, and cellular
volume [156]. The disruption of ion transport has been linked to cellular dysfunction, as
well as the occurrence of intra- and extracellular edema and irregularities in the amount of
epithelial surface liquid [157]. There is a growing body of research suggesting that diseases
characterized by a heightened local or systemic inflammatory response are correlated with
aberrant ion transport. The pathogenesis of various conditions, such as hypovolemia
caused by fluid losses, hyponatremia and hypokalemia in diarrheal diseases, electrolyte
abnormalities in early infancy pyelonephritis, septicemia-induced pulmonary edema, and
hypersecretion and edema induced via inflammatory reactions in the upper respiratory
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tract, has been associated with this atypical ion transport [158]. The membranous ion
transport systems encompass various components that have been observed to undergo
functional alterations in response to inflammation. These components include the sodium
potassium ATPase, the epithelial sodium channel, the cystic fibrosis transmembrane conduc-
tance regulator, calcium-activated chloride channels, and the sodium potassium chloride
co-transporter. Several inflammatory mediators that have an impact on ion transport
include tumor necrosis factor, gamma interferon, interleukins, transforming growth factor,
leukotrienes, and bradykinin [156].

The detrimental effects of excessive buildup of interstitial fluid on tissue function
are widely recognized due to the increased diffusion distance for oxygen and other nu-
trients. This might possibly compromise cellular metabolism in the swollen tissue [159].
Moreover, the presence of edema restricts the diffusion process, impeding the elimination
of potentially harmful byproducts generated during cellular metabolism. The issue at
hand presents a significant challenge within the pulmonary system, since the occurrence
of pulmonary edema can greatly hinder the process of gas exchange [160]. Certain tissues
include structural features that limit the enlargement of interstitial gaps when exposed to
edemagenic stress [161]. As an illustration, the kidneys are enveloped inside a resilient
fibrous capsule, the brain is encompassed by the cerebral vault, and skeletal muscles within
distinct compartments are contained within constrictive fascial sheaths. Consequently,
even little increases in transcapillary fluid filtration can lead to substantial elevations in
interstitial fluid pressure within these tissues [162]. Consequently, this process results in a
decrease in the pressure gradient across capillaries and causes their physical compression,
ultimately leading to a reduction in tissue perfusion [163]. Within the intestinal tract, unreg-
ulated transcapillary filtration has the potential to lead to the exudation of interstitial fluid
into the lumen of the gut. This occurrence is commonly referred to as filtration–secretion or
secretory filtration [163]. The absorptive function of the sensitive intestinal mucosa may be
compromised via filtration–secretion, which is believed to be caused by the development of
wide channels between mucosal cells at the villous tips when the interstitial fluid pressure
exceeds 5 mmHg [159]. Ascites is a prevalent complication of cirrhosis characterized by
the abnormal buildup of fluid within the peritoneal cavity. This condition arises from the
leakage of fluid originating from clogged hepatic sinusoids, a consequence of heightened
portal venous pressure. The presence of ascites in individuals can elevate susceptibility to
peritoneal infections, hepatic hydrothorax, and abdominal wall hernias [164].

Yet, edema can occur in different forms, including hydrostatic edema, permeability
edema, and lymphedema. In this line, hydrostatic edema happens when there is an ac-
cumulation of excess interstitial fluid due to elevated capillary hydrostatic pressure [159].
Permeability edema, on the other hand, is caused by disruptions in the physical structure
of the pores in the microvascular membrane, making the barrier less effective in terms of
restricting the movement of macromolecules from the blood to the interstitial fluid [165].
Lymphedema is a form of edema that can result from various factors, such as impaired
lymph pump activity, increased lymphatic permeability, lymphatic obstruction (e.g., micro-
filarisis), or the surgical removal of lymph nodes, which is often performed in breast cancer
treatment. Furthermore, destruction of extracellular matrix proteins, which can occur
during inflammation due to the formation of reactive oxygen and nitrogen species and
release of hydrolytic enzymes from various cells, including leukocytes, immune cells, and
tissue cells, can alter the compliance characteristics of the interstitial gel matrix [166]. This
alteration may result in interstitial fluid pressure failing to increase and oppose fluid move-
ment while also diminishing the tensional forces exerted by extracellular matrix proteins
on the anchoring filaments attached to lymphatic endothelial cells that facilitate lymphatic
filling due to disrupted mechanical integrity. Additionally, reductions in circulating plasma
proteins, particularly albumin, can lead to edema by decreasing plasma colloid osmotic
pressure. This reduction in plasma proteins commonly occurs in liver disease and severe
malnutrition, contributing to the development of edema in these conditions [159].
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In addition to the compensatory mechanisms mentioned earlier, there are other safety
factors that help to protect against edema in response to increased arterial or venous
pressure in certain tissues. One such factor is the myogenic response, which involves
arteriolar vasoconstriction in response to increased wall tension, attenuating the rise in
capillary pressure that could occur due to arterial or venous hypertension [167]. This
response also reduces the available microvascular surface area for fluid exchange by closing
precapillary sphincters. Moreover, when venous pressure is elevated, the volume of blood
within postcapillary venules, larger venules, and veins increases, causing them to bulge
into the extravascular compartment and raise tissue pressure. This venous bulging, in turn,
stiffens the extracellular matrix by increasing tensional forces on the reticular fibers and
fluid in this space. Additionally, changes in the excluded volume, resulting from increased
transcapillary fluid filtration, contribute to the margin of safety against the swelling of the
extracellular matrix compartment [159].

Thus, it is evident that tissues with restrictive endothelial barrier properties, low
interstitial compliance, and a high sensitivity of lymph flows to changes in interstitial fluid
pressure are likely to have a greater margin of safety against edema formation. Even in
tissues where the endothelial barrier is less restrictive and lymphatic sensitivity is low, the
margin of safety can still be significant if the interstitial matrix is stiff [168]. This highlights
the complex interplay between various factors that contribute to the regulation of tissue
fluid dynamics and the prevention of edema formation.

Regarding hypoproteinemia, marked reductions in circulating protein levels, particu-
larly albumin, can result in edema related to intravascular factors [168]. Hypoproteinemia,
which can be caused by various conditions such as compromised glomerular barrier in
diseased kidneys, impaired hepatic synthesis of plasma proteins in liver disease, severe
malnutrition, or protein-losing enteropathy, as well as the infusion of intravenous fluids
without macromolecules, leads to a reduction in the colloid osmotic pressure gradient
(πc − πt) during non-steady-state conditions [169]. This reduction opposes the hydrostatic
pressure gradient that favors filtration, resulting in a significant transcapillary flux of
protein-poor fluid into the interstitial spaces. Like capillary hypertension, this effect is
counteracted by elevated tissue hydrostatic pressure, which increases lymph flow; both
of these factors serve to limit tissue fluid accumulation. Increased capillary filtration also
acts to dilute protein concentration in the extracellular spaces, further amplified by the
increased accessible volume in the extracellular matrix gel [159]. The subsequent reduction
in interstitial colloid osmotic pressure decreases net filtration pressure, thereby minimizing
edema formation. However, unlike the response to vascular hypertension, there is no
stimulus for myogenic arteriolar vasoconstriction and venous bulging in hypoproteine-
mia, reducing the margin of safety for edema formation in response to this edemagenic
stress. Consequently, tissues are less able to compensate for reductions in plasma colloid
osmotic pressure equivalent to a given increase in capillary hydrostatic pressure, making
hypoproteinemia a more vulnerable condition compared to vascular hypertension in terms
of edema formation [159].

Permeability edema and inflammation are often seen pathological reactions in many
illness conditions, frequently coinciding with trauma and being initiated by endogenous
mediators or pharmacological substances like escin [170]. The Starling equation demon-
strates that heightened permeability is manifested via a decrease in the osmotic reflection
coefficient and/or an increase in hydraulic conductivity. Consequently, this leads to the
diminished efficacy of the colloid osmotic pressure gradient in terms of counteracting
filtration. Consequently, there is a resultant transfer of filtrate, rich in proteins, into the
interstitial spaces, thus augmenting the colloid osmotic pressure and net filtration pressure
inside the tissue. Several mediators that enhance microvascular permeability also function
as vasodilators, thus decreasing resistance in arterioles and, subsequently, raising the cap-
illary pressure. Consequently, this leads to an increase in the net filtration pressure [171].
Vasodilatation has the additional effect of enlisting capillaries, enlarging the microvascular
surface area so that is accessible for the movement of fluid and proteins into the tissues.
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This process further augments the capillary filtration coefficient [172]. The augmented
transcapillary fluid filtration leads to the heightened convective transportation of proteins
across the expanded pores in the microvascular barrier [173]. Nevertheless, in the presence
of inflammatory circumstances marked by the infiltration of leukocytes into the tissues,
the severity of the permeability edema is heightened. Inflammation is a biological reaction
triggered by tissue injury and characterized by the release of mediators that induce mi-
crovessel permeability and vasodilation, as well as the recruitment of leukocytes to the site
of damage. These particular types of white blood cells secrete enzymes and reactive species
that break down the components of the extracellular matrix, which, in turn, impairs the
ability of the lymphatic system to fill properly and leads to an increase in the compliance of
the interstitial space. This phenomenon permits a greater volume of extracellular fluid to be
contained inside the matrix, resulting in little elevation in the interstitial fluid pressure. As a
result, the efficacy of the edema safety factor is diminished [174]. Moreover, the breakdown
of fibroblast linkages with collagen fibers inside the interstitial spaces leads to a decrease in
excluded volumes and an increase in the effective interstitial colloid osmotic pressure. The
disturbed matrix further enables the transportation of extravasated proteins from blood
to lymph. In general, the involvement of permeability edema and inflammation in the
pathophysiology of different illness conditions are multifaceted, resulting in changes to the
function of microvascular barriers, fluid filtration, and lymphatic transport [175].

In addition, neurogenic inflammation is a multifaceted physiological reaction marked
by leucosequestration, the development of edema, and the extravasation of plasma pro-
teins. This response happens subsequent to the activation of sensory neurons [176]. Upon
stimulation, sensory fibers produce a variety of pro-inflammatory chemicals, including
calcitonin gene-related peptide, substance P, and neurokinin A. These molecules have the
potential to not only exert a direct effect on the microvasculature, leading to the induction of
inflammation, but also have the ability to activate tissue mast cells. This activation of mast
cells can further enhance the inflammatory response by triggering the release of their own
mediators. Recent studies have elucidated that neurogenic inflammation extends beyond
its conventional role within the nervous system, including a wider range of physiological
activities [177]. For instance, research has indicated that neurogenic inflammation may
have a role in the modulation of immune responses and the process of wound healing [178].
Moreover, recent findings indicate that neurogenic inflammation may potentially con-
tribute to the pathophysiological mechanisms underlying chronic pain disorders, including
fibromyalgia and neuropathic pain [179]. The increasing comprehension of neurogenic in-
flammation emphasizes its complex characteristics and the necessity for more investigation
to comprehensively clarify its processes and possible treatment implications.

Myxedema is a medical disorder that is distinguished by the atypical buildup of mu-
copolysaccharides and collagen in the interstitial spaces of tissues. This illness arises due to
the excessive production of these extracellular matrix components by fibroblasts [179]. The
overproduction of interstitial collagen and mucopolysaccharides results in an elevation
in the density of the extracellular matrix. This, in turn, leads to the augmentation of the
elastic recoil of the interstitial gel matrix and the generation of a significantly negative
interstitial fluid pressure. Consequently, there is a reduction in the flow of lymph and an
increase in the excluded volume, denoting the area filled by the matrix components. This
ultimately results in an elevation in the effective interstitial colloid osmotic pressure. The
aforementioned alterations cumulatively provide a suction effect that enhances the pace of
fluid filtration and facilitates the formation of edema. Moreover, scholarly investigations
have provided insights into the complex etiology of myxedema, indicating that it is not
exclusively confined to instances caused by hypothyroidism [180]. In addition to primary
causes, myxedema can be influenced by other underlying variables, including autoim-
mune disorders, genetic abnormalities, and certain pharmaceutical treatments. Moreover,
myxedema can present itself in diverse manners, such as through the occurrence of edema
and the hypertrophy of the dermis, notably occurring in the facial, manual, and pedal
regions, alongside vocal hoarseness, muscular debility, and alterations in the texture of hair
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and nails [181]. Recognizing and effectively managing the underlying causes of myxedema
are crucial in order to mitigate complications and enhance patient outcomes.

Lymphedema, a pathological disease distinguished by the buildup of interstitial fluid
and macromolecules as a result of impaired lymphatic channel function, can be attributed
to a range of causative events. Lymphedema can occur as a result of various factors that
impede the normal functioning of the lymphatic vessels. These factors include the physical
blockage of the vessel lumen caused by tumors or the spread of tumor cells, the destruction
or regression of pre-existing lymphatics, the ineffectiveness of valves between lymphangion,
the paralysis of lymphatic muscles, reduced tissue motion, diminished arterial pulsation or
venomotion, and increased venous pressure at the drainage points [182]. It is important to
acknowledge that the occurrence of edema development due to lymphatic dysfunction is
contingent upon a reduction in lymph flow of 50%, providing that all other parameters stay
the same [159]. When there is a full obstruction, the flow of lymph in the afflicted tissue
region ceases, resulting in the persistence of transcapillary filtration until the interstitial
pressure increases to equal the net filtration pressure. The reduction in transcapillary
volume flow results in a concomitant decrease in the transfer of protein from the vascular
compartment to the interstitial compartment. Nevertheless, due to the impaired lymphatic
system’s inability to eliminate extravasated proteins, the diffusion of protein persists until
the concentration gradient is depleted. In a state of equilibrium, the interstitial fluid
pressure increases to align with the microvascular hydrostatic pressure. Additionally, the
interstitial colloid osmotic pressure is equal to the plasma colloid osmotic pressure, leading
to a net filtration pressure of zero [183]. Consequently, there is a notable augmentation in
the levels of water and protein, as well as the development of fibrosis and deposition of
fat cells inside the impacted tissue. Once again, it has been demonstrated by researchers
that genetic abnormalities, infections, trauma, and inflammation can all play roles in the
development of lymphatic dysfunction and eventual lymphedema. Furthermore, the
progression of imaging methodologies and the use of lymphatic mapping have significantly
enhanced our comprehension of the lymphatic system and its significance in the context of
lymphedema. Moreover, the ramifications of lymphedema on individuals extend beyond
mere physical manifestations, as it may profoundly influence their overall well-being,
resulting in sensations of unease and distress and constraints on their daily activities.
The timely identification and implementation of effective treatment approaches, including
manual lymphatic drainage, compression therapy, and exercise, play pivotal roles in mitigating
problems and enhancing outcomes for those afflicted with lymphedema [184–186].

13. Pathophysiology of Renal Disease

Renal functions include blood filtration, the metabolism and excretion of endogenous
and exogenous compounds, and endocrine functions. Most importantly, the kidneys are
the primary regulators of fluid, acid–base, and electrolyte balance in the body, and this
remarkable pair of organs maintains homeostasis in response to a wide range of dietary
and environmental changes [187]. Kidney diseases are divided into two main categories,
namely acute kidney injury (AKI) and chronic kidney disease (CKD). CKD is far more
prevalent worldwide than previously believed. It affects 10 to 15% of the adult population
in Western nations, many of whom require expensive treatments or dialysis [188]. In this
regard, one of the primary concerns is its late diagnosis, which is only possible when the
disease has progressed. The absence of a clinical manifestation in the early stages and
the fact that the commonly measured parameters of renal function are only significantly
reduced in the late stages of the disease are the primary causes of this problem [189].

One objective for researchers investigating AKI should be to develop a comprehen-
sive theoretical framework that effectively integrates the molecular and inflammatory
ramifications of sepsis with compromised epithelial tubular function, reduced glomerular
filtration rate (GFR), and eventual renal failure. Recent research findings have provided
insights into the mechanisms via which sepsis affects the control of ion, glucose, urea, water
transport, and acid–base homeostasis in the renal tubules [190]. In sepsis, inflammation
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is a significant physiological mediator that can have a detrimental impact on the complex
tubular systems involved in regulating sodium, potassium, and chloride levels, even when
cellular perfusion is normal. All of the mentioned deficits have the potential to result
in the elevated transport of chloride to the distal tubule, hence compromising GFR and
overall renal function. Schmidt et al. [191] conducted a study that demonstrated a signif-
icant decrease in the expression of various renal transport proteins, including Na+/H+
exchanger 3 (NHE3), Na+/K+-ATPase, renal outer medullary K+ channel (ROMK), ENaC,
Na+–K+–2Cl−-cotransporter 2 (NKCC2), Na+–Cl− cotransporter (NCC), and kidney spe-
cific chloride channel -1 and -2 (CLCK-1 and -2), as well as Barttin, in an in vivo model of rat
sepsis induced via the intraperitoneal injection of liposaccharide (LPS). The aforementioned
discovery has been autonomously replicated using similar models, which have demon-
strated the downregulation of NKCC2 and NHE3 [192]. Also, several mediators have been
suggested as potential links between systemic inflammatory mediators, like TNF-α, IL-1,
and liposaccharide (LPS), and the impairment of the epithelial transport function [193].
However, substantial evidence supports the direct involvement of cyclo-oxygenase and
prostaglandins, particularly in the mediation of distal sodium and chloride delivery. In
the majority of these tests, the administration of cyclo-oxygenase inhibitors, such as in-
domethacin, had a mitigating effect on salt wasting in hyperinflammatory models of renal
injury [194].

Additionally, mitochondria are the primary source of oxygen radicals, which increase
the kidneys’ vulnerability to oxidative stress-induced damage. Both reactive oxygen species
(ROS) and reactive nitrogen species (RNS) have been implicated in a variety of signaling
pathways that regulate cell growth and differentiation, mitogenic responses, extracellular
matrix production and breakdown, apoptosis, oxygen sensing, and inflammation. ROS
and RNS contribute to the immune system’s defense against pathogenic microorganisms,
in addition to their regulatory function. Nevertheless, their involvement in renal diseases
was predictable [195,196]. Produced during acute or chronic kidney injury, free radicals
and pro-oxidants may exacerbate the progression of the disease and play a role in the
pathogenesis of subsequent complications [197]. Some serious symptoms in distant organs,
such as cardiovascular diseases and neurological dysfunction, are frequently observed in
AKI and CKD (Figure 4) [198,199].
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Significant information regarding the pathophysiology of AKI is presented in recent
reviews such as those by Pickkers et al. and Peerapornratana et al. [200,201]. It has been
specified that AKI is characterized by a rapid loss of kidney function (within a week) that
leads to the accumulation of toxic end products of nitrogen metabolism and creatinine in the
blood, decreased urine output, or both [202]. In hospitalized patients, studies such as those
conducted by Wu et al. have attempted to establish that identifying symptoms preceding
AKI leads to a larger possibility of earlier detection of the disease. For instance, they
have identified low blood pressure (below 80) and medications including tazobactam and
vancomycin as potential causes [203]. However, despite all efforts, kidney failure occurs
for various reasons. Thus, perennially, as a result of decreased renal blood flow; renally,
as a result of damage to the renal parenchyma; or postrenally, as a result of obstruction
of urine flow from the renal collecting system or ureters, are three ways that AKI can
manifest (Figure 4) [204]. This type of prerenal AKI may or may not result in ischemic acute
tubular necrosis. However, both prerenal (hemodynamic changes, endothelial dysfunction)
and intrarenal (inflammatory infiltration and renal parenchymal damage, intraglomerular
thrombosis, and tubular obstruction) mechanisms contribute to sepsis-induced kidney
injury, but the exact sequence of events is not fully understood. Nevertheless, it is well
established that ROS are involved on multiple levels [202] and on a cellular level, and
the pathogenesis of AKI is characterized by intricate interactions between inflammatory
immune cells and renal cell mediators [204]. When studying this process in rodents,
Zhao et al. demonstrated that reducing ROS levels in AKI animals reduced renal failure,
mitochondrial damage, and inflammation [205]. In this regard, Pavlakou et al. pointed
out that inflammation-induced upregulation of inducible nitric oxide synthase results
in the production of excessive nitric oxide (NO), which, in turn, uncouples endothelial
NO synthase, resulting in the production of highly reactive super oxides through oxygen
oxidation [204]. Moreover, ischemia and reperfusion are also activators of oxidative stress,
with mitochondria being the primary source of ROS in this setting [205]. ROS such as
the hydroxyl radical, peroxynitrite, and hyperchlorous acid are also produced during
ischemia damage. Antioxidant enzymes such as superoxide dismutase (SOD), catalase,
and glutathione reductase are also deficient. This has been demonstrated in renal tissue
following ischemia and nephrotoxicity [206,207]. Zarbock et al. have previously mentioned
that excess NO interferes with SOD and combines with superoxide radicals to produce
peroxynitrite, which has a direct detrimental effect on tubular epithelial cells. (TECs) [208].
Thus, evidence revealed that inflammatory cells are notable for employing ROS as part of
their mode of operation [209]. Dendritic cells and neutrophils are the primary contributors
to renal damage in septic AKI. However, recent research demonstrates that inhibiting
NOX2 and inducible NO synthase in neutrophils reduces kidney damage in a mouse model
of sepsis-induced AKI [210] (Table 1). The knowledge of the pathophysiology and the
quality of diagnostic techniques for simultaneous kidney and liver impairment are currently
inadequate. It is becoming increasingly apparent that inflammation is a significant cause
of AKI, particularly in individuals with infection and multiorgan failure [211]. As AKI
in chronic liver illness is persistent and becomes increasingly irreversible with medical
treatment as the condition progresses, newer medicines and new techniques for either liver
or renal support are necessary.

In a similar vein, chronic kidney disease (CKD) is commonly attributed to underlying
conditions, such as diabetes, hypertension, glomerulonephritis, or polycystic kidney dis-
ease. The presence of these many biological processes in CKD patients may be facilitated
by the heightened levels of oxidative stress, as seen in Figure 4 [212]. As the progression of
deterioration advances, the fibrosis process not only affects the kidney but also impacts
the heart, resulting in significant cardiac dysfunction, irrespective of the underlying cause.
One of the most robust indications of progression to chronic kidney disease (CKD) is
renal fibrosis, as seen in Figure 4 [213]. Various discrepancies in illness progression and
mortality based on gender have been observed. Specifically, males exhibit higher rates
of mortality from all causes and cardiovascular diseases, as well as an elevated risk of
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developing chronic kidney disease (CKD), compared to women. CKD is a significant
worldwide health issue that is becoming more prevalent [214]. The interplay between
oxidative stress, chronic inflammation, and endothelial dysfunction is recognized as a key
factor in the ongoing reciprocal relationship between chronic kidney disease (CKD) and
systemic diseases [215]. Therefore, the progression of chronic kidney disease (CKD) is both
influenced by and contributes to the development of oxidative stress [216]. One of the
hypothesized factors contributing to heightened oxidative stress in chronic kidney disease
(CKD) is the reduced functionality of mitochondria and the subsequent increase in reactive
oxygen species (ROS) production inside these organelles. In the context of diabetic kidney
disease, there exists a correlation between mitochondrial malfunction and the excessive
generation of reactive oxygen species, leading to cellular harm and the advancement of the
illness. Inflammatory markers, such as high-sensitivity C-reactive protein, interleukin-6,
tumor necrosis factor-alpha, and fibrinogen, have been found to be related to renal illness.
These chemicals have the potential to activate many signaling pathways that might induce
oxidative damage. Several studies conducted on rodents, such as those by Dieter et al. [217]
and Galvan et al. [218], have used biosensors to validate the increase in reactive oxygen
species (ROS) in mitochondria of diabetic mice. The existence of uremic toxins among
individuals with chronic kidney disease (CKD) may also contribute to the occurrence of
oxidative stress. Uremic toxins elicit an inflammatory response and provoke oxidative
stress through the activation of polymorphonuclear cells, as well as the interleukin-1 (IL-1),
interleukin-8 (IL-8), and the innate immune system. The process of uric acid (UA) genera-
tion, which occurs during the breakdown of purines by xanthine oxidoreductase, leads to
the production of superoxide, hence exacerbating oxidative stress. However, there is an
increasing body of research indicating that UA possesses significant antioxidant properties
within a living organism [219].

Table 1. Comprehensive Overview of Key Research Studies on Medical Conditions and Their
Therapeutic Approaches.

Authors and Year Study Title Aim of Study Main Outcomes Section

Galleli et al. [170]

A Review of Its
Anti-Edematous,
Anti-Inflammatory, and
Venotonic Properties

Discusses historical and
recent pharmacological
and clinical data on the
anti-edematous,
anti-inflammatory, and
venotonic properties
of escin.

Escin oral dragées and
transdermal gel have
both demonstrated
efficacy in blunt trauma
injuries and chronic
venous insufficiency.

Edema

Pickkers et al. [200]

Acute Kidney Injury in
the Critically Ill: An
Updated Review on
Pathophysiology
and Management

Prediction and early
detection of AKI, aspects
of pathophysiology, and
progress in the
recognition of different
phenotypes of AKI, as
well as an update on
nephrotoxicity and organ
cross-talk.

Novel developments,
including biomarkers
and machine learning,
hold promise as they are
more sensitive to and
predictive of the
development of AKI.

Renal disease

Thiagarajah et al. [115]

Chloride
Channel-Targeted
Therapy for Secretory
Diarrheas

Analyzes Enterocyte Cl−

channels, which
represent an attractive
class of targets for
diarrhea therapy, as they
are the final, rate-limiting
step in
enterotoxin-induced fluid
secretion in the intestine.

Antisecretory drug
therapy has considerable
potential in reducing
morbidity and mortality
associated with infectious
and some drug-induced
and other diarrheas.

Diarrhea
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Table 1. Cont.

Authors and Year Study Title Aim of Study Main Outcomes Section

Gimbrone et al. [148]

Endothelial Cell
Dysfunction and the
Pathobiology of
Atherosclerosis

Traces the evolution of
the concept of endothelial
cell dysfunction, focusing
on recent insights into
the cellular and
molecular mechanisms
that underlie its pivotal
roles in atherosclerotic
lesion initiation and
progression.

The development of
pharmacomimetics of the
natural, flow-mediated
vasoprotective
endothelial phenotype
would appear to be a
potentially
fruitful strategy.

Hypertension

In summary, acute kidney injury (AKI) plays a significant role in the initiation and
progression of chronic kidney disease (CKD). The pathophysiology of acute kidney injury
(AKI) encompasses common underlying factors, including cellular death or damage, as well
as inflammation. Regarding this matter, clinical research provides evidence that the solitary
occurrence of acute kidney injury (AKI) can lead to the development of chronic kidney
disease (CKD) [220]. According to recent research, it has been shown that renal tubular
epithelial cells (TECs) have a heightened vulnerability to metabolic reprogramming in cases
of acute kidney injury (AKI). This reprogramming entails a shift in the metabolic activity of
TECs from fatty acid oxidation (FAO) to glycolysis, mostly due to factors such as hypoxia,
mitochondrial malfunction, and disrupted nutrient-sensing pathways. Nevertheless, the
findings do not provide significant insights for enhancing patient outcomes, as heightened
glycolysis serves as a compensatory mechanism for generating ATP. Conversely, prolonged
suppression of fatty acid oxidation (FAO) and heightened glycolysis contribute to inflamma-
tory responses, lipid buildup, and fibrosis, thereby facilitating the progression from acute
kidney injury (AKI) to chronic kidney disease (CKD). Despite significant advancements, the
precise mechanism responsible for the transition from acute kidney injury (AKI) to chronic
kidney disease (CKD) remains mostly elusive. Animal models that accurately reproduce
the process of AKI-CKD transition and the development of effective therapies are crucial
for advancing our understanding of the pathophysiology of this condition [221,222].

14. Key Points and Highlights

In this section, we will introduce the key points and highlights of the review, pro-
viding a concise overview of the most significant findings and insights presented in the
following sections.

• Epithelial transport is critical for maintaining organ function, and disruptions can lead
to various pathophysiological conditions;

• Recent advances in understanding epithelial transport have revealed complex regula-
tory mechanisms with potential implications for developing new therapies;

• Transcellular, paracellular, and vesicular transport are the three primary mechanisms
of epithelial transport, with each having a unique role;

• Ion transport is essential for normal tissue function, and abnormalities can lead to
diseases with severe consequences for multiple organ systems;

• Water transport is crucial for fluid balance, and disruptions can result in conditions
such as dehydration and pulmonary edema;

• Nutrient transport is essential for overall health, and optimizing absorption can
prevent malabsorption syndromes and liver diseases;

• Hormonal regulation of epithelial transport involves multiple hormones, and abnor-
malities can lead to disorders such as diabetes insipidus and hyperaldosteronism;

• Genetic disorders of epithelial transport can result in compromised ion, water, and
substance transport, leading to pathologies in multiple organs;
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• Understanding the different types of diarrheas and their underlying causes is impor-
tant for accurate diagnosis and treatment;

• Hypertension is a complex condition with multiple contributing factors, and understand-
ing physiological processes involved can provide insights into its pathophysiology;

• Edema is a complex condition with different forms and can have harmful effects on
tissue function;

• Regulation of tissue fluid dynamics and prevention of edema formation involve
complex interplay between various factors;

• Renal diseases, including acute kidney injury and chronic kidney disease, are prevalent
and can lead to serious complications.

15. Practical Applications and Future Lines of Research

As our understanding of epithelial transport mechanisms continues to advance, there
are numerous practical applications in various fields, including medical research, clinical
practice, drug development, medical interventions, improved diagnostics and biomarkers,
education and awareness, fluid management, diet optimization, probiotics and digestive
enzymes, lifestyle modifications, and the diagnosis and treatment of hormonal imbalances.

In medical and pharmacological research, knowledge of epithelial transport mech-
anisms can inform the development of targeted therapies for conditions such as hyper-
tension, heart failure, cystic fibrosis, and inflammatory bowel disease. In clinical practice,
understanding epithelial transport can be applied in diagnosing and managing condi-
tions related to epithelial barrier function, nutrient absorption, and drug absorption and
distribution. In drug development, understanding vesicular transport mechanisms can
aid the development of drug delivery systems for targeted drug delivery and antiviral
or antimicrobial therapies. Medical interventions that correct ion transport abnormalities
can benefit patients with diseases such as cystic fibrosis and renal tubular acidosis, and
improved understanding of ion transport can lead to the development of diagnostic tools
or biomarkers for these conditions.

Furthermore, knowledge of water transport mechanisms can be applied in diagnosing
and managing conditions such as diabetes insipidus, pulmonary edema, dehydration, and
heart failure, as well as in the development of therapeutic interventions. In optimizing
nutrient absorption, diet optimization, probiotics, and digestive enzymes can be used to
improve gut health and nutrient transport in individuals with gastrointestinal disorders.
Lifestyle modifications, such as maintaining a healthy weight and avoiding high-fat diets,
can also help to prevent disruptions in nutrient transport and reduce the risk of developing
liver diseases. Additionally, understanding the role of hormones in regulating epithelial
transport can aid the diagnosis and treatment of hormonal imbalances.

Overall, the practical applications of understanding epithelial transport mechanisms
are broad and diverse, with potential implications in various fields of research, clinical
practice, drug development, diagnostics, and patient care.

16. Conclusions

In conclusion, epithelial transport is a critical physiological process that plays a key
role in maintaining the proper functioning of various organs in the human body. Recent
advances in our understanding of epithelial transport have revealed complex mechanisms
involving ion channels, transporters, pumps, signaling pathways, regulatory mechanisms,
and the gut microbiota. Disruptions in epithelial transport can lead to various pathophysi-
ological conditions, such as cystic fibrosis, diarrhea, hypertension, and renal diseases. Ion
transport, water transport, and nutrient transport are essential for normal physiological
functions, and disruptions in these processes can result in diseases and conditions affecting
multiple organ systems. Hormonal regulation of epithelial transport is also crucial, and
abnormalities in hormone production or signaling can lead to disorders related to epithelial
transport. Genetic disorders, such as cystic fibrosis and other syndromes, can compromise
ion, water, and substance transport through cell membranes, leading to various pathologies.
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Understanding the different types of diarrheas and their underlying causes is important
for accurate diagnosis and treatment. Hypertension and edema are complex conditions
involving multiple factors, and understanding the physiological processes involved can
provide insights into their pathophysiology. Renal diseases, including acute kidney injury
and chronic kidney disease, are prevalent and can have severe consequences for overall
health. Further research in epithelial transport and related mechanisms may lead to the
development of new therapies for various disorders and conditions involving disruptions
in epithelial transport.

Author Contributions: Conceptualization, V.J.C.-S.; methodology, J.F.T.-A.; investigation, all authors;
writing—original draft preparation, L.R.-F., C.V.V.-T., R.Y.-S. and A.M.-R.; writing—review and
editing, all authors; visualization, all authors; supervision, V.J.C.-S.; project administration, V.J.C.-S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Figures were created via BioRender.com on 1 September 2023.

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

References
1. Hernando, N.; Gagnon, K.; Lederer, E. Phosphate Transport in Epithelial and Nonepithelial Tissue. Physiol. Rev. 2021, 101, 1–35.

[CrossRef]
2. Pizzagalli, M.D.; Bensimon, A.; Superti-Furga, G. A Guide to Plasma Membrane Solute Carrier Proteins. FEBS J. 2021, 288,

2784–2835. [CrossRef]
3. Ong, T.; Ramsey, B.W. Cystic Fibrosis: A Review. J. Am. Med. Assoc. 2023, 329, 1859–1871. [CrossRef] [PubMed]
4. Freedman, S.B.; Ali, S.; Oleszczuk, M.; Gouin, S.; Hartling, L. Treatment of Acute Gastroenteritis in Children: An Overview

of Systematic Reviews of Interventions Commonly Used in Developed Countries. Evid. Based Child Health 2013, 8, 1123–1137.
[CrossRef] [PubMed]

5. Chiejina, M.; Samant, H. Viral Diarrhea; StatPearls Publishing: Treasure Island, FL, USA, 2023.
6. Crowley, S.D.; Coffman, T.M. Recent Advances Involving the Renin-Angiotensin System. Exp. Cell Res. 2012, 318, 1049–1056.

[CrossRef]
7. Cutting, G.R. Cystic Fibrosis Genetics: From Molecular Understanding to Clinical Application. Nat. Rev. Genet. 2015, 16, 45–56.

[CrossRef] [PubMed]
8. Soundararajan, R.; Pearce, D.; Hughey, R.P.; Kleyman, T.R. Role of Epithelial Sodium Channels and Their Regulators in

Hypertension. J. Biol. Chem. 2010, 285, 30363–30369. [CrossRef] [PubMed]
9. Eladari, D.; Chambrey, R.; Peti-Peterdi, J. A New Look at Electrolyte Transport in the Distal Tubule. Annu. Rev. Physiol. 2012,

74, 325–349. [CrossRef]
10. Ross, K.E.; Zhang, G.; Akcora, C.; Lin, Y.; Fang, B.; Koomen, J.; Haura, E.B.; Grimes, M. Network Models of Protein Phosphoryla-

tion, Acetylation, and Ubiquitination Connect Metabolic and Cell Signaling Pathways in Lung Cancer. PLoS Comput. Biol. 2023,
19, e1010690. [CrossRef] [PubMed]

11. Ou, G.; Hedberg, M.; Hörstedt, P.; Baranov, V.; Forsberg, G.; Drobni, M.; Sandström, O.; Wai, S.N.; Johansson, I.; Hammarström,
M.-L.; et al. Proximal Small Intestinal Microbiota and Identification of Rod-Shaped Bacteria Associated with Childhood Celiac
Disease. Am. J. Gastroenterol. 2009, 104, 3058–3067. [CrossRef]

12. Greger, R. Physiology of Renal Sodium Transport. Am. J. Med. Sci. 2000, 319, 51–62. [CrossRef]
13. Knowles, M.R.; Durie, P.R. What Is Cystic Fibrosis? N. Engl. J. Med. 2002, 347, 439–442. [CrossRef]
14. Barrett, K.E.; Boitano, S.; Barman, S.M.; Brooks, H.L. Ganong’s Review of Medical Physiology, 20th ed.; Mc Graw Hill Education:

New York, NY, USA, 2010.
15. Anderson, J.M.; Itallie, C.M. Physiology and Function of the Tight Junction. Cold Spring Harb. Perspect. Biol. 2009, 1, 002584.

[CrossRef]
16. Houillier, P.; Lievre, L.; Hureaux, M.; Prot-Bertoye, C. Mechanisms of Paracellular Transport of Magnesium in Intestinal and

Renal Epithelia. Ann. N. Y. Acad. Sci. 2023, 1521, 14–31. [CrossRef] [PubMed]
17. Tsukita, S.; Furuse, M.; Itoh, M. Multifunctional Strands in Tight Junctions. Nat. Rev. Mol. Cell Biol. 2001, 2, 285–293. [CrossRef]
18. Curry, J.N.; Yu, A.S.L. Paracellular Calcium Transport in the Proximal Tubule and the Formation of Kidney Stones. Am. J. Physiol.

Renal Physiol. 2019, 316, F966–F969. [CrossRef]
19. Corfield, A.P. The Interaction of the Gut Microbiota with the Mucus Barrier in Health and Disease in Hu-Man. Microorganisms

2018, 6, 78. [CrossRef]
20. Fasano, A. Intestinal Permeability and Its Regulation by Zonulin: Diagnostic and Therapeutic Implications. Clin. Gastroenterol.

Hepatol. Clin. Pract. J. Am. Gastroenterol. Assoc. 2012, 10, 1096–1100. [CrossRef]

BioRender.com
https://doi.org/10.1152/physrev.00008.2019
https://doi.org/10.1111/febs.15531
https://doi.org/10.1001/jama.2023.8120
https://www.ncbi.nlm.nih.gov/pubmed/37278811
https://doi.org/10.1002/ebch.1932
https://www.ncbi.nlm.nih.gov/pubmed/23877938
https://doi.org/10.1016/j.yexcr.2012.02.023
https://doi.org/10.1038/nrg3849
https://www.ncbi.nlm.nih.gov/pubmed/25404111
https://doi.org/10.1074/jbc.R110.155341
https://www.ncbi.nlm.nih.gov/pubmed/20624922
https://doi.org/10.1146/annurev-physiol-020911-153225
https://doi.org/10.1371/journal.pcbi.1010690
https://www.ncbi.nlm.nih.gov/pubmed/36996232
https://doi.org/10.1038/ajg.2009.524
https://doi.org/10.1016/S0002-9629(15)40679-2
https://doi.org/10.1056/NEJMe020070
https://doi.org/10.1101/cshperspect.a002584
https://doi.org/10.1111/nyas.14953
https://www.ncbi.nlm.nih.gov/pubmed/36622354
https://doi.org/10.1038/35067088
https://doi.org/10.1152/ajprenal.00519.2018
https://doi.org/10.3390/microorganisms6030078
https://doi.org/10.1016/j.cgh.2012.08.012


Cells 2023, 12, 2455 29 of 35

21. Rodriguez-Boulan, E.; Macara, I.G. Organization and Execution of the Epithelial Polarity Programme. Nat. Rev. Mol. Cell Biol.
2014, 15, 225–242. [CrossRef] [PubMed]

22. Rodriguez-Boulan, E.; Kreitzer, G.; Muesch, A. Organization of Vesicular Trafficking in Epithelia. Nat. Rev. Mol. Cell Biol. 2005,
6, 233–247. [CrossRef] [PubMed]

23. Nixon, R.A. Amyloid Precursor Protein and Endosomal-Lysosomal Dysfunction in Alzheimer’s Disease: Inseparable Partners in
a Multifactorial Disease. FASEB J. Publ. Fed. Am. Soc. Exp. Biol. 2017, 31, 2729–2743. [CrossRef] [PubMed]

24. Salloum, G.; Bresnick, A.R.; Backer, J.M. Macropinocytosis: Mechanisms and Regulation. Biochem. J. 2023, 480, 335–362. [CrossRef]
[PubMed]

25. Mercer, J.; Helenius, A. Virus Entry by Macropinocytosis. Nat. Cell Biol. 2009, 11, 510–520. [CrossRef] [PubMed]
26. Stenmark, H. Rab GTPases as Coordinators of Vesicle Traffic. Nat. Rev. Mol. Cell Biol. 2009, 10, 513–525. [CrossRef]
27. Bucci, C.; Parton, R.G.; Mather, I.H.; Stunnenberg, H.; Simons, K.; Hoflack, B.; Zerial, M. The Small GTPase Rab5 Functions as a

Regulatory Factor in the Early Endocytic Pathway. Cell 1992, 70, 715–728. [CrossRef]
28. Rath, E.; Moschetta, A.; Haller, D. Mitochondrial Function—Gatekeeper of Intestinal Epithelial Cell Homeostasis. Nat. Rev.

Gastroenterol. Hepatol. 2018, 15, 497–516. [CrossRef]
29. Mustaqeem, R.; Arif, A. Renal Tubular Acidosis; StatPearls Publishing: Treasure Island, FL, USA, 2023.
30. Rodríguez Soriano, J. Renal Tubular Acidosis: The Clinical Entity. J. Am. Soc. Nephrol. 2002, 13, 2160–2170. [CrossRef]
31. Verkman, A.S.; Hoek, A.N.; Ma, T.; Frigeri, A.; Skach, W.R.; Mitra, A.; Tamarappoo, B.K.; Farinas, J. Water transport across

mammalian cell membranes. Am. J. Physiol. 1996, 270, C12–C30. [CrossRef]
32. Knepper, M.A. Molecular Physiology of Urinary Concentrating Mechanism: Regulation of Aquaporin Water Channels by

Vasopressin. Am. J. Physiol. 1997, 272, F3–F12. [CrossRef]
33. Matthay, M.A.; Folkesson, H.G.; Clerici, C. Lung Epithelial Fluid Transport and the Resolution of Pulmonary Edema. Physiol. Rev.

2002, 82, 569–600. [CrossRef]
34. Binder, H.J. Role of Colonic Short-Chain Fatty Acid Transport in Diarrhea. Annu. Rev. Physiol. 2010, 72, 297–313. [CrossRef]

[PubMed]
35. Matthay, M.A.; Zemans, R.L.; Zimmerman, G.A.; Arabi, Y.M.; Beitler, J.R.; Mercat, A.; Herridge, M.; Ran-dolph, A.G.; Calfee, C.S.

Acute Respiratory Distress Syndrome. Nat. Rev. Prim. 2019, 5, 18. [CrossRef] [PubMed]
36. Hayakawa, K.; Chan, S.J.; Mandeville, E.T.; Park, J.H.; Bruzzese, M.; Montaner, J.; Arai, K.; Rosell, A.; Lo, E.H. Protective Effects of

Endothelial Progenitor Cell-Derived Extracellular Mitochondria in Brain Endothelium. Stem Cells 2018, 36, 1404–1410. [CrossRef]
[PubMed]

37. Islam, M.N.; Das, S.R.; Emin, M.T.; Wei, M.; Sun, L.; Westphalen, K.; Rowlands, D.J.; Quadri, S.K.; Bhattacharya, S.; Bhattacharya,
J. Mitochondrial Transfer from Bone-Marrow-Derived Stromal Cells to Pulmonary Alveoli Protects against Acute Lung Injury.
Nat. Med. 2012, 18, 759–765. [CrossRef]

38. Triplitt, C.L. Understanding the Kidneys’ Role in Blood Glucose Regulation. Am. J. Manag. Care 2012, 18, S11. [PubMed]
39. Gallardo, P.; Cid, L.P.; Vio, C.P.; Sepúlveda, F.V. Aquaporin-2, a Regulated Water Channel, Is Expressed in Apical Membranes of

Rat Distal Colon Epithelium. Am. J. Physiol. Gastrointest. Liver Physiol. 2001, 281, 856–863. [CrossRef] [PubMed]
40. Anabazhagan, A.N.; Chatterjee, I.; Priyamvada, S.; Kumar, A.; Tyagi, S.; Saksena, S.; Alrefai, W.A.; Dudeja, P.K.; Gill, R.K. Methods

to Study Epithelial Transport Protein Function and Expression in Native Intestine and Caco-2 Cells Grown in 3D. J. Vis. Exp. JoVE
2017, 121, 55304. [CrossRef]

41. King, J.; Giselbrecht, S.; Truckenmüller, R.; Carlier, A. Mechanistic Computational Models of Epithelial Cell Transporters-the
Adorned Heroes of Pharmacokinetics. Front. Pharmacol. 2021, 12, 780620. [CrossRef]

42. Field, M.; Semrad, C.E. Toxigenic Diarrheas, Congenital Diarrheas, and Cystic Fibrosis: Disorders of Intesti-Nal Ion Transport.
Annu. Rev. Physiol. 1993, 55, 631–655. [CrossRef]

43. Hanssens, L.S.; Duchateau, J.; Casimir, G.J. CFTR Protein: Not Just a Chloride Channel? Cells 2021, 10, 2844. [CrossRef]
44. Schiller, L.R.; Pardi, D.S.; Sellin, J.H. Chronic Diarrhea: Diagnosis and Management. Clin. Gastroenterol. Hepatol. Clin. Pr. J. Am.

Gastroenterol. Assoc. 2017, 15, 182–193. [CrossRef] [PubMed]
45. McLafferty, E.; Johnstone, C.; Hendry, C.; Farley, A. Fluid and Electrolyte Balance. Nurs. Stand. 2014, 28, 42–49. [CrossRef]

[PubMed]
46. Batlle, D.; Haque, S.K. Genetic Causes and Mechanisms of Distal Renal Tubular Acidosis. Nephrology, Dialy-Sis, Transplantation:

Official Publication of the European Dialysis and Transplant Association—European Renal Association. Engl. Oct. 2012, 27,
3691–3704. [CrossRef]

47. King, T.E.; Pardo, A.; Selman, M. Idiopathic pulmonary fibrosis. Lancet 2011, 378(9807), 1949–1961. [CrossRef]
48. Lee, J.-A.; Cho, A.; Huang, E.N.; Xu, Y.; Quach, H.; Hu, J.; Wong, A.P. Gene Therapy for Cystic Fibrosis: New Tools for Precision

Medicine. J. Transl. Med. 2021, 19, 452. [CrossRef]
49. Choi, J.Y.; Muallem, D.; Kiselyov, K.; Lee, M.G.; Thomas, P.J.; Muallem, S. Aberrant CFTR-Dependent HCO3

− Transport in
Mutations Associated with Cystic Fibrosis. Nature 2001, 410, 94–97. [CrossRef]

50. Chen, L.; Wang, H.-L.; Zhu, Y.-B.; Jin, Z.; Huang, J.-B.; Lin, X.-F.; Luo, J.-W.; Fang, Z.-T. Screening and Function Discussion of a
Hereditary Renal Tubular Acidosis Family Pathogenic Gene. Cell Death Dis. 2020, 11, 159. [CrossRef]

51. Kortenoeven, M.L.A.; Pedersen, N.B.; Rosenbaek, L.L.; Fenton, R.A. Vasopressin Regulation of Sodium Transport in the Distal
Nephron and Collecting Duct. Am. J. Physiol. Ren. Physiol. 2015, 309, 280–299. [CrossRef]

https://doi.org/10.1038/nrm3775
https://www.ncbi.nlm.nih.gov/pubmed/24651541
https://doi.org/10.1038/nrm1593
https://www.ncbi.nlm.nih.gov/pubmed/15738988
https://doi.org/10.1096/fj.201700359
https://www.ncbi.nlm.nih.gov/pubmed/28663518
https://doi.org/10.1042/BCJ20210584
https://www.ncbi.nlm.nih.gov/pubmed/36920093
https://doi.org/10.1038/ncb0509-510
https://www.ncbi.nlm.nih.gov/pubmed/19404330
https://doi.org/10.1038/nrm2728
https://doi.org/10.1016/0092-8674(92)90306-W
https://doi.org/10.1038/s41575-018-0021-x
https://doi.org/10.1097/01.ASN.0000023430.92674.E5
https://doi.org/10.1152/ajpcell.1996.270.1.C12
https://doi.org/10.1152/ajprenal.1997.272.1.F3
https://doi.org/10.1152/physrev.00003.2002
https://doi.org/10.1146/annurev-physiol-021909-135817
https://www.ncbi.nlm.nih.gov/pubmed/20148677
https://doi.org/10.1038/s41572-019-0069-0
https://www.ncbi.nlm.nih.gov/pubmed/30872586
https://doi.org/10.1002/stem.2856
https://www.ncbi.nlm.nih.gov/pubmed/29781122
https://doi.org/10.1038/nm.2736
https://www.ncbi.nlm.nih.gov/pubmed/22559853
https://doi.org/10.1152/ajpgi.2001.281.3.G856
https://www.ncbi.nlm.nih.gov/pubmed/11518698
https://doi.org/10.3791/55304
https://doi.org/10.3389/fphar.2021.780620
https://doi.org/10.1146/annurev.ph.55.030193.003215
https://doi.org/10.3390/cells10112844
https://doi.org/10.1016/j.cgh.2016.07.028
https://www.ncbi.nlm.nih.gov/pubmed/27496381
https://doi.org/10.7748/ns2014.03.28.29.42.e5531
https://www.ncbi.nlm.nih.gov/pubmed/24641059
https://doi.org/10.1093/ndt/gfs442
https://doi.org/10.1016/S0140-6736(11)60052-4
https://doi.org/10.1186/s12967-021-03099-4
https://doi.org/10.1038/35065099
https://doi.org/10.1038/s41419-020-2354-y
https://doi.org/10.1152/ajprenal.00093.2015


Cells 2023, 12, 2455 30 of 35

52. Makaryus, A.N.; McFarlane, S.I. Diabetes Insipidus: Diagnosis and Treatment of a Complex Disease. Clevel. Clin. J. Med. 2006,
73, 65–71. [CrossRef]

53. Dabrowski, E.; Kadakia, R.; Zimmerman, D. Diabetes Insipidus in Infants and Children. Best Pr. Res. Clin. Endocrinol. Metab. 2016,
30, 317–328. [CrossRef]

54. Nova, Z.; Skovierova, H.; Calkovska, A. Alveolar-Capillary Membrane-Related Pulmonary Cells as a Target in Endotoxin-Induced
Acute Lung Injury. Int. J. Mol. Sci. 2019, 20, 831. [CrossRef]

55. Beretta, E.; Romanò, F.; Sancini, G.; Grotberg, J.B.; Nieman, G.F.; Miserocchi, G. Pulmonary Interstitial Matrix and Lung Fluid
Balance From Normal to the Acutely Injured Lung. Front. Physiol. 2021, 12, 781874. [CrossRef] [PubMed]

56. Fernández-Pérez, E.R.; Sprung, J.; Afessa, B.; Warner, D.O.; Vachon, C.M.; Schroeder, D.R.; Brown, D.R.; Hubmayr, R.D.; Gajic, O.
Intraoperative Ventilator Settings and Acute Lung Injury after Elective Surgery: A Nested Case Control Study. Thorax 2009, 64,
121–127. [CrossRef] [PubMed]

57. Kiela, P.R.; Ghishan, F.K. Physiology of Intestinal Absorption and Secretion. Best Pract. Res. Clin. Gastroenterol. 2016, 30, 145–159.
[CrossRef]

58. Goodman, B.E. Transport of Small Molecules across Cell Membranes: Water Channels and Urea Transport-Ers. Adv. Physiol. Educ.
2002, 26, 146–157. [CrossRef] [PubMed]

59. Gibson, R.J.; Keefe, D.M.K. Cancer Chemotherapy-Induced Diarrhoea and Constipation: Mechanisms of Damage and Prevention
Strategies. Support. Care Cancer 2006, 14, 890–900. [CrossRef]

60. Boudry, G.; David, E.S.; Douard, V.; Monteiro, I.M.; Le Huërou-Luron, I.; Ferraris, R.P. Role of Intestinal Transporters in Neonatal
Nutrition: Carbohydrates, Proteins, Lipids, Minerals, and Vitamins. J. Pediatr. Gastroen Terol. Nutr. 2010, 51, 380–401. [CrossRef]

61. Wright, E.M.; Martín, M.G.; Turk, E. Intestinal Absorption in Health and Disease–Sugars. Best Pr. Res. Clin. Gastroenterol. 2003,
17, 943–956. [CrossRef]

62. Stremmel, W.; Pohl, L.; Ring, A.; Herrmann, T. A New Concept of Cellular Uptake and Intracellular Trafficking of Long-Chain
Fatty Acids. Lipids 2001, 36, 981–989. [CrossRef]

63. Chartoumpekis, D.V.; Kensler, T.W. New Player on an Old Field; the Keap1/Nrf2 Pathway as a Target for Treatment of Type 2
Diabetes and Metabolic Syndrome. Curr. Diabetes Rev. 2013, 9, 137–145. [CrossRef]

64. Brosnan, J.T.; Brosnan, M.E. Branched-Chain Amino Acids: Enzyme and Substrate Regulation. J. Nutr. 2006, 136, 207–211.
[CrossRef] [PubMed]

65. Desai, M.; Crowther, N.J.; Ozanne, S.E.; Lucas, A.; Hales, C.N. Adult Glucose and Lipid Metabolism May Be Programmed during
Fetal Life. Biochem. Soc. Trans. 1995, 23, 331–335. [CrossRef] [PubMed]

66. Wilschanski, M.; Novak, I. The Cystic Fibrosis of Exocrine Pancreas. Cold Spring Harb. Perspect. Med. 2013, 3, 009746. [CrossRef]
67. BioRender. Available online: https://app.biorender.com/biorender-templates/figures/all/t-5f98644fc942a500a89da31c-

absorption-of-nutrients-in-the-small-intestine (accessed on 1 October 2023).
68. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global Epidemiology of Nonal-coholic Fatty Liver

Disease-Meta-Analytic Assessment of Prevalence, Incidence, and Outcomes. Hepatology 2016, 64, 73–84. [CrossRef] [PubMed]
69. Samuel, V.T.; Shulman, G.I. Nonalcoholic Fatty Liver Disease as a Nexus of Metabolic and Hepatic Diseases. Cell Metab. 2018,

27, 22–41. [CrossRef]
70. Roberts, E.A.; Schilsky, M.L. Diagnosis and Treatment of Wilson Disease: An Update. Hepatology 2008, 47, 2089–2111. [CrossRef]
71. Virmani, R.; Joner, M.; Sakakura, K. Recent Highlights of ATVB: Calcification. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 1329–1332.

[CrossRef]
72. Rubio-Tapia, A.; Hill, I.D.; Kelly, C.P.; Calderwood, A.H.; Murray, J.A. ACG Clinical Guidelines: Diagnosis and Management of

Celiac Disease. Am. J. Gastroenterol. 2013, 108, 656–676. [CrossRef] [PubMed]
73. Szilagyi, A.; Smith, B.E.; Sebbag, N.; Leighton, H.; Xue, X. Changing Patterns of Relationships Between Geo-Graphic Markers and

IBD: Possible Intrusion of Obesity. Crohn’s Colitis 2020, 360, 044. [CrossRef]
74. Di Sabatino, A.; Corazza, G. Coeliac Disease. Lancet 2009, 373, 1480–1493. [CrossRef] [PubMed]
75. Masuda, T.; Muto, S.; Fukuda, K.; Watanabe, M.; Ohara, K.; Koepsell, H.; Vallon, V.; Nagata, D. Osmotic Diure-Sis by SGLT2

Inhibition Stimulates Vasopressin-Induced Water Reabsorption to Maintain Body Fluid Volume. Physiol. Rep. 2020, 8, 14360.
[CrossRef] [PubMed]

76. Boron, W.F.; Boulpaep, E.L. (Eds.) Boron y Boulpaep. In Manual de Fisiología Médica; Elsevier Health Sciences: Amsterdam,
The Netherlands, 2022.

77. Goltzman, D.; Mannstadt, M.; Marcocci, C. Physiology of the Calcium-Parathyroid Hormone-Vitamin D Axis. Front. Horm. Res.
2018, 50, 1–13. [CrossRef] [PubMed]

78. Taylor, J.G.; Bushinsky, D.A. Calcium and Phosphorus Homeostasis. Blood Purif. 2009, 27, 387–394. [CrossRef] [PubMed]
79. Chen, Y.; Schaefer, J.J.; Iyer, S.R.; Harders, G.E.; Pan, S.; Sangaralingham, S.J.; Chen, H.H.; Redfield, M.M.; Burnett, J.C., Jr.

Long-Term Blood Pressure Lowering and CGMP-Activating Actions of the Novel ANP Analog MANP. Am. J. Physiol. Integr.
Comp. Physiol. 2020, 318, 669–676. [CrossRef]

80. John, S.W.; Veress, A.T.; Honrath, U.; Chong, C.K.; Peng, L.; Smithies, O.; Sonnenberg, H. Blood Pressure and Fluid-Electrolyte
Balance in Mice with Reduced or Absent ANP. Am. J. Physiol. Integr. Comp. Physiol. 1996, 1, 271. [CrossRef]

81. Maurer, M.; Riesen, W.; Muser, J.; Hulter, H.N.; Krapf, R. Neutralization of Western Diet Inhibits Bone Re-Sorption Independently
of K Intake and Reduces Cortisol Secretion in Humans. Am. J. Physiol. Ren. Physiol. 2003, 284, 32–40. [CrossRef] [PubMed]

https://doi.org/10.3949/ccjm.73.1.65
https://doi.org/10.1016/j.beem.2016.02.006
https://doi.org/10.3390/ijms20040831
https://doi.org/10.3389/fphys.2021.781874
https://www.ncbi.nlm.nih.gov/pubmed/34987415
https://doi.org/10.1136/thx.2008.102228
https://www.ncbi.nlm.nih.gov/pubmed/18988659
https://doi.org/10.1016/j.bpg.2016.02.007
https://doi.org/10.1152/advan.00027.2002
https://www.ncbi.nlm.nih.gov/pubmed/12189122
https://doi.org/10.1007/s00520-006-0040-y
https://doi.org/10.1097/MPG.0b013e3181eb5ad6
https://doi.org/10.1016/S1521-6918(03)00107-0
https://doi.org/10.1007/s11745-001-0809-2
https://doi.org/10.2174/1573399811309020005
https://doi.org/10.1093/jn/136.1.207S
https://www.ncbi.nlm.nih.gov/pubmed/16365084
https://doi.org/10.1042/bst0230331
https://www.ncbi.nlm.nih.gov/pubmed/7672362
https://doi.org/10.1101/cshperspect.a009746
https://app.biorender.com/biorender-templates/figures/all/t-5f98644fc942a500a89da31c-absorption-of-nutrients-in-the-small-intestine
https://app.biorender.com/biorender-templates/figures/all/t-5f98644fc942a500a89da31c-absorption-of-nutrients-in-the-small-intestine
https://doi.org/10.1002/hep.28431
https://www.ncbi.nlm.nih.gov/pubmed/26707365
https://doi.org/10.1016/j.cmet.2017.08.002
https://doi.org/10.1002/hep.22261
https://doi.org/10.1161/ATVBAHA.114.304000
https://doi.org/10.1038/ajg.2013.79
https://www.ncbi.nlm.nih.gov/pubmed/23609613
https://doi.org/10.1093/crocol/otaa044
https://doi.org/10.1016/S0140-6736(09)60254-3
https://www.ncbi.nlm.nih.gov/pubmed/19394538
https://doi.org/10.14814/phy2.14360
https://www.ncbi.nlm.nih.gov/pubmed/31994353
https://doi.org/10.1159/000486060
https://www.ncbi.nlm.nih.gov/pubmed/29597231
https://doi.org/10.1159/000209740
https://www.ncbi.nlm.nih.gov/pubmed/19299893
https://doi.org/10.1152/ajpregu.00354.2019
https://doi.org/10.1152/ajpregu.1996.271.1.R109
https://doi.org/10.1152/ajprenal.00212.2002
https://www.ncbi.nlm.nih.gov/pubmed/12388390


Cells 2023, 12, 2455 31 of 35

82. Hall, J.E.; Carmo, J.M.; Silva, A.A.; Wang, Z.; Hall, M.E.O. Kidney Dysfunction and Hypertension: Mechanistic Links. Nat. Rev.
Nephrol. 2019, 15, 367–385. [CrossRef]

83. Berend, K.; Hulsteijn, L.H.; Gans, R.O.B.C. The Queen of Electrolytes? Eur. J. Intern. Med. 2012, 23, 203–211. [CrossRef]
84. Tinawi, M. Disorders of Calcium Metabolism: Hypocalcemia and Hypercalcemia. Cureus 2021, 13, 12420. [CrossRef]
85. Staruschenko, A. Regulation of Transport in the Connecting Tubule and Cortical Collecting Duct. Compr. Physiol. 2012, 2, 1541–1584.

[CrossRef]
86. Decaux, G.; Soupart, A.; Musch, W.; Bourgeois, S.; Verhoeven, A. Treatment of Polydipsia-Hyponatremia with Urea. Psychophar-

macol. Biol. Narcology 2005, 5, 919.
87. Kassim, T.A.; Clarke, D.D.; Mai, V.Q.; Clyde, P.W.; Mohamed Shakir, K.M. Catecholamine-Induced Cardiomyopathy. Endocr.

Pract. 2008, 14, 1137–1149. [CrossRef] [PubMed]
88. Dickinson, K.M.; Collaco, J.M. Cystic Fibrosis. Pediatr. Rev. 2021, 42, 55–67. [CrossRef] [PubMed]
89. Elborn, J.S. Cystic fibrosis. Lancet 2016, 388, 2519–2531. [CrossRef]
90. Boeck, K.; Amaral, M.D. Progress in Therapies for Cystic Fibrosis. Lancet Respir. Med. 2016, 4, 662–674. [CrossRef]
91. McCague, A.F.; Raraigh, K.S.; Pellicore, M.J.; Davis-Marcisak, E.F.; Evans, T.A.; Han, S.T.; Lu, Z.; Joynt, A.T.; Sharma, N.; Castellani,

C.; et al. Correlating Cystic Fibrosis Transmembrane Conductance Regulator Function with Clinical Features to Inform Precision
Treatment of Cystic Fibrosis. Am. J. Respir. Crit. Care Med. 2019, 199, 1116–1126. [CrossRef] [PubMed]

92. Riordan, J.R. CFTR Function and Prospects for Therapy. Annu. Rev. Biochem. 2008, 77, 701–726. [CrossRef]
93. Gustafsson, J.K.; Ermund, A.; Ambort, D.; Johansson, M.E.V.; Nilsson, H.E.; Thorell, K.; Hebert, H.; Sjövall, H.; Hansson, G.C.

Bicarbonate and Functional CFTR Channel Are Required for Proper Mucin Secretion and Link Cystic Fibrosis with Its Mucus
Phenotype. J. Exp. Med. 2012, 209, 1263–1272. [CrossRef] [PubMed]

94. Chmiel, J.F.; Davis, P.B. State of the Art: Why Do the Lungs of Patients with Cystic Fibrosis Become Infect-Ed and Why Can’t
They Clear the Infection? Respir. Res. 2003, 4, 8. [CrossRef]

95. Fulchiero, R.; Seo-Mayer, P. Bartter Syndrome and Gitelman Syndrome. Pediatr. Clin. N. Am. 2019, 66, 121–134. [CrossRef]
96. Mumford, E.; Unwin, R.J.; Walsh, S.B. Liquorice, Liddle, Bartter or Gitelman-How to Differentiate? Nephrol. Dial. Transplant. 2019,

34, 38–39. [CrossRef]
97. Seyberth, H.W.; Weber, S.; Kömhoff, M.B.; Syndrome, G. Bartter’s and Gitelman’s syndrome. Curr. Opin. Pediatr. 2017, 29, 179–186.

[CrossRef]
98. Konrad, M.; Vollmer, M.; Lemmink, H.H.; van den Heuvel, L.P.; Jeck, N.; Vargas-Poussou, R.; Lakings, A.; Ruf, R.; Deschênes,

G.; Antignac, C.; et al. Mutations in the Chloride Channel Gene CLCNKB as a Cause of Classic Bartter Syn-Drome. J. Am. Soc.
Nephrol. 2000, 11, 1449–1459. [CrossRef] [PubMed]

99. Blanchard, A.; Bockenhauer, D.; Bolignano, D.; Calò, L.A.; Cosyns, E.; Devuyst, O.; Ellison, D.H.; Karet Frankl, F.E.; Knoers,
N.V.A.M.; Konrad, M.; et al. Gitelman Syndrome: Consensus and Guidance from a Kidney Disease: Improving Global Outcomes
(KDIGO) Controversies Conference. Kidney Int. 2017, 91, 24–33. [CrossRef]

100. Simon, D.B.; Nelson-Williams, C.; Bia, M.J.; Ellison, D.; Karet, F.E.; Molina, A.M.; Vaara, I.; Iwata, F.; Cushner, H.M.; Koolen, M.;
et al. Gitelman’s Variant of Bartter’s Syndrome, Inherited Hypokalaemic Alkalosis, Is Caused by Mutations in the Thiazide-
Sensitive Na-Cl Cotransporter. Nat. Genet. 1996, 12, 24–30. [CrossRef]

101. Knoers, N.V.A.M.; Levtchenko, E.N. Gitelman Syndrome. Orphanet J. Rare Dis. 2008, 3, 22. [CrossRef] [PubMed]
102. Zella, G.C.; Israel, E.J. Chronic Diarrhea in Children. Pediatr. Rev. 2012, 33, 207–208. [CrossRef]
103. Burgers, K.; Lindberg, B.; Bevis, Z.J. Chronic Diarrhea in Adults: Evaluation and Differential Diagnosis. Am. Fam. Physician 2020,

101, 472–480.
104. Rosen, M.J.; Dhawan, A.; Saeed, S.A. Inflammatory Bowel Disease in Children and Adolescents. JAMA Pediatr. 2015, 169,

1053–1060. [CrossRef]
105. Mearin, F.; Lacy, B.E.; Chang, L.; Chey, W.D.; Lembo, A.J.; Simren, M.; Spiller, R. Bowel Disorders. Gastroenterology 2016, 150,

1393–1407. [CrossRef]
106. Benninga, M.A.; Faure, C.; Hyman, P.E.; James Roberts, I.; Schechter, N.L.; Nurko, S. Childhood Functional Gastrointestinal

Disorders: Neonate/Toddler. Gastroenterology 2016, 150, 1443–1455.e2. [CrossRef] [PubMed]
107. Barrett, K.E.; Keely, S.J. Integrative Physiology and Pathophysiology of Intestinal Electrolyte Transport. In Physiology of the

Gastrointestinal Tract; Elsevier: Amsterdam, The Netherlands, 2006; pp. 1931–1951.
108. Alli, A.A.; Bao, H.-F.; Liu, B.-C.; Yu, L.; Aldrugh, S.; Montgomery, D.S.; Ma, H.-P.; Eaton, D.C. Calmod-Ulin and CaMKII Modulate

ENaC Activity by Regulating the Association of MARCKS and the Cytoskeleton with the Apical Membrane. Am. J. Physiol. Ren.
Physiol. 2015, 309, 456–463. [CrossRef] [PubMed]

109. Barrett, K.E.; Keely, S.J. Chloride Secretion by the Intestinal Epithelium: Molecular Basis and Regulatory Aspects. Annu. Rev.
Physiol. 2000, 62, 535–572. [CrossRef] [PubMed]

110. Priyamvada, S.; Gomes, R.; Gill, R.K.; Saksena, S.; Alrefai, W.A.; Dudeja, P.K. Mechanisms Underlying Dysregulation of Electrolyte
Absorption in Inflammatory Bowel Disease-Associated Diarrhea. Inflamm. Bowel Dis. 2015, 21, 2926–2935. [CrossRef]

111. Ousingsawat, J.; Mirza, M.; Tian, Y.; Roussa, E.; Schreiber, R.; Cook, D.I.; Kunzelmann, K. Rotavirus Toxin NSP4 Induces Diarrhea
by Activation of TMEM16A and Inhibition of Na+ Absorption. Pflugers. Arch. 2011, 461, 579–589. [CrossRef]

112. Borenshtein, D.; Fry, R.C.; Groff, E.B.; Nambiar, P.R.; Carey, V.J.; Fox, J.G.; Schauer, D.B. Diarrhea as a Cause of Mortality in a
Mouse Model of Infectious Colitis. Genome Biol. 2008, 9, 122. [CrossRef]

https://doi.org/10.1038/s41581-019-0145-4
https://doi.org/10.1016/j.ejim.2011.11.013
https://doi.org/10.7759/cureus.12420
https://doi.org/10.1002/cphy.c110052
https://doi.org/10.4158/EP.14.9.1137
https://www.ncbi.nlm.nih.gov/pubmed/19158054
https://doi.org/10.1542/pir.2019-0212
https://www.ncbi.nlm.nih.gov/pubmed/33526571
https://doi.org/10.1016/S0140-6736(16)00576-6
https://doi.org/10.1016/S2213-2600(16)00023-0
https://doi.org/10.1164/rccm.201901-0145OC
https://www.ncbi.nlm.nih.gov/pubmed/30888834
https://doi.org/10.1146/annurev.biochem.75.103004.142532
https://doi.org/10.1084/jem.20120562
https://www.ncbi.nlm.nih.gov/pubmed/22711878
https://doi.org/10.1186/1465-9921-4-8
https://doi.org/10.1016/j.pcl.2018.08.010
https://doi.org/10.1093/ndt/gfy199
https://doi.org/10.1097/MOP.0000000000000447
https://doi.org/10.1681/ASN.V1181449
https://www.ncbi.nlm.nih.gov/pubmed/10906158
https://doi.org/10.1016/j.kint.2016.09.046
https://doi.org/10.1038/ng0196-24
https://doi.org/10.1186/1750-1172-3-22
https://www.ncbi.nlm.nih.gov/pubmed/18667063
https://doi.org/10.1542/pir.33.5.207
https://doi.org/10.1001/jamapediatrics.2015.1982
https://doi.org/10.1053/j.gastro.2016.02.031
https://doi.org/10.1053/j.gastro.2016.02.016
https://www.ncbi.nlm.nih.gov/pubmed/27144631
https://doi.org/10.1152/ajprenal.00631.2014
https://www.ncbi.nlm.nih.gov/pubmed/26136560
https://doi.org/10.1146/annurev.physiol.62.1.535
https://www.ncbi.nlm.nih.gov/pubmed/10845102
https://doi.org/10.1097/MIB.0000000000000504
https://doi.org/10.1007/s00424-011-0947-0
https://doi.org/10.1186/gb-2008-9-8-r122


Cells 2023, 12, 2455 32 of 35

113. Borenshtein, D.; Schlieper, K.A.; Rickman, B.H.; Chapman, J.M.; Schweinfest, C.W.; Fox, J.G.; Schauer, D.B. Decreased Expression
of Colonic Slc26a3 and Carbonic Anhydrase Iv as a Cause of Fatal Infectious Diarrhea in Mice. Infect. Immun. 2009, 77, 3639–3650.
[CrossRef]

114. Zhu, X.C.; Sarker, R.; Horton, J.R.; Chakraborty, M.; Chen, T.-E.; Tse, C.M.; Cha, B.; Donowitz, M. Non-Synonymous Single
Nucleotide Polymorphisms of NHE3 Differentially Decrease NHE3 Transporter Activity. Am. J. Physiol. Cell Physiol. 2015,
308, 758–766. [CrossRef]

115. Thiagarajah, J.R.; Verkman, A.S. Chloride Channel-Targeted Therapy for Secretory Diarrheas. Curr. Opin. Pharmacol. 2013,
13, 888–894. [CrossRef]

116. Xiao, F.; Yu, Q.; Li, J.; Johansson, M.E.V.; Singh, A.K.; Xia, W.; Riederer, B.; Engelhardt, R.; Montrose, M.; Soleimani, M.; et al.
Slc26a3 Deficiency Is Associated with Loss of Colonic HCO3

− Secretion, Absence of a Firm Mucus Layer and Barrier Impairment
in Mice. Acta Physiol. 2014, 211, 161–175. [CrossRef]

117. Shao, X.; Min, X.; Xia, X.; Lin, X.; Jiang, L.; Ding, R.; Jiang, Y. Association of Solute-Linked Carrier Family 26 Member A3 Gene
Polymorphisms with Ulcerative Colitis among Chinese Patients. Chin. J. Med. Genet. 2017, 34, 255–260. [CrossRef]

118. Asano, K.; Matsushita, T.; Umeno, J.; Hosono, N.; Takahashi, A.; Kawaguchi, T.; Matsumoto, T.; Matsui, T.; Kakuta, Y.; Kinouchi,
Y.; et al. A Genome-Wide Association Study Identifies Three New Suscepti-Bility Loci for Ulcerative Colitis in the Japanese
Population. Nat. Genet. 2009, 41, 1325–1329. [CrossRef] [PubMed]

119. Harrison, D.G.; Coffman, T.M.; Wilcox, C.S. Pathophysiology of Hypertension. Circ. Res. 2021, 128, 847–863. [CrossRef] [PubMed]
120. Al Ghorani, H.; Götzinger, F.; Böhm, M.; Mahfoud, F. Arterial Hypertension—Clinical Trials Update 2021. Nutr. Metab. Cardiovasc.

Dis. 2022, 32, 21–31. [CrossRef] [PubMed]
121. Hering, D.; Trzebski, A.; Narkiewicz, K. Recent Advances in the Pathophysiology of Arterial Hyperten-Sion: Potential Implications

for Clinical Practice. Pol. Arch. Intern. Med. 2017, 127, 195–204. [PubMed]
122. Beevers, G.; Lip, G.Y.H.; O’Brien, E. The Pathophysiology of Hypertension. BMJ 2001, 322, 912–916. [CrossRef]
123. Ramalhinho, V. Central and peripheral vascular resistance. Acta Med. Port. 1992, 5, 263–265.
124. Dijk, J.G.; Rossum, I.A.; Thijs, R.D. The Pathophysiology of Vasovagal Syncope: Novel Insights. Auton. Neurosci. 2021, 236, 102899.

[CrossRef]
125. Mathias, C.J. Role of Sympathetic Efferent Nerves in Blood Pressure Regulation and in Hypertension. Hypertension 1991, 18, III22-30.

[CrossRef]
126. Fagard, R.; Staessen, J. Relation of Cardiac Output at Rest and during Exercise to Age in Essential Hypertension. Am. J. Cardiol.

1991, 67, 585–589. [CrossRef]
127. Cipolla, M.J.; Liebeskind, D.S.; Chan, S.-L. The Importance of Comorbidities in Ischemic Stroke: Impact of Hypertension on the

Cerebral Circulation. J. Cereb. Blood Flow Metab. 2018, 38, 2129–2149. [CrossRef] [PubMed]
128. Carnagarin, R.; Matthews, V.; Zaldivia, M.T.K.; Peter, K.; Schlaich, M.P. The Bidirectional Interaction between the Sympathetic

Nervous System and Immune Mechanisms in the Pathogenesis of Hypertension. Br. J. Pharmacol. 2019, 176, 1839–1852. [CrossRef]
[PubMed]

129. Fujita, M.; Fujita, T. The Role of CNS in Salt-Sensitive Hypertension. Curr. Hypertens. Rep. 2013, 15, 390–394. [CrossRef] [PubMed]
130. Mutchler, S.M.; Kirabo, A.; Kleyman, T.R. Epithelial Sodium Channel and Salt-Sensitive Hypertension. Hypertension 2021,

77, 759–767. [CrossRef] [PubMed]
131. Kelly, T.N.; He, J. Genomic Epidemiology of Blood Pressure Salt Sensitivity. J. Hypertens. 2012, 30, 861–873. [CrossRef] [PubMed]
132. King, A.J.; Osborn, J.W.; Fink, G.D. Splanchnic Circulation Is a Critical Neural Target in Angiotensin II Salt Hypertension in Rats.

Hypertension 2007, 50, 547–556. [CrossRef] [PubMed]
133. Kopp, C.; Linz, P.; Dahlmann, A.; Hammon, M.; Jantsch, J.; Müller, D.N.; Schmieder, R.E.; Cavallaro, A.; Eckardt, K.-U.; Uder, M.;

et al. 23Na Magnetic Resonance Imaging-Determined Tissue Sodium in Healthy Subjects and Hypertensive Patients. Hypertension
2013, 61, 635–640. [CrossRef]

134. Jantsch, J.; Schatz, V.; Friedrich, D.; Schröder, A.; Kopp, C.; Siegert, I.; Maronna, A.; Wendelborn, D.; Linz, P.; Binger, K.J.; et al.
Cutaneous Na+ Storage Strengthens the Antimicrobial Barrier Function of the Skin and Boosts Macro-Phage-Driven Host Defense.
Cell Metab. 2015, 21, 493–501. [CrossRef]

135. Kitada, K.; Daub, S.; Zhang, Y.; Klein, J.D.; Nakano, D.; Pedchenko, T.; Lantier, L.; LaRocque, L.M.; Marton, A.; Neubert, P.;
et al. High Salt Intake Reprioritizes Osmolyte and Energy Metabolism for Body Fluid Conservation. J. Clin. Investig. 2017, 127,
1944–1959. [CrossRef]

136. Jacob, F.; Clark, L.A.; Guzman, P.A.; Osborn, J.W. Role of Renal Nerves in Development of Hypertension in DOCA-Salt Model in
Rats: A Telemetric Approach. Am. J. Physiol. Heart Circ. Physiol. 2005, 289, H1519–H1529. [CrossRef]

137. Ito, S.; Hiratsuka, M.; Komatsu, K.; Tsukamoto, K.; Kanmatsuse, K.; Sved, A.F. Ventrolateral Medulla AT1 Receptors Support
Arterial Pressure in Dahl Salt-Sensitive Rats. Hypertension 2003, 41, 744–750. [CrossRef] [PubMed]

138. Jia, G.; Sowers, J.R. Hypertension in Diabetes: An Update of Basic Mechanisms and Clinical Disease. Hypertension 2021, 78,
1197–1205. [CrossRef]

139. Shimbo, D.; Newman, J.D.; Aragaki, A.K.; LaMonte, M.J.; Bavry, A.A.; Allison, M.; Manson, J.E.; Wassertheil-Smoller, S.
Association between Annual Visit-to-Visit Blood Pressure Variability and Stroke in Postmenopausal Women: Data from the
Women’s Health Initiative. Hypertension 2012, 60, 625–630. [CrossRef]

https://doi.org/10.1128/IAI.00225-09
https://doi.org/10.1152/ajpcell.00421.2014
https://doi.org/10.1016/j.coph.2013.08.005
https://doi.org/10.1111/apha.12220
https://doi.org/10.3760/cma.j.issn.1003-9406.2017.02.024
https://doi.org/10.1038/ng.482
https://www.ncbi.nlm.nih.gov/pubmed/19915573
https://doi.org/10.1161/CIRCRESAHA.121.318082
https://www.ncbi.nlm.nih.gov/pubmed/33793328
https://doi.org/10.1016/j.numecd.2021.09.007
https://www.ncbi.nlm.nih.gov/pubmed/34690044
https://www.ncbi.nlm.nih.gov/pubmed/28377560
https://doi.org/10.1136/bmj.322.7291.912
https://doi.org/10.1016/j.autneu.2021.102899
https://doi.org/10.1161/01.HYP.18.5_Suppl.III22
https://doi.org/10.1016/0002-9149(91)90896-S
https://doi.org/10.1177/0271678X18800589
https://www.ncbi.nlm.nih.gov/pubmed/30198826
https://doi.org/10.1111/bph.14481
https://www.ncbi.nlm.nih.gov/pubmed/30129037
https://doi.org/10.1007/s11906-013-0358-z
https://www.ncbi.nlm.nih.gov/pubmed/23689978
https://doi.org/10.1161/HYPERTENSIONAHA.120.14481
https://www.ncbi.nlm.nih.gov/pubmed/33486988
https://doi.org/10.1097/HJH.0b013e3283524949
https://www.ncbi.nlm.nih.gov/pubmed/22495127
https://doi.org/10.1161/HYPERTENSIONAHA.107.090696
https://www.ncbi.nlm.nih.gov/pubmed/17646575
https://doi.org/10.1161/HYPERTENSIONAHA.111.00566
https://doi.org/10.1016/j.cmet.2015.02.003
https://doi.org/10.1172/JCI88532
https://doi.org/10.1152/ajpheart.00206.2005
https://doi.org/10.1161/01.HYP.0000052944.54349.7B
https://www.ncbi.nlm.nih.gov/pubmed/12623990
https://doi.org/10.1161/HYPERTENSIONAHA.121.17981
https://doi.org/10.1161/HYPERTENSIONAHA.112.193094


Cells 2023, 12, 2455 33 of 35

140. Hollenberg, N.K. The Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT). Major Outcomes
in High-Risk Hypertensive Patients Randomized to Angiotensin-Converting Enzyme Inhibitor or Calcium Channel Blocker vs
Diuretic. Curr. Hypertens. Rep. 2003, 5, 183–185. [CrossRef] [PubMed]

141. Shearer, F.; Lang, C.C.; Struthers, A.D. Renin-Angiotensin-Aldosterone System Inhibitors in Heart Failure. Clin. Pharmacol. Ther.
2013, 94, 459–467. [CrossRef]

142. Ames, M.K.; Atkins, C.E.; Pitt, B. The Renin-Angiotensin-Aldosterone System and Its Suppression. J. Vet. Intern. Med. 2019, 33, 363–382.
[CrossRef] [PubMed]

143. Sayer, G.; Bhat, G. The Renin-Angiotensin-Aldosterone System and Heart Failure. Cardiol. Clin. 2014, 32, 21–32. [CrossRef]
144. Su, C.; Xue, J.; Ye, C.; Chen, A. Role of the Central Renin-angiotensin System in Hypertension (Review). Int. J. Mol. Med. 2021, 47, 95.

[CrossRef]
145. Pacurari, M.; Kafoury, R.; Tchounwou, P.B.; Ndebele, K. The Renin-Angiotensin-Aldosterone System in Vascular Inflammation

and Remodeling. Int. J. Inflamm. 2014, 2014, 689360. [CrossRef]
146. Poznyak, A.V.; Bharadwaj, D.; Prasad, G.; Grechko, A.V.; Sazonova, M.A.; Orekhov, A.N. Renin-Angiotensin System in Pathogen-

esis of Atherosclerosis and Treatment of CVD. Int. J. Mol. Sci. 2021, 22, 6702. [CrossRef]
147. Davignon, J.; Ganz, P. Role of Endothelial Dysfunction in Atherosclerosis. Circulation 2004, 109, III-27–III-32. [CrossRef]
148. Gimbrone, M.A.; García-Cardeña, G. Endothelial Cell Dysfunction and the Pathobiology of Atherosclerosis. Circ. Res. 2016,

118, 620–636. [CrossRef]
149. Jebari-Benslaiman, S.; Galicia-García, U.; Larrea-Sebal, A.; Olaetxea, J.R.; Alloza, I.; Vandenbroeck, K.; Benito-Vicente, A.; Martín,

C. Pathophysiology of Atherosclerosis. Int. J. Mol. Sci. 2022, 23, 3346. [CrossRef] [PubMed]
150. Daniele, N.; Marrone, G.; Lauro, M.; Daniele, F.; Palazzetti, D.; Guerriero, C.; Noce, A. Effects of Caloric Restriction Diet on

Arterial Hypertension and Endothelial Dysfunction. Nutrients 2021, 13, 274. [CrossRef]
151. Araujo, M.; Wilcox, C.S. Oxidative Stress in Hypertension: Role of the Kidney. Antioxid. Redox Signal. 2014, 20, 74–101. [CrossRef]

[PubMed]
152. Lob, H.E.; Schultz, D.; Marvar, P.J.; Davisson, R.L.; Harrison, D.G. Role of the NADPH Oxidases in the Subfornical Organ in

Angiotensin II-Induced Hypertension. Hypertension 1979, 61, 382–387. [CrossRef]
153. Lifton, R.P.; Gharavi, A.G.; Geller, D.S. Molecular Mechanisms of Human Hypertension. Cell 2001, 104, 545–556. [CrossRef]

[PubMed]
154. Vaura, F.; Kauko, A.; Suvila, K.; Havulinna, A.S.; Mars, N.; Salomaa, V.; FinnGen; Cheng, S.; Niiranen, T. Polygenic Risk Scores

Predict Hypertension Onset and Cardiovascular Risk. Hypertension 2021, 77, 1119–1127. [CrossRef] [PubMed]
155. Claesson-Welsh, L.; Dejana, E.; McDonald, D.M. Permeability of the Endothelial Barrier: Identifying and Reconciling Controver-

sies. Trends Mol. Med. 2021, 27, 314–331. [CrossRef]
156. Eisenhut, M. Changes in Ion Transport in Inflammatory Disease. J. Inflamm. Lond. Engl. 2006, 3, 5. [CrossRef] [PubMed]
157. Ware, L.B.; Lee, J.W.; Wickersham, N.; Nguyen, J.; Matthay, M.A.; Calfee, C.S. Donor Smoking Is Associated With Pulmonary

Edema, Inflammation and Epithelial Dysfunction in Ex Vivo Human Donor Lungs. Am. J. Transplant. 2014, 14, 2295–2302.
[CrossRef]

158. Herrero, R.; Sanchez, G.; Lorente, J.A. New Insights into the Mechanisms of Pulmonary Edema in Acute Lung Injury. Ann. Transl.
Med. 2018, 6, 32. [CrossRef]

159. Scallan, J.; Huxley, V.H.; Korthuis, R.J. Capillary Fluid Exchange: Regulation, Functions, and Pathology; Morgan & Claypool Life
Sciences: San Rafael, CA, USA, 2010.

160. Stickland, M.K.; Lindinger, M.I.; Olfert, I.M.; Heigenhauser, G.J.F.; Hopkins, S.R. Pulmonary Gas Ex-Change and Acid-Base
Balance during Exercise. Compr. Physiol. 2013, 3, 693–739. [CrossRef]

161. Rahbar, E.; Akl, T.; Coté, G.L.; Moore, J.E.J.; Zawieja, D.C. Lymph Transport in Rat Mesenteric Lym-phatics Experiencing
Edemagenic Stress. Microcirculation 2014, 21, 359–367. [CrossRef] [PubMed]

162. Wiig, H.; Swartz, M.A. Interstitial Fluid and Lymph Formation and Transport: Physiological Regulation and Roles in Inflammation
and Cancer. Physiol. Rev. 2012, 92, 1005–1060. [CrossRef] [PubMed]

163. Kalogeris, T.; Baines, C.P.; Krenz, M.; Korthuis, R.J. Ischemia/Reperfusion. Compr. Physiol. 2016, 7, 113–170. [CrossRef]
164. Dana, I.; Susanto, L.A.; Suryana, K. Ascites in Peripartum Cardiomyopathy: Case Report. Int. J. Adv. Med. 2021, 8, 306–310.

[CrossRef]
165. Kadry, H.; Noorani, B.; Cucullo, L. A Blood-Brain Barrier Overview on Structure, Function, Impairment, and Biomarkers of

Integrity. Fluids Barriers CNS 2020, 17, 69. [CrossRef] [PubMed]
166. Pillai, S.; Oresajo, C.; Hayward, J. Ultraviolet Radiation and Skin Aging: Roles of Reactive Oxygen Spe-Cies, Inflammation and

Protease Activation, and Strategies for Prevention of Inflammation-Induced Matrix Deg-Radation—A Review. Int. J. Cosmet. Sci.
2005, 27, 17–34. [CrossRef]

167. Murphy, T.V.; Spurrell, B.E.; Hill, M.A. Cellular Signalling in Arteriolar Myogenic Constriction: In-Volvement of Tyrosine
Phosphorylation Pathways. Clin. Exp. Pharmacol. Physiol. 2002, 29, 612–619. [CrossRef]

168. Chappell, D.; Jacob, M.; Hofmann-Kiefer, K.; Conzen, P.; Rehm, M. A Rational Approach to Perioperative Fluid Management.
Anesthesiology 2008, 109, 723–740. [CrossRef] [PubMed]

169. Jacob, M.; Chappell, D.; Rehm, M. The ’Third Space’–Fact or Fiction? Best Pract. Res. Clin. Anaesthesiol. 2009, 23, 145–157.
[CrossRef]

https://doi.org/10.1007/s11906-003-0018-9
https://www.ncbi.nlm.nih.gov/pubmed/14524367
https://doi.org/10.1038/clpt.2013.135
https://doi.org/10.1111/jvim.15454
https://www.ncbi.nlm.nih.gov/pubmed/30806496
https://doi.org/10.1016/j.ccl.2013.09.002
https://doi.org/10.3892/ijmm.2021.4928
https://doi.org/10.1155/2014/689360
https://doi.org/10.3390/ijms22136702
https://doi.org/10.1161/01.CIR.0000131515.03336.f8
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.3390/ijms23063346
https://www.ncbi.nlm.nih.gov/pubmed/35328769
https://doi.org/10.3390/nu13010274
https://doi.org/10.1089/ars.2013.5259
https://www.ncbi.nlm.nih.gov/pubmed/23472618
https://doi.org/10.1161/HYPERTENSIONAHA.111.00546
https://doi.org/10.1016/S0092-8674(01)00241-0
https://www.ncbi.nlm.nih.gov/pubmed/11239411
https://doi.org/10.1161/HYPERTENSIONAHA.120.16471
https://www.ncbi.nlm.nih.gov/pubmed/33611940
https://doi.org/10.1016/j.molmed.2020.11.006
https://doi.org/10.1186/1476-9255-3-5
https://www.ncbi.nlm.nih.gov/pubmed/16571116
https://doi.org/10.1111/ajt.12853
https://doi.org/10.21037/atm.2017.12.18
https://doi.org/10.1002/cphy.c110048
https://doi.org/10.1111/micc.12112
https://www.ncbi.nlm.nih.gov/pubmed/24397756
https://doi.org/10.1152/physrev.00037.2011
https://www.ncbi.nlm.nih.gov/pubmed/22811424
https://doi.org/10.1002/cphy.c160006
https://doi.org/10.18203/2349-3933.ijam20210284
https://doi.org/10.1186/s12987-020-00230-3
https://www.ncbi.nlm.nih.gov/pubmed/33208141
https://doi.org/10.1111/j.1467-2494.2004.00241.x
https://doi.org/10.1046/j.1440-1681.2002.03698.x
https://doi.org/10.1097/ALN.0b013e3181863117
https://www.ncbi.nlm.nih.gov/pubmed/18813052
https://doi.org/10.1016/j.bpa.2009.05.001


Cells 2023, 12, 2455 34 of 35

170. Gallelli, L. Escin: A Review of Its Anti-Edematous, Anti-Inflammatory, and Venotonic Properties. Drug Dev. Ther. 2019, 13,
3425–3437. [CrossRef]

171. Singh, S.K.; Revand, R. Physiological Basis of Lower Limb Edema. In Approach to Lower Limb Oedema; Springer: Berlin/Heidelberg,
Germany, 2022; pp. 25–43.

172. Rajput, S.; Sharma, P.K.; Malviya, R. Fluid Mechanics in Circulating Tumour Cells: Role in Metastasis and Treatment Strategies.
Med. Drug Discov. 2023, 18, 100158. [CrossRef]

173. Magder, S.; Malhotra, A.; Hibbert, K.A.; Hardin, C.C. Cardiopulmonary Monitoring: Basic Physiology, Tools, and Bedside Management
for the Critically Ill; Springer Nature: Berlin/Heidelberg, Germany, 2021.

174. López, B.; Ravassa, S.; Moreno, M.U.; José, G.S.; Beaumont, J.; González, A.; Díez, J. Diffuse Myocardial Fibrosis: Mechanisms,
Diagnosis and Therapeutic Approaches. Nat. Rev. Cardiol. 2021, 18, 479–498. [CrossRef]

175. Britzen-Laurent, N.; Weidinger, C.; Stürzl, M. Contribution of Blood Vessel Activation, Remodeling and Barrier Function to
Inflammatory Bowel Diseases. Int. J. Mol. Sci. 2023, 24, 5517. [CrossRef]

176. Galler, K.M.; Weber, M.; Korkmaz, Y.; Widbiller, M.; Feuerer, M. Inflammatory Response Mechanisms of the Dentine-Pulp
Complex and the Periapical Tissues. Int. J. Mol. Sci. 2021, 22, 1480. [CrossRef]
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