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Simple Summary: In the elderly population, it is important to find the right anti-inflammatory
and pro-inflammatory balance to avoid the impairment of the immune system, which becomes
weaker with age. This age-dependent weakness of the immune system can increase the risk of
serious infections and premature death. This review describes diuretics (substances that promote
urination) and their effect on the immune system. The effect on the immune system of this group of
drugs was noted in patients suffering from hypertension, observed under experimental conditions
with laboratory animals. The cause of hypertension is strongly connected to chronic inflammation.
Most diuretics are anti-inflammatory, but depending on the drug, the effects may vary. This topic is
highly significant in medical practice regarding the treatment of patients with associated diseases
with chronic inflammatory etiology, including arterial hypertension or chronic heart failure. In
obese patients and patients with allergies, the anti-inflammatory effect is beneficial because the
immune system is too strongly activated. In this article, we try to provide doctors practical advice
regarding the type of diuretic that should be used in patients with specific clinical problems and
additional diseases.

Abstract: In this review, diuretics and their immunomodulatory functions are described. The effects
on the immune response of this group of drugs are reported in patients suffering from hypertension
and under experimental conditions involving animal models and cell line studies. The pathogenesis of
hypertension is strongly connected to chronic inflammation. The vast majority of diuretics modulate
the immune response, changing it in favor of the anti-inflammatory response, but depending on
the drug, these effects may differ. This topic is significantly important in medical practice regarding
the treatment of patients who have coexisting diseases with chronic inflammatory pathogenesis,
including hypertension or chronic heart failure. In patients with metabolic syndrome, allergies, or
autoimmune disorders, the anti-inflammatory effect is favorable, because of the overstimulation of
their immune system. Otherwise, in the geriatric population, it is important to find the proper anti-
and pro-inflammatory balance to avoid an enhancement of immune response suppression, which
can result in reducing the risk of serious infections that can occur due to the age-diminished function
of the immune system. This article is intended to facilitate the selection of an antihypertensive drug
that depends on the patient’s immune situation.

Keywords: diuretics; immunomodulatory effect; antihypertensive drugs; immunology; humoral
response; cellular response

1. Background

Hypertension is one of the most common diseases in adults [1,2]. Treatment of hyper-
tension is a major challenge for the population, because approximately half of hypertensive
patients do not adequately control their blood pressure.

There are two definitions of arterial hypertension: European and American. According
to the definition of the American College of Cardiology/American Heart Association
(ACC/AHA), grade one hypertension can be diagnosed when the systolic blood pressure
is at least 130 mmHg and/or the diastolic blood pressure is at least 80 mmHg [3].
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The definition of The European Society of Cardiology/European Society of Hyperten-
sion (ESC/ESH) is more liberal. According to this definition, we can diagnose grade one
hypertension if the systolic blood pressure is at least 140 mmHg and the diastolic blood
pressure is at least 90 mmHg [4,5].

There are two types of hypertension: primary and secondary. The exact etiology
of essential (primary) hypertension is unclear. However, there are several risk factors
that are strongly associated with essential hypertension development, such as older age,
obesity [6,7], family history (hypertension occurs twice as often in patients when at least
one of their parents had hypertension) [8,9], race (hypertension occurs more often in
African and African American patients) [10,11], reduced nephron number, high-sodium
diet [12–14], excessive alcohol consumption [15], and physical inactivity [7,16]. On the
contrary, the major causes of secondary hypertension are medications (high doses of es-
trogen [17], nonsteroidal anti-inflammatory agents (NSAIDs) [18–21], antidepressants,
corticosteroids, tyrosine kinase inhibitors, etc.), drug use (e.g., methamphetamines and
cocaine), primary renal disease [22], primary aldosteronism [23–26], renovascular hyper-
tension [27,28], obstructive sleep apnea [29–33], pheochromocytoma [34–36], Cushing’s
syndrome [37,38], other endocrine disorders (hypothyroidism [39], hypertyroidism [40],
and hyperparathyroidism [41–44]), as well as coarctation of the aorta [45].

Hypertensive patients are very commonly medicated with diuretics, which differ
in their therapeutic potency. Mild diuretics include osmotic agents (mannitol), carbonic
anhydrase inhibitors (acetazolamide), and potassium-sparing diuretics (spironolactone,
amiloride). Meanwhile, moderate-potency diuretics include thiazides and thiazide-like
agents, and strong diuretics include loop diuretics.

The substances that promote urination also differ in terms of the site of knitting in
the nephron [46]. Carbonic anhydrase inhibitors and osmotic diuretics act in the proximal
tubule [47,48], while potassium-sparing diuretics target the distal nephron (including the
connecting tubule and collecting duct). Thiazide and thiazide-like diuretics act in the distal
tubule [49–53], while loop diuretics, as the name suggests, affect the loop of Henle [54–56].
Since hypertension is an inflammation-related disease, it is important to unravel the
putative immunomodulatory properties of the medications used for treating affected
patients. This review summarizes the current knowledge on the immunomodulatory
properties of diuretic drugs.

2. Results and Discussion
2.1. Loop Diuretics

Two of most popular loop diuretics, furosemide and torasemide, have similar mecha-
nisms of action, but the latter seems to cause lesser side effects. Furosemide inhibits the
reabsorption of chloride ions in the nephron, in the ascending part of the Henle loop. This,
in turn, inhibits the reabsorption of sodium ions, which are excreted, pulling water with
it. In addition, this also increases the excretion of magnesium, calcium, and potassium,
but decreases the excretion of uric acid. Furosemide is used to treat acute left ventricular
failure, pulmonary edema, and exacerbations of chronic heart failure. The diuretic effect is
used in the treatment of nephrotic syndrome, acute and chronic renal failure (with severe
reduced Glomerular Filtration Rate (GFR) when thiazide drugs cease to be effective), liver
cirrhosis, in cases of resistance to thiazide hypertension, intoxication during forced diuresis,
hypercalcemia, severe circulatory failure, and prevention of cerebral edema.

The strong effect of loop diuretics may result in large electrolyte disturbances, such as
hypovolemia, hyponatremia, hypomagnesemia, hypokalemia, hypocalcaemia, and chlorine
deficiency alkalosis. Moreover, an orthostatic drop in blood pressure, including collapse,
may occur. Loop diuretics require (due to their high potency) appropriate indications and
strict electrolyte control, especially when using digitalis glycosides.

Thus far, furosemide has been found to reduce the levels of tumor necrosis factor
alpha (TNF-α; in a dose-dependent manner) [57], IL-6, IL-8 [58], and IL-10 [59], but does
not show any significant effect on IL-1β/IL-2 [57] (Table 1). Similarly, furosemide reduces
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the intracellular concentrations of interleukin (IL)-6 and TNF-α [60]. This drug does not
affect the effectiveness of phagocytosis and the number of phagocytic neutrophils [61],
but seems to partially prevent the activation of pulmonary macrophages and bronchial
epithelial cells by reducing the production of superoxide anions [62]. Inhaled furosemide
has been demonstrated to decrease inflammatory cytokines and airway hyper-reactivity
in asthmatic subjects [63], but its influence on allergic asthmatic reactions in mice is am-
biguous. Depending on the experimental settings, furosemide has been shown to either
increase the infiltration of T lymphocytes [64], or to reduce the infiltration of pulmonary
inflammatory cells [65]. Furosemide and spironolactone reduce the migration of leukocytes
through endothelial cell monolayers [66]. Furosemide increases the expression of the genes
responsible for the pro-inflammatory response: acute phase proteins (hemeoxygenase-1
and metallothionein-1), stress proteins (C/Ebp homologous protein and growth arrest and
DNA damage-induced protein), inflammatory cytokines (IL-1β), chemokines (macrophage
inflammatory protein 2 and murine keratinocyte-derived chemokine), and apoptosis (early
growth factor response and BCL2 related protein X) in mice [67]. Furosemide administered
with kanamycin and lipopolysaccharide enhances the inflammatory response to hair cell
damage and results in increased hearing loss [68]. In patients with nasal polyposis, treat-
ment with furosemide does not significantly affect the number of inflammatory cells, but
significantly reduces swelling in previously untreated patients [69]. Furosemide reduces
the production of prostaglandins in cultured human epithelial cells from nasal polyps
in vitro, making intranasal furosemide a candidate for the treatment of edema formation in
nasal polyps [70,71]. Cardio-renal syndrome is characterized as a dysfunction of mutually
influencing systems, such as excretory and cardiovascular, and is based on hemodynamic
changes, neurohormonal activation, inflammation, oxidative stress, iron disorders, anemia,
and disturbances in the mineral metabolism. One of the treatments for this syndrome is
furosemide, which modifies the underlying factors [72]. In a study on rats, it was proved
that in ischemic reperfusion, furosemide combined with sitagliptin can significantly inhibit
the elevation of TNF-α, NF-κB, caspase-3, NO, and iNOS, and can increase the activity
of glutathione and antioxidant enzymes in the kidney and heart tissues [73]. In patients
who suffer from heart failure, furosemide acts as anti-inflammatory by reducing TNF-α,
IL-1-β, IL-6, and the natriuretic peptides ANP and BNP [74,75]. Similar observations (i.e.,
decrease in the IL-6 and IL-8 concentrations) after treatment with furosemide have been
observed in a septic newborn, due to Staphylococcus epidermidis infection [76], without
affecting the expression of the IL-6 and IL-8 genes [77]. Interestingly, furosemide used
in the intoxication of a toxic fungus (Cortinarius speciosissimus) in a rat research model
had no effect on the parameters of inflammation [78]. In the rat model, it was shown that
ethacrynic acid and dichlorothiazide reduced increases in skin vascular permeability, and
that long-term therapy with furosemide, dichlorothiazide, and ethacrynic acid reduces
the dry weight of the inflammatory granuloma, which demonstrates anti-inflammatory
properties [79].

After SARS-CoV-2 infection, the inflammatory response of the host often results in ex-
cessive secretion of inflammatory cytokines (IL-6 and TNF-α especially), which transforms
into a detrimental “cytokine storm”. In this clinical situation, furosemide inhibits IL-6 and
TNF-α, and may be an agent ameliorating the cytokine storm of COVID-19 [80]. Similarly,
torasemide seems to possess anti-inflammatory properties, as shown in the experimen-
tal autoimmune myocarditis. This long-acting loop diuretic reduces the progression of
myocarditis to dilated cardiomyopathy [81]. Torasemide decreases the levels of the beta1
transforming protein in rats, improves myocardial function parameters, and also inhibits
left ventricle (LV) fibrosis [82]. Torasemide reduces the level of the oxidative stress marker
p67phox and reduces the expression of the mineralocorticoid receptor [83].

Bumetanide is a potent loop diuretic that acts as an inhibitor of sodium–potassium–
chloride cotransporter 2 (NKCC2) and its NKCC1 isoform. This drug is indicated for
the treatment of high blood pressure, pulmonary edema, edema associated with renal
and heart failure, nephrotic syndrome, and cirrhosis. Bumetanide may cause cramps,
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hypotension, headache, nausea, and hepatic encephalopathy in patients with concomitant
liver disease. Bumetanide decreases the activation of inflammatory cells. This drug, which
is administered as an intra-tracheal spray, also reduces tissue inflammation and acute lung
injury [84].

Ethacrynic acid is an ototoxic drug with loop diuretic activity. It causes hearing
damage that may be irreversible. Unlike other loop diuretics, it does not have a sulfonamide
structure and can be used in patients who are hypersensitive (allergic) to sulfonamides.
The indications are the same as for other loop diuretics. On the one hand, etacrynic
acid improves macrophage functioning under hyperoxic conditions [85], while on the
other hand, it inhibits the NF-kappaB signaling pathway in lipopolysaccharide-activated
macrophages [86], suggesting that this drug may be used in the future for the treatment
of diseases associated with excessive inflammation. In addition, the use of ethacrynic
acid reduces the expression of pro-inflammatory cytokine IL-6 and iNOS expression in
the intestinal wall, and decreases gastrointestinal stasis in postoperative mouse intestinal
obstruction [87].

Table 1. The effect of loop diuretics on selected parts of the immune system. Abbreviations: TNF-α,
tumor necrosis factor alpha; IL, interleukin; NF-κB, nuclear factor kappa-light-chain-enhancer of
activated B cells; NO, nitric oxide; iNOS, inducible nitric oxide synthase; C/Ebp, CCAAT/enhancer
binding proteins; BCL2, B-cell lymphoma 2; p67phox, neutrophil cytosolic factor 2.

Drug Immunological Mechanism (Reference)

Furosemide

Reduction in:

- Levels of TNF-α [57,74,75,80];
- Levels of interleukines IL-6 [74–76,80], IL-8 [58,76], and IL-10 [59];
- Intracellular concentrations of IL-6 and TNF-α [60];
- Production of superoxide anions and, as a result, prevention of the activation of

pulmonary macrophages and bronchial epithelial cells [62];
- Levels of inflammatory cytokines and airway hyper-reactivity in asthmatic subjects

(taken as an inhaler) [63];
- Migration of leukocytes through endothelial cell monolayers [66];
- Swelling in patients with nasal polyposis (previously untreated) [69];
- Production of prostaglandins in cultured human epithelial cells from nasal polyps

in vitro, making the intranasal form of this drug a candidate for the treatment of
edema formation in nasal polyps [70,71];

- Oxidative stress in cardio-renal syndrome [72];
- Inhibition if the elevation of TNF-α, NF-κB, caspase-3, NO, and iNOS, increasing the

activity of glutathione and antioxidant enzymes in kidney and heart tissue (used in
rats) [73];

- Dry weight of the inflammatory granuloma, which demonstrates anti-inflammatory
properties—taken in long-term therapy with furosemide, dichlorothiazide, and
ethacrynic acid in a rat model [79].

No significant effect on:

- Levels of IL-1β/IL-2 [57], or reduces the IL-1β concentration [74,75];
- Effectiveness of phagocytosis and the number of phagocytic neutrophils [61];
- Allergic asthmatic reactions in mice (ambiguous: depending on the experimental

settings, it has been shown to either increase the infiltration of T lymphocytes [64],
or to reduce the infiltration of pulmonary inflammatory cells [65]);

- Number of inflammatory cells in patients with nasal polyposis [69];
- Expression of the IL-6 and IL-8 genes [77];
- Parameters of inflammation (used in the intoxication of a toxic fungus in a rat

research model) [78].

Increase in:

- Expression of genes responsible for the pro-inflammatory response: acute phase
proteins (hemeoxygenase-1 and metallothionein-1), stress proteins (C/Ebp
homologous protein and growth arrest and DNA damage-induced protein),
inflammatory cytokines (IL-1β), chemokines (macrophage inflammatory protein 2
and murine keratinocyte derived chemokine), and apoptosis (early growth factor
response and BCL2 related protein X) in mice [67];

- Inflammatory response to hair cell damage and increased hearing loss (administered
with kanamycin and lipopolysaccharide) [68].
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Table 1. Cont.

Drug Immunological Mechanism (Reference)

Torasemide

Reduction in:

- Progression of myocarditis to dilated cardiomyopathy (seems to possess
anti-inflammatory properties) [81];

- Levels of the beta1 transforming protein in rats [82];
- Levels of the oxidative stress marker p67phox and expression of the

mineralocorticoid receptor [83].

Bumetanide
Reduction in:

- Activation of inflammatory cells [84].

Ethacrynic acid

Reduction in:

- Dry weight of the inflammatory granuloma, which demonstrates
anti-inflammatory properties—taken in long-term therapy with furosemide,
dichlorothiazide, and ethacrynic acid in a rat model [79];

- NF-kappaB signaling pathway in lipopolysaccharide-activated macrophages [86],
while improving macrophage functioning under hyperoxic conditions [85];

- Expression of pro-inflammatory cytokine IL-6 and iNOS in the intestinal wall and
gastrointestinal stasis in postoperative mouse intestinal obstruction [87].

2.2. Potassium-Sparing Diuretics

The most commonly used potassium-sparing diuretic is spironolactone, which, analo-
gously to eplerenone, increases the amount of excreted urine, sodium ions, and chloride,
clearly reducing the amount of excreted potassium and hydrogen ions. Spironolactone
indications are primary and secondary hyperaldosteronism, cardiac oedema, hepatic and
renal origin, idiopathic edema, advanced myocardial insufficiency (NYHA grade IV),
nephrotic syndrome (in the case of unsatisfactory effects of treatment of the primary dis-
ease), premenstrual syndrome, adjuvant treatment of myasthenia gravis, and hirsutism.
The most common side effects of spironolactone are hyperkalemia, nipple sensitivity to
touch, gynecomastia, erectile dysfunction, hypertrophy and breast tenderness in women,
menstrual disorders, headaches, and drowsiness.

Spironolactone exerts beneficial effects in patients with inflammatory disorders, such
as congestive heart failure and chronic arthritis, because it inhibits the production of
TNF-α, IL-6, IL-8, nitric oxide (NO), prostaglandin E2, monocyte chemoattractant protein-1
(MCP-1), granulocyte macrophage colony-stimulating factor, and IFN-gamma, without
affecting the release of IL-1 β [88–92] (Table 2). Spironolactone, as an antagonist of the
mineralocorticoid receptor, prevents acute lung injury and fibrosis by inhibiting the M2
polarization of alveolar macrophages [93]. Through its antagonism to aldosterone, this
drug induces an anti-inflammatory effect and blocks the polarization of CD4+ Th17 cells,
but does not alter the B cell population and most of T lymphocyte subpopulations, apart
from increasing the number of naive helper T cells [94–96].

Spironolactone, by reducing the release of monocyte chemoattractant (MCP) protein
and transforming growth factor (TGF)-β1, as well as macrophage and CD4+ T cell infil-
tration, reduces inflammation and peritoneal fibrosis [97,98] Moreover, a diet rich in salt
causes the increased expression of M1 macrophage markers (iNOS and IFN-γ), without
affecting the expression of M2 macrophage markers (IL-10, ArgI, and ED2 protein content).
Spironolactone used in these patients reduces the negative impact of this diet in terms of
stimulating the macrophage population [98]. Spironolactone, in renal transplant patients,
was shown not to significantly affect the markers of endothelial dysfunction nor those of
inflammation, except in a subgroup analysis of diabetic patients, where spironolactone
decreased nitrite when compared to the placebo [99]. Treatment of hypertension with
spironolactone by sodium removal reduces endothelial glycocalyx dysfunction, inflamma-
tion, NETosis, and coagulation disorders, leading to the improvement in vascular health
and the diastolic function of the heart [100]. Interestingly, spironolactone (in combination
with bromhexine) has successfully been used in the new coronavirus (SARS-CoV-2) infec-
tion by achieving faster normalization of the clinical condition, a one and a half times faster
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temperature reduction, and a shorter hospitalization time, which allows us to speculate
about its anti-inflammatory properties [101]. In dogs suffering from heart failure assisted
by ventricular pacing, spironolactone prevented the overexpression of the inflammatory
cytokine gene (IL-6 and TNF-α) [102]. In a randomized, controlled trial in patients with pul-
monary arterial hypertension, spironolactone was shown to improve endothelial function
and reduce inflammation [103]. Similar observations were also made in a mouse model,
where treatment with spironolactone decreased the ability to produce superoxides in the
cerebral arteries, as well as the mRNA expression of the pro-inflammatory cytokines CCL7,
CCL8, and IL-1β in the brain [104]. Spironolactone and eplerenone attenuate bleomycin-
induced pneumonia and fibrosis in rodent models, and attenuate the increase in neutrophils
and bronchoalveolar lavage macrophages (BALs) [105]. However, in double-blind, random-
ized, placebo-controlled studies, it has been shown that spironolactone does not change the
markers of inflammation or endothelial dysfunction, but only decreases NT-proBNP [106].
Spironolactone in mice significantly improves inflammation relief and accelerates wound
healing upon exposure to nitrogen mustard (an alkylating agent that causes severe skin
damage). Spironolactone inhibits the expression of iNOS in the skin and decreases the
expression of matrix metallopeptidase 9, CCL-2, IL-1α and IL-1β, and the number of local
pro-inflammatory M1 macrophages, resulting in an increase in the M2/M1 ratio in the
wound microenvironment [107]. A previous meta-analysis proved that spironolactone
reduces the markers of fibrosis and inflammation, including NIIINP, PICP, hs-CRP, and
TNF-α [108]. In the TOPCAT Biorepository Study (Treatment of Preserved Cardiac Func-
tion Heart Failure with an Aldosterone Antagonist Trial), for patients with symptomatic
heart failure (HF), ejection fraction (EF) ≥ 45%, and elevated natriuretic peptide levels or
prior hospitalization for HF, spironolactone did not affect CRP levels [109]. In patients
who suffered from acute kidney injury, administration of spironolactone protected against
conversion to chronic kidney disease and had an anti-inflammatory effect [110].

Spironolactone and eplerenone (which is a more selective mineralocorticoid receptor
antagonist) reduce the vasculitis and cardiovascular risk in hypertensive and diabetic
patients [111], as well as inflammation, fibrosis, and oxidative stress in the kidneys [112].
In vitro studies have shown that spironolactone inhibits fibrogenesis in TGF-β-stimulated
human colon myofibroblasts, but spironolactone therapy significantly increases the mortal-
ity in rodents with inflammatory bowel fibrosis, suggesting that spironolactone may be
harmful during enteritis [113].

Eplerenone is an aldosterone receptor blocker that is used to treat heart failure. It is
recommended as a first-line treatment in patients with left ventricular systolic dysfunction
(EF < 40%) and clinical signs of heart failure after a heart attack, in co-therapy with beta-
blockers [114]. Eplerenone transiently increases the concentration of monocytic proteins
such as 1-chemoattractant, IL-1β, IL-10, and IL-4, which improves macrophage functioning,
and therefore has a beneficial effect on the heart after infarction, as it increases neovascular-
ization of the infarcted area [115].

Eplerenone inhibits inflammation (macrophage and monocyte infiltration) and fibrosis
(by reducing the level of IL-1β), reduces oxidative stress, and promotes alternative activa-
tion in macrophages [116–119]. Eplerenone has a beneficial effect in patients with metabolic
syndrome, as it prevents excessive weight gain and fat storage and improves glucose
intolerance and insulin resistance. This effect is achieved by blocking the mineralocorticoid
receptor on macrophages. Eplerenone reduces the levels of TNF-α, IL-6 and TGF-β, ROS,
MMP-2, and IL-1β [120–122]. Eplerenone, which is used in diabetic nephropathy in mice,
reduces the markers of inflammation and oxidative stress, as well as the expression of
TNF-α, MCP-1, Nox2, and p47phox, as well as the levels of renal thiobarbituric acid reactive
substances (TBARSs) [123]. In rats, in the myocardium after myocardial infarction, spirono-
lactone and eplerenone lower the levels of Gal-3 (Galectin-3, which plays an important
role in cell-cell adhesion and macrophage activation), TGF-β [124], and IL-1β [125], and
also significantly decreases CD80-positive pro-inflammatory M1 macrophages, as well as
increases CD163-positive anti-inflammatory M2 macrophages in infarction. Interestingly,
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the use of one of the angiotensin receptor antagonists also reduces the apoptosis of my-
ocytes in the peri-infarction zone by 40–50% [126]. Studies in human embryonic kidney
cells (HEK 293) have shown that spironolactone has an anti-inflammatory effect that is
independent of aldosterone, unlike eplerenone, of which the basis of its anti-inflammatory
effect is anti-aldosterone activity [127]. In the HIV-infected human population, eplerenone
is used as an anti-inflammatory by reducing the levels of IL-6 and hs-CRP [128]. In mice,
eplerenone reduces T cell accumulation and IFN-γ production [129]. Spironolactone and
eplerenone block ICAM-1 and CTGF transcription by inhibiting SGK1 and NF-κB, which
allows the inhibition of mesangial fibrosis and glomerulonephritis [130]. Eplerenone in
mice with viral myocarditis reduces the presence of monocytes/macrophages, oxidative
stress, and the risk of cardiac fibrosis [131]. Spironolactone and eplerenone in rats reduce
the concentration of reactive oxygen intermediates (ROIs) and CRP, which are increased
by aldosterone [132]. In septic patients, spironolactone improves survival and alleviates
kidney damage by inhibiting inflammation and apoptosis [133]. Spironolactone reduces
the secretion of inflammatory mediators (IL-6, monocyte chemoattractant protein-1, IL-18,
IL-27, and IFN-γ) and plasminogen activator inhibitor (PAI)-1 in human aortic endothelial
cells [134]. At the cellular level, aldosterone receptor antagonists block oxidative stress
signaling pathways, leading to an increase in bioavailable nitric oxide, a reduction in
inflammation, the inhibition of cell proliferation, and a decrease in the rate of fibrosis [135].
In the treatment of tendinopathy, spironolactone inhibits the IL-1β-induced overexpression
of inflammatory factors [136]. Spironolactone reduces organ damage caused by a high-salt
diet by blocking T helper 17 activation and downregulating regulatory T cells [137].

Amiloride is a diuretic that increases the excretion of sodium ions and water from
the body, but diminishes the excessive excretion of potassium. Thus far, amiloride has
been shown to reduce the production of IL-1β, IL-6, IL-8, IL-12, and TNF-α. The anti-
inflammatory effect of the drug is used in the treatment of the inflammatory component
of shock, RSV infection (used in inhalation), or in the protection of the heart against
reperfusion damage [138–141].

2.3. Carbonic Anhydrase Inhibitors

Carbonic anhydrase inhibitors are weak diuretics, with low efficiencies—around 4%.
These are short-acting drugs, due to the tolerance phenomenon and the ability to com-
pensate for the supply of hydrogen ions without carbonic anhydrase. Increased diuresis
arises as a result of the inability to exchange sodium–hydrogen ions, due to the lack of
the latter, which results in an increased loss of sodium, potassium, and water. There are
four carbonic anhydrase inhibitors: acetazolamide, methazolamide, brinzolamide, and
dorzolamide. Indications for use are glaucoma, edema in heart failure or which is drug-
induced, acute altitude sickness (the drug shortens acclimatization time), post-traumatic
brain edema, paroxysmal dizziness, premenstrual syndrome, and epilepsy (petit mal in
children, grand mal, and mixed forms). These drugs may also express anti-inflammatory
properties, since certain studies have shown that acetazolamide reduces TNF-α production
by mouse macrophages, and thus may suppress inflammatory reactions [142,143]. Ac-
etazolamide used in acute mountain sickness (AMS) increases the levels of IL-1RA and
HSP-70 when compared to placebo in patients susceptible to this disease [144]. In rats with
adjuvant-induced arthritis, treatment with acetazolamide can inhibit secondary hindpaw
swelling, alleviate ankle lesions, reduce the arthritis index, and lower the serum TNF-α
and IL-1β levels [145,146] (Table 3).
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Table 2. The effect of potassium-sparing diuretics on selected parts of the immune system. Abbre-
viations: NO, nitric oxide; PGE2, prostaglandin E2; MCP-1, monocyte chemoattractant protein-1;
GM-CSF, granulocyte macrophage colony-stimulating factor; TGF, transforming growth factor;
MMP 9, matrix metallopeptidase 9; CCL-2, C-C ligand 2; NIIINP, aminoterminal propeptide of type
III procollagen; PICP, procollagen type I carboxyterminal propeptide; hs-CRP, high-sensitivity CR;
Gal-3, galectin-3, ROIs, reactive oxygen intermediates; CRP, C-reactive protein; PAI-1,plasminogen
activator inhibitor 1; IL, interleukin; IFN-γ, interferon gamma; iNOS, inducible nitric oxide synthase;
HF, heart failure; CD, cluster of differentiation; TBARSs, thiobarbituric acid reactive substances.

Drug Immunological Mechanism (Reference)

Spironolactone

Reduction in:

- Migration of leukocytes through endothelial cell monolayers [66];
- Production of TNF-α, IL-6, IL-8, NO, PGE2, MCP-1, GM-CSF, and IFN-γ (so exerts

beneficial effects in patients with inflammatory disorders, such as congestive heart
failure and chronic arthritis) [88–92];

- M2 polarization of alveolar macrophages, so prevents acute lung injury and fibrosis
[93].

- Polarization of CD4+ Th17 cells [94–96];
- Release of MCP and TGF-β1, as well as macrophage and CD4+ T cell infiltration,

inflammation [100], and peritoneal fibrosis [97,98];
- Expression of M1 macrophage markers (iNOS and IFN-γ) [98];
- Level of nitrite in renal transplant patients with diabetes [99];
- Overexpression of the inflammatory cytokine gene (IL-6 and TNF-α) [102];
- Inflammation in patients with pulmonary arterial hypertension (improves

endothelial functioning) [103];
- Production of superoxides in the cerebral arteries, as well as the mRNA expression

of the pro-inflammatory cytokines CCL7, CCL8, and IL-1β in the brain [104];
- Increase in neutrophils and bronchoalveolar lavage macrophages in rats with

pneumonia [105];
- Expression of iNOS (inhibition) in the skin and expression of MMP-9, CCL-2, IL-1α,

and IL-1β (decrease) and the number of local pro-inflammatory M1 macrophages
(decrease), resulting in an increase in the M2/M1 ratio in the wound
microenvironment [107];

- Markers of fibrosis and inflammation, including NIIINP, PICP, hs-CRP, and
TNF-α [108];

- Inflammation in patients suffering from acute kidney injury [110];
- Inflammation and apoptosis in septic patients and, as a result, improved survival

and alleviation of kidney damage [133];
- Secretion of inflammatory mediators (IL-6, MCP-1, IL-18, IL-27, and IFN-γ) and

PAI-1 in human aortic endothelial cells [134];
- Overexpression of inflammatory factors (inhibits IL-1β induction) [136];
- Organ damage caused by a high-salt diet by blocking T helper 17 activation and

downregulation of regulatory T cells [137].

Non-significant effect on:

- Release of IL-1β [88–92];
- B cell population and most T lymphocyte subpopulations [94–96];
- Expression of M2 macrophage markers (IL-10, ArgI, and ED2 protein content) [98];
- Markers of endothelial dysfunction or inflammation in renal transplant patients [99];
- Markers of inflammation and endothelial dysfunction [106];
- CRP levels in patients with symptomatic HF [109].

Increase in:

- Number of naive helper T cells [94–96].

Spironolactone
and Eplerenone

Reduction in:

- Inflammation, fibrosis, and oxidative stress in the kidneys [112];
- Levels of Gal-3, TGF-β, IL-1β, and CD80-positive pro-inflammatory M1

macrophages [124,125];
- Apoptosis of myocytes in the peri-infarction zone by 40%–50% [126];
- Mesangial fibrosis and glomerulonephritis [130];
- Concentration of ROIs and CRP [132];
- Oxidative stress signaling pathways, leading to an increase in bioavailable nitric

oxide, inflammation, cell proliferation, and the rate of fibrosis [135].

Increase in:

- CD163-positive anti-inflammatory M2 macrophages in infarction [124,125].
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Table 2. Cont.

Drug Immunological Mechanism (Reference)

Eplerenone

Reduction in:

- Inflammation (macrophage and monocyte infiltration), fibrosis (by reducing the
level of IL-1β), and oxidative stress [116–119];

- Levels of TNF-α, IL-6 and TGF-β, ROS, MMP-2, and IL-1β [120–122];
- Markers of inflammation and oxidative stress, as well as the expression of TNF-α,

MCP-1, Nox2, and p47phox, and the levels of renal TBARSs in diabetic
nephropathy in mice [123];

- Levels of IL-6 and hs-CRP [128];
- T cell accumulation and IFN-γ production [129];
- Presence of monocytes/macrophages, oxidative stress, and the risk of cardiac

fibrosis in viral myocarditis [131].

Increase in:

- Concentration of monocytic proteins 1-chemoattractant, IL-1β, IL-10, and IL-4,
which improve macrophage functioning [115];

- Promotion of alternative activation in macrophages [116–119].

Amiloride
Reduction in:

- Production of IL-1β, IL-6, IL-8, IL-12, and TNF-α [138–141].

Table 3. The effect of carbonic anhydrase inhibitors on selected parts of the immune system. Abbre-
viations: HSP-70, 70 kilodalton heat shock proteins; IL-1RA, interleukin 1 receptor antagonist.

Drug Immunological Mechanism (Reference)

Acethazolamide

Reduction in:

- TNF-α production by mouse macrophages—so may thus
may suppress inflammatory reactions [142,143];

- Serum TNF-α and IL-1β levels in rats with
adjuvant-induced arthritis [145,146].

Increase in:

- Levels of IL-1RA and HSP-70 [144].

2.4. Thiazide and Thiazide-like Diuretics

Thiazides inhibit the activity of the sodium–chloride co-transporter protein in the
distal tubule of the nephron, which reduces the passage of sodium and chlorine from the
lumen of the tubule into its epithelial cells. As a consequence, sodium ions and water that
have accumulated in the body are eliminated. Moreover, the excretion of potassium and
magnesium, as well as calcium retention, are intensified. Indications for the use of thiazides
include heart failure, arterial hypertension, renal failure with a GFR > 30 mL/min/1.73 m2,
and liver cirrhosis with ascites and edema. The contraindications to the use of thiazides
are severe liver failure, severe electrolyte disturbances (hypokalemia, hyponatremia, and
hypercalcemia), allergy to sulfonamides, and intoxication with cardiac glycosides. The
most common side effects are electrolyte disturbances (hyponatraemia, hypokalemia,
hypomagnesaemia, and hypercalcemia), dehydration and prerenal acute renal failure,
a drop in blood pressure, an increased risk of thromboembolism, hyperglycemia, hy-
pertriglyceridemia, an increase in LDL cholesterol, hyperuricemia, and gout, as well as
gastrointestinal disturbances.

Thiazide diuretics reduce the infiltration of renal macrophages and slow the progres-
sion of renal disease [147]. However, hydrochlorothiazide does not affect TNF-α [148,149]
or IL-1β production [150]. On the contrary, this drug inhibits the accumulation of T
lymphocytes in tissues, especially in the thoracic lymph nodes, thoracic aorta, and kid-
ney, in patients with hypertension [151,152]. Hydrochlorothiazide and chlorthalidone
have been shown to decrease blood pressure, left ventricle hypertension, and proteinuria,
but administration of these drugs does not affect reactive oxygen intermediate (ROI) or
monocyte chemoattractant protein-1 (MCP-1) expression in blood vessels [153]. Similarly,
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bendroflumethiazide treatment does not show any effect on the TNF-α, IL-6, and TGF-β1
levels in mice [154]. Hydrochlorothiazide reduces IL-17A, which induces the remodeling
of small arteries and increases blood pressure in mice [155].

Indapamide has properties that are very similar to hydrochlorothiazide and, like
thiazide drugs, it acts in the final cortical segment of the ascending part of the Henle loop
and in the initial part of the distal tubule. Its hypotensive effect is additionally related
to the inhibition of calcium ion transport in smooth muscle cells, which results in their
relaxation and vasodilation. Indapamide is used in the treatment of essential hypertension
and edema caused by congestive heart failure. The pharmacological interaction and side
effects are similar to those of other thiazides. Due to the fact that indapamide reduces
the concentration of iodine bound to serum protein, it is contraindicated in patients with
thyroid dysfunction. Indapamide slightly decreases the level of MCP-1 and macrophage
inflammatory protein-1alpha (MIP-1alpha). Valsartan and indapamide have similar blood
pressure-lowering effects, but valsartan has a more prominent effect on cytokine produc-
tion [156]. Indapamide alleviates oxidative stress and inflammation in the renal cortex in
rats by decreasing the expression of nuclear factor-κB and TGF-β1 [157] (Table 4).

Table 4. The effect of thiazide and thiazide-like diuretics on selected parts of the immune system.
Abbreviations, ROI, reactive oxygen intermediate; MCP-1, monocyte chemoattractant protein-1;
MIP-1alpha, macrophage inflammatory protein-1alpha; TGF-β1, transforming growth factor beta 1;
IL, interleukin.

Drug Group Immunological Mechanism (Reference)

Thiazide diuretics
Reduction in:

- Infiltration of renal macrophages and the progression of renal
disease [147].

Dichlorothiazide

Reduction in:

- Dry weight of the inflammatory granuloma, which demonstrates
anti-inflammatory properties—taken in long-term therapy with
furosemide, dichlorothiazide, and ethacrynic acid in a rat
model [79].

Hydrochlorotihiazide

Non-significant effect on:

- Production of TNF-α [148,149] and IL-1β [150];
- ROI and MCP-1 expression [153].

Inhibition of:

- Accumulation of T lymphocytes in patients with
hypertension [151,152].

Chlorthalidone
Non-significant effect on:

- ROI and MCP-1 expression [153].

Bendroflumethiazide

Reduction in:

- Level of IL-17A [155].

Not significant effect on:

- TNF-α, IL-6, and TGF-β1 levels in mice [154].

Indapamide

Reduction of:

- Levels of MCP-1 and MIP-1alpha [156];
- Oxidative stress and inflammation in the renal cortex in rats by

decreasing the expression of nuclear factor-κB and TGF-β1 [157].

2.5. The Most Recent Studies

The effect of diuretics and combined drugs (ACEI + diuretics) on the immune activ-
ity of murine macrophages has been investigated in CBA mice, showing that diuretics
administered alone or with captopril change the proportion of cytokines in favor of anti-
inflammatory cytokines (inhibitory effect on the production of pro-inflammatory cytokines
(IL-6 and TNF-α), while the effect on anti-inflammatory cytokines (TGF-β1 and IL-10)
is generally not statistically significant). Diuretics administered alone or with captopril
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increase the expression of surface markers that are important for the phagocytosis process
(CD11b, CD16/CD32, and CD14) and the antigen presentation process (CD80, CD86, CD40,
and MHC II). As for the macrophage-presenting activity, the generation of activated B
cell SRBC (early humoral response) is increased by furosemide and hydrochlorothiazide
treatment. Captopril does not affect the early response, but when added to furosemide
it enhances it; however, when captopril is added to hydrochlorothiazide, it reduces the
early humoral response. In the case of antibody formation, captopril (like furosemide and
hydrochlorothiazide) enhances the maturation of antibodies through class switching. On
the contrary, furosemide added to captopril enhances its effect, while hydrochlorothiazide
added to captopril does not [158].

3. Conclusions and Future Perspectives

The substances that promote urination represent the most commonly used drugs
in geriatric patients. Diuretics significantly impact the functions of immune cells and
modulate the mechanisms of immune responses. The immunomodulatory effects of
diuretics influence other inflammatory diseases that the patient has, e.g., metabolic and
neuroendocrine diseases or depression. Diuretics should be used with antihypertensive
drugs to enhance the beneficial systemic therapeutic hypotensive and immunomodulatory
effect. It is also important to remember to reach a balance between the anti-inflammatory
properties and protection against cancer and microbes in the therapy of inflammatory
diseases. Based on the available literature, it is difficult to predict which of the studied
diuretics show the strongest anti-inflammatory effect, because they have not been tested
in one research model, but in many different research models by various researchers. The
novelty of the article consists of a broad review of the latest literature, which covers both
the experimental use of drugs in animal models and their clinical use in humans in very
diverse disease and clinical circumstances.

In the absence of a single, comprehensive research model, a natural step on the path
to an unequivocal answer regarding the influence of diuretics on individual subtypes of
the immune response (humoral, cellular, and non-specific response) is to create a com-
plex multi-center research project with a unified methodology to study this important
research problem.

It is worth considering testing diuretics, as well as combined drugs (diuretics + hy-
potensive drugs). In the first phase, drugs should be tested in mice, followed by a human
model. In an animal model, it is necessary to investigate the effect of the tested drugs on
various elements of the immune response, such as the humoral and cellular responses and
the non-specific immunological response. Clearly it is not possible to study the immune
system effects of these drugs so extensively and unambiguously in humans, as geriatric
patients usually take many other drugs that affect immune mechanisms. However, examin-
ing the essential inflammatory markers in humans should already provide information on
the effect of these drugs in a human model. After combining the guidance obtained from
both models (human and mice), we will obtain comprehensive and maximally objectified
information on the impact of these drugs on the immune system.
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Monocyte-Derived Macrophages. Pharmacol. Rep. 2013, 65, 226–234. [CrossRef]

118. Xiong, Y.; Chang, Y.; Hao, J.; Zhang, C.; Yang, F.; Wang, Z.; Liu, Y.; Wang, X.; Mu, S.; Xu, Q. Eplerenone Attenuates Fibrosis in the
Contralateral Kidney of UUO Rats by Preventing Macrophage-to-Myofibroblast Transition. Front. Pharmacol. 2021, 12, 620433.
[CrossRef] [PubMed]

119. Du, L.; Qin, M.; Yi, Y.; Chen, X.; Jiang, W.; Zhou, L.; Zhang, D.; Xu, K.; Yang, Y.; Li, C.; et al. Eplerenone Prevents Atrial Fibrosis
via the TGF-β Signaling Pathway. Cardiology 2017, 138, 55–62. [CrossRef]

120. Wada, T.; Ishikawa, A.; Watanabe, E.; Nakamura, Y.; Aruga, Y.; Hasegawa, H.; Onogi, Y.; Honda, H.; Nagai, Y.; Takatsu, K.; et al.
Eplerenone Prevented Obesity-Induced Inflammasome Activation and Glucose Intolerance. J. Endocrinol. 2017, 235, 179–191.
[CrossRef] [PubMed]

121. Chi, J.F.; Uzui, H.; Guo, H.Y.; Ueda, T.; Lee, J.D. Effects of Eplerenone on the Activation of Matrix Metalloproteinase-2 Stimulated
by High Glucose and Interleukin-1β in Human Cardiac Fibroblasts. Genet. Mol. Res. 2014, 13, 4845–4855. [CrossRef]

122. Satoh, M.; Ishikawa, Y.; Minami, Y.; Akatsu, T.; Nakamura, M. Eplerenone Inhibits Tumour Necrosis Factor Alpha Shedding
Process by Tumour Necrosis Factor Alpha Converting Enzyme in Monocytes from Patients with Congestive Heart Failure. Heart
2006, 92, 979–980. [CrossRef]

123. Zhou, G.; Johansson, U.; Peng, X.-R.; Bamberg, K.; Huang, Y. An Additive Effect of Eplerenone to ACE Inhibitor on Slowing the
Progression of Diabetic Nephropathy in the Db/Db Mice. Am. J. Transl. Res. 2016, 8, 1339–1354. [PubMed]

http://doi.org/10.1111/jce.12115
http://www.ncbi.nlm.nih.gov/pubmed/23489714
http://doi.org/10.1186/1745-6215-14-91
http://doi.org/10.1016/j.brainres.2016.02.034
http://www.ncbi.nlm.nih.gov/pubmed/26923165
http://doi.org/10.1016/j.ejphar.2013.08.019
http://doi.org/10.1177/1470320312460290
http://doi.org/10.1111/nyas.14485
http://doi.org/10.1080/08037051.2021.1880881
http://doi.org/10.1161/CIRCHEARTFAILURE.119.006638
http://doi.org/10.1093/ndt/gfy246
http://doi.org/10.2174/138161212802481282
http://doi.org/10.1002/ddr.21760
http://doi.org/10.1002/ibd.21929
http://doi.org/10.1093/eurheartj/ehab368
http://doi.org/10.1161/HYPERTENSIONAHA.107.100941
http://doi.org/10.1159/000355736
http://www.ncbi.nlm.nih.gov/pubmed/24296802
http://doi.org/10.1016/S1734-1140(13)70983-6
http://doi.org/10.3389/fphar.2021.620433
http://www.ncbi.nlm.nih.gov/pubmed/33716747
http://doi.org/10.1159/000471918
http://doi.org/10.1530/JOE-17-0351
http://www.ncbi.nlm.nih.gov/pubmed/28855315
http://doi.org/10.4238/2014.January.24.4
http://doi.org/10.1136/hrt.2005.071829
http://www.ncbi.nlm.nih.gov/pubmed/27186263


Biology 2021, 10, 1315 17 of 18

124. Lax, A.; Sanchez-Mas, J.; Asensio-Lopez, M.C.; Fernandez-Del Palacio, M.J.; Caballero, L.; Garrido, I.P.; Pastor-Perez, F.J.;
Januzzi, J.L.; Pascual-Figal, D.A. Mineralocorticoid Receptor Antagonists Modulate Galectin-3 and Interleukin-33/ST2 Signaling
in Left Ventricular Systolic Dysfunction after Acute Myocardial Infarction. JACC Heart Fail. 2015, 3, 50–58. [CrossRef] [PubMed]

125. Chen, B.; Geng, J.; Gao, S.-X.; Yue, W.-W.; Liu, Q. Eplerenone Modulates Interleukin-33/SST2 Signaling and IL-1β in Left
Ventricular Systolic Dysfunction After Acute Myocardial Infarction. J. Interferon Cytokine Res. 2018, 38, 137–144. [CrossRef]

126. Rafatian, N.; Westcott, K.V.; White, R.A.; Leenen, F.H.H. Cardiac Macrophages and Apoptosis after Myocardial Infarction: Effects
of Central MR Blockade. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2014, 307, R879–R887. [CrossRef]

127. Elinoff, J.M.; Chen, L.-Y.; Dougherty, E.J.; Awad, K.S.; Wang, S.; Biancotto, A.; Siddiqui, A.H.; Weir, N.A.; Cai, R.; Sun, J.; et al.
Spironolactone-Induced Degradation of the TFIIH Core Complex XPB Subunit Suppresses NF-KB and AP-1 Signalling. Cardiovasc.
Res. 2018, 114, 65–76. [CrossRef] [PubMed]

128. Srinivasa, S.; Fitch, K.V.; Wong, K.; O’Malley, T.K.; Maehler, P.; Branch, K.L.; Looby, S.E.; Burdo, T.H.; Martinez-Salazar, E.L.;
Torriani, M.; et al. Randomized, Placebo-Controlled Trial to Evaluate Effects of Eplerenone on Metabolic and Inflammatory
Indices in HIV. J. Clin. Endocrinol. Metab. 2018, 103, 2376–2384. [CrossRef]

129. Sun, X.-N.; Li, C.; Liu, Y.; Du, L.-J.; Zeng, M.-R.; Zheng, X.-J.; Zhang, W.-C.; Liu, Y.; Zhu, M.; Kong, D.; et al. T-Cell Mineralocorti-
coid Receptor Controls Blood Pressure by Regulating Interferon-Gamma. Circ. Res. 2017, 120, 1584–1597. [CrossRef]

130. Terada, Y.; Ueda, S.; Hamada, K.; Shimamura, Y.; Ogata, K.; Inoue, K.; Taniguchi, Y.; Kagawa, T.; Horino, T.; Takao, T. Aldosterone
Stimulates Nuclear Factor-Kappa B Activity and Transcription of Intercellular Adhesion Molecule-1 and Connective Tissue
Growth Factor in Rat Mesangial Cells via Serum- and Glucocorticoid-Inducible Protein Kinase-1. Clin. Exp. Nephrol. 2012,
16, 81–88. [CrossRef]

131. Tschöpe, C.; Van Linthout, S.; Jäger, S.; Arndt, R.; Trippel, T.; Müller, I.; Elsanhoury, A.; Rutschow, S.; Anker, S.D.; Schultheiss,
H.-P.; et al. Modulation of the Acute Defence Reaction by Eplerenone Prevents Cardiac Disease Progression in Viral Myocarditis.
ESC Heart Fail. 2020, 7, 2838–2852. [CrossRef] [PubMed]

132. Zhang, X.; Liu, J.; Pang, X.; Zhao, J.; Wang, S.; Wu, D. Aldosterone Induces C-Reactive Protein Expression via MR-ROS-MAPK-
NF-KB Signal Pathway in Rat Vascular Smooth Muscle Cells. Mol. Cell. Endocrinol. 2014, 395, 61–68. [CrossRef] [PubMed]

133. Al-Kadi, A.; El-Daly, M.; El-Tahawy, N.F.G.; Khalifa, M.M.A.; Ahmed, A.-S.F. Angiotensin Aldosterone Inhibitors Improve
Survival and Ameliorate Kidney Injury Induced by Sepsis through Suppression of Inflammation and Apoptosis. Fundam. Clin.
Pharmacol. 2021. [CrossRef] [PubMed]

134. Jover, E.; Matilla, L.; Garaikoetxea, M.; Fernández-Celis, A.; Muntendam, P.; Jaisser, F.; Rossignol, P.; López-Andrés, N. Beneficial
Effects of Mineralocorticoid Receptor Pathway Blockade against Endothelial Inflammation Induced by SARS-CoV-2 Spike Protein.
Biomedicines 2021, 9, 639. [CrossRef]

135. Maron, B.A.; Leopold, J.A. The Role of the Renin-Angiotensin-Aldosterone System in the Pathobiology of Pulmonary Arterial
Hypertension (2013 Grover Conference Series). Pulm. Circ. 2014, 4, 200–210. [CrossRef] [PubMed]

136. Xu, K.; Lin, C.; Ma, D.; Chen, M.; Zhou, X.; He, Y.; Moqbel, S.A.A.; Ma, C.; Wu, L. Spironolactone Ameliorates Senescence and
Calcification by Modulating Autophagy in Rat Tendon-Derived Stem Cells via the NF-KB/MAPK Pathway. Oxid. Med. Cell.
Longev. 2021, 2021, 5519587. [CrossRef]

137. Amador, C.A.; Barrientos, V.; Peña, J.; Herrada, A.A.; González, M.; Valdés, S.; Carrasco, L.; Alzamora, R.; Figueroa, F.;
Kalergis, A.M.; et al. Spironolactone Decreases DOCA-Salt-Induced Organ Damage by Blocking the Activation of T Helper 17
and the Downregulation of Regulatory T Lymphocytes. Hypertension 2014, 63, 797–803. [CrossRef] [PubMed]

138. Németh, Z.H.; Mabley, J.G.; Deitch, E.A.; Szabó, C.; Haskó, G. Inhibition of the Na+/H+ Antiporter Suppresses IL-12 P40
Production by Mouse Macrophages. Biochim. Biophys. Acta 2001, 1539, 233–242. [CrossRef]

139. Soliman, M.M. Na+-H+ Exchange Blockade, Using Amiloride, Decreases the Inflammatory Response Following Hemorrhagic
Shock and Resuscitation in Rats. Eur. J. Pharmacol. 2011, 650, 324–327. [CrossRef] [PubMed]

140. Mastronarde, J.G.; Monick, M.M.; Gross, T.J.; Hunninghake, G.W. Amiloride Inhibits Cytokine Production in Epithelium Infected
with Respiratory Syncytial Virus. Am. J. Physiol. 1996, 271 Pt 1, L201–L207. [CrossRef]

141. Rolfe, M.W.; Kunkel, S.L.; Rowens, B.; Standiford, T.J.; Cragoe, E.J.; Strieter, R.M. Suppression of Human Alveolar Macrophage-
Derived Cytokines by Amiloride. Am. J. Respir. Cell Mol. Biol. 1992, 6, 576–582. [CrossRef] [PubMed]

142. West, M.A.; LeMieur, T.L.; Hackam, D.; Bellingham, J.; Claire, L.; Rodriguez, J.L. Acetazolamide Treatment Prevents in Vitro
Endotoxin-Stimulated Tumor Necrosis Factor Release in Mouse Macrophages. Shock 1998, 10, 436–441. [CrossRef]

143. Hudalla, H.; Michael, Z.; Christodoulou, N.; Willis, G.R.; Fernandez-Gonzalez, A.; Filatava, E.J.; Dieffenbach, P.;
Fredenburgh, L.E.; Stearman, R.S.; Geraci, M.W.; et al. Carbonic Anhydrase Inhibition Ameliorates Inflammation and
Experimental Pulmonary Hypertension. Am. J. Respir. Cell Mol. Biol. 2019, 61, 512–524. [CrossRef]

144. Julian, C.G.; Subudhi, A.W.; Wilson, M.J.; Dimmen, A.C.; Pecha, T.; Roach, R.C. Acute Mountain Sickness, Inflammation, and
Permeability: New Insights from a Blood Biomarker Study. J. Appl. Physiol. 2011, 111, 392–399. [CrossRef]

145. Cai, L.; Chen, W.-N.; Li, R.; Hu, C.-M.; Lei, C.; Li, C.-M. Therapeutic Effect of Acetazolamide, an Aquaporin 1 Inhibitor, on
Adjuvant-Induced Arthritis in Rats by Inhibiting NF-KB Signal Pathway. Immunopharmacol. Immunotoxicol. 2018, 40, 117–125.
[CrossRef]

146. Cai, L.; Chen, W.-N.; Li, R.; Liu, M.-M.; Lei, C.; Li, C.-M.; Qiu, Y.-Y. Acetazolamide Protects Rat Articular Chondrocytes from
IL-1β-Induced Apoptosis by Inhibiting the Activation of NF-KB Signal Pathway. Can. J. Physiol. Pharmacol. 2018, 96, 1104–1111.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.jchf.2014.07.015
http://www.ncbi.nlm.nih.gov/pubmed/25458175
http://doi.org/10.1089/jir.2017.0067
http://doi.org/10.1152/ajpregu.00075.2014
http://doi.org/10.1093/cvr/cvx198
http://www.ncbi.nlm.nih.gov/pubmed/29036418
http://doi.org/10.1210/jc.2018-00330
http://doi.org/10.1161/CIRCRESAHA.116.310480
http://doi.org/10.1007/s10157-011-0498-x
http://doi.org/10.1002/ehf2.12887
http://www.ncbi.nlm.nih.gov/pubmed/32662949
http://doi.org/10.1016/j.mce.2014.08.003
http://www.ncbi.nlm.nih.gov/pubmed/25109280
http://doi.org/10.1111/fcp.12718
http://www.ncbi.nlm.nih.gov/pubmed/34309069
http://doi.org/10.3390/biomedicines9060639
http://doi.org/10.1086/675984
http://www.ncbi.nlm.nih.gov/pubmed/25006439
http://doi.org/10.1155/2021/5519587
http://doi.org/10.1161/HYPERTENSIONAHA.113.02883
http://www.ncbi.nlm.nih.gov/pubmed/24420551
http://doi.org/10.1016/S0167-4889(01)00111-2
http://doi.org/10.1016/j.ejphar.2010.10.035
http://www.ncbi.nlm.nih.gov/pubmed/21036125
http://doi.org/10.1152/ajplung.1996.271.2.L201
http://doi.org/10.1165/ajrcmb/6.6.576
http://www.ncbi.nlm.nih.gov/pubmed/1591007
http://doi.org/10.1097/00024382-199812000-00010
http://doi.org/10.1165/rcmb.2018-0232OC
http://doi.org/10.1152/japplphysiol.00391.2011
http://doi.org/10.1080/08923973.2017.1417998
http://doi.org/10.1139/cjpp-2018-0334
http://www.ncbi.nlm.nih.gov/pubmed/30067070


Biology 2021, 10, 1315 18 of 18

147. Andrade-Oliveira, V.; Foresto-Neto, O.; Watanabe, I.K.M.; Zatz, R.; Câmara, N.O.S. Inflammation in Renal Diseases: New and
Old Players. Front. Pharmacol. 2019, 10, 1192. [CrossRef] [PubMed]

148. Siragy, H.M.; Xue, C.; Webb, R.L. Beneficial Effects of Combined Benazepril-Amlodipine on Cardiac Nitric Oxide, CGMP, and
TNF-Alpha Production after Cardiac Ischemia. J. Cardiovasc. Pharmacol. 2006, 47, 636–642. [CrossRef]

149. Fukuzawa, M.; Satoh, J.; Ohta, S.; Takahashi, K.; Miyaguchi, S.; Qiang, X.; Sakata, Y.; Nakazawa, T.; Takizawa, Y.; Toyota, T.
Modulation of Tumor Necrosis Factor-Alpha Production with Anti-Hypertensive Drugs. Immunopharmacology 2000, 48, 65–74.
[CrossRef]

150. Nemati, F.; Rahbar-Roshandel, N.; Hosseini, F.; Mahmoudian, M.; Shafiei, M. Anti-Inflammatory Effects of Anti-Hypertensive
Agents: Influence on Interleukin-1β Secretion by Peripheral Blood Polymorphonuclear Leukocytes from Patients with Essential
Hypertension. Clin. Exp. Hypertens. 2011, 33, 66–76. [CrossRef] [PubMed]

151. Itani, H.A.; McMaster, W.G.; Saleh, M.A.; Nazarewicz, R.R.; Mikolajczyk, T.P.; Kaszuba, A.M.; Konior, A.; Prejbisz, A.;
Januszewicz, A.; Norlander, A.E.; et al. Activation of Human T Cells in Hypertension: Studies of Humanized Mice and
Hypertensive Humans. Hypertension 2016, 68, 123–132. [CrossRef] [PubMed]

152. Marvar, P.J.; Thabet, S.R.; Guzik, T.J.; Lob, H.E.; McCann, L.A.; Weyand, C.; Gordon, F.J.; Harrison, D.G. Central and Peripheral
Mechanisms of T-Lymphocyte Activation and Vascular Inflammation Produced by Angiotensin II-Induced Hypertension. Circ.
Res. 2010, 107, 263–270. [CrossRef]

153. Zhou, M.-S.; Schulman, I.H.; Jaimes, E.A.; Raij, L. Thiazide Diuretics, Endothelial Function, and Vascular Oxidative Stress.
J. Hypertens. 2008, 26, 494–500. [CrossRef] [PubMed]

154. Das, S.; Au, E.; Krazit, S.T.; Pandey, K.N. Targeted Disruption of Guanylyl Cyclase-A/Natriuretic Peptide Receptor-A Gene
Provokes Renal Fibrosis and Remodeling in Null Mutant Mice: Role of Proinflammatory Cytokines. Endocrinology 2010, 151, 5841–
5850. [CrossRef] [PubMed]

155. Orejudo, M.; García-Redondo, A.B.; Rodrigues-Diez, R.R.; Rodrigues-Díez, R.; Santos-Sanchez, L.; Tejera-Muñoz, A.; Egido, J.;
Selgas, R.; Salaices, M.; Briones, A.M.; et al. Interleukin-17A Induces Vascular Remodeling of Small Arteries and Blood Pressure
Elevation. Clin. Sci. 2020, 134, 513–527. [CrossRef]

156. Xie, Q.; Wang, Y.; Sun, Z.; Yang, T. Effects of Valsartan and Indapamide on Plasma Cytokines in Essential Hypertension. Zhong
Nan Da Xue Xue Bao Yi Xue Ban 2006, 31, 629–634.

157. Ma, F.; Lin, F.; Chen, C.; Cheng, J.; Zeldin, D.C.; Wang, Y.; Wang, D.W. Indapamide Lowers Blood Pressure by Increasing
Production of Epoxyeicosatrienoic Acids in the Kidney. Mol. Pharmacol. 2013, 84, 286–295. [CrossRef] [PubMed]

158. Bryniarski, P.; Nazimek, K.; Marcinkiewicz, J. Anti-Inflammatory Activities of Captopril and Diuretics on Macrophage Activity in
Mouse Humoral Immune Response. Int. J. Mol. Sci. 2021, 22, 11374. [CrossRef] [PubMed]

http://doi.org/10.3389/fphar.2019.01192
http://www.ncbi.nlm.nih.gov/pubmed/31649546
http://doi.org/10.1097/01.fjc.0000211750.01326.b3
http://doi.org/10.1016/S0162-3109(00)00179-X
http://doi.org/10.3109/10641963.2010.496521
http://www.ncbi.nlm.nih.gov/pubmed/21309738
http://doi.org/10.1161/HYPERTENSIONAHA.116.07237
http://www.ncbi.nlm.nih.gov/pubmed/27217403
http://doi.org/10.1161/CIRCRESAHA.110.217299
http://doi.org/10.1097/HJH.0b013e3282f3e39d
http://www.ncbi.nlm.nih.gov/pubmed/18300860
http://doi.org/10.1210/en.2010-0655
http://www.ncbi.nlm.nih.gov/pubmed/20881240
http://doi.org/10.1042/CS20190682
http://doi.org/10.1124/mol.113.085878
http://www.ncbi.nlm.nih.gov/pubmed/23729436
http://doi.org/10.3390/ijms222111374
http://www.ncbi.nlm.nih.gov/pubmed/34768805

	Background 
	Results and Discussion 
	Loop Diuretics 
	Potassium-Sparing Diuretics 
	Carbonic Anhydrase Inhibitors 
	Thiazide and Thiazide-like Diuretics 
	The Most Recent Studies 

	Conclusions and Future Perspectives 
	References

