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Abstract: Hypertension is accompanied by the over-activation of macrophages. Diuretics adminis-
tered alone or in combination with hypotensive drugs may have immunomodulatory effects. Thus,
the influence of tested drugs on mouse macrophage-mediated humoral immunity was investigated.
Mice were treated intraperitoneally with captopril (5 mg/kg) with or without hydrochlorothiazide
(10 mg/kg) or furosemide (5 mg/kg) by 8 days. Mineral oil-induced peritoneal macrophages were
harvested to assess the generation of cytokines in ELISA, and the expression of surface markers
was analyzed cytometrically. Macrophages were also pulsed with sheep red blood cells (SRBC) and
transferred to naive mice for evaluation of their ability to induce a humoral immune response. Tested
drugs increase the expression of surface markers important for the antigen phagocytosis and presenta-
tion. SRBC-pulsed macrophages from mice treated with captopril combined with diuretics increased
the secretion of antigen-specific antibodies by recipient B cells, while macrophages of mice treated
with hydrochlorothiazide or furosemide with captopril increased the number of antigen-specific B
cells. Tested drugs alter the macrophage secretory profile in favor of anti-inflammatory cytokines.
Our results showed that diuretics with or without captopril modulate the humoral response by
affecting the function of macrophages, which has significant translational potential in assessing the
safety of antihypertensive therapy.

Keywords: antihypertensive therapy; diuretics; humoral immunity; hypotensive drugs; macrophages

1. Introduction

Macrophages mainly function as phagocytes that may present antigens to induce the
adaptive humoral and cellular immune responses. However, these cells also play an impor-
tant role in various other processes that are essential to maintain the body’s homeostasis,
such as tissue repair and regeneration. On the other hand, dysregulated macrophage
activity is observed in different disorders, including cardiovascular diseases [1]. Therefore,
macrophages are currently considered promising cellular targets for selective drug deliv-
ery [2,3]. Furthermore, macrophages may bind and thus react to drug-derived bioactive
compounds due to the expression of various receptors on both plasma membrane and
intracellular membranes, as well as may sense and react to microenvironmental changes
induced by the particular medication [2].

Hypertension is one of the most common chronic diseases in the elderly. The European
Society of Cardiology and European Society of Hypertension (ESC/ESH), the International
Society of Hypertension (ISH), and the National Institute for Health and Care Excellence
define hypertension, using office-based blood pressure, as a systolic pressure ≥ 140 mmHg
or diastolic pressure ≥ 90 mmHg [4–6]. Comorbidity of hypertension with other diseases,
including heart failure, is often an indication to take diuretics combined with hypotensive
drugs, for example from the group of angiotensin-converting enzyme inhibitors (ACEI). The
latter medications are represented by captopril, which is also used in arterial hypertension,
heart failure, myocardial infarction (treatment of clinically stable patients within 24 h of
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a heart attack), long-term prophylaxis of symptomatic heart failure in clinically stable
patients (ejection fraction ≤ 40%) and in diabetic nephropathy. Captopril can cause some
side effects, such as sleep disturbance, dizziness, shortness of breath and persistent cough,
gastrointestinal discomfort, rash, and taste disturbances.

Furosemide represents the group of loop diuretics. In the Henle loop, it inhibits the
reabsorption of chloride ions in the nephron. Furosemide is commonly used to treat acute
left ventricular failure and exacerbations of chronic heart failure. Hydrochlorothiazide
is a thiazide diuretic agent that acts in the final cortical segment of the ascending loop
of Henle and the initial portion of the distal tubule. Hydrochlorothiazide is used in
heart failure, edema, hypertension, hypocalcemia, hypercalciuria, or diabetes insipidus.
It is also used in liver cirrhosis and some kidney disorders, such as nephrotic syndrome
and acute glomerulonephritis. These drugs should be used with caution due to their
quite common side effects, especially electrolyte disturbances that include hypokalemia,
hyponatremia, hypochloremia, and also possible deficiencies of magnesium and calcium.
The excessive intake of diuretics can lead to dehydration. Additionally, these drugs may
cause hypotension (including orthostatic), skin rash, glycosuria, constipation, diarrhea,
gastric irritation, nausea, vomiting, and acute kidney injury.

As mentioned above, macrophage functions could be directly or indirectly modulated
by some medications. This in turn may either enhance or reduce the efficacy of the treatment
or may cause some side effects. Interestingly, depletion of salt gradient within the kidney
due to the administration of loop diuretics was recently shown to affect macrophage
polarization in transplanted organs, which resulted in an increased risk of bacterial urinary
tract infection [7]. On the other hand, recent studies in an animal model demonstrated that
captopril may prevent the development of diabetic nephropathy by reducing the number of
glomerular macrophages [8]. Due to the increase in the incidence of cardiovascular diseases
and the decrease in the efficiency of the immune system with age, one can speculate that
diuretics may additionally increase the risk of infections in such patients by affecting
macrophages. However, very little is known about the direct influence of diuretics alone
and combined with hypotensive drugs on the immune activity of macrophages. Answering
this question should provide the basis for a better understanding of the immune-related
effects of therapy with these drugs. This then should allow for more effective treatment of
patients suffering from hypertension, or other cardiovascular diseases, without increasing
the risk of infection resulting from the impairment of protective humoral immunity.

We hypothesized that macrophage immune activity is modulated by diuretics and
that combining them with the antihypertensive drug may influence this effect. Therefore,
the current studies aimed at investigating the effect of furosemide and hydrochlorothiazide
repeatedly administered to mice with or without captopril on macrophage activity in
the induction of humoral immune response together with analysis of surface marker’s
expression and secretion of cytokines (Scheme 1). Such a study model appears to have
great translational potential, and thus the results could likely be implemented in clinical
practice, personalized medicine especially, for the more effective and better medical care of
patients with cardiovascular diseases [9,10].
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Scheme 1. General scheme of experiments. Mice were administered with captopril with or without furosemide or hy-
drochlorothiazide for 8 days. On day 3, peritoneal exudate was induced with mineral oil. Peritoneal macrophages were 
harvested 5 days later and either cultured to assess cytokine secretion, analyzed cytometrically for surface marker’s ex-
pression, or pulsed with sheep red blood cells (SRBC) and transferred into naive mice, from which blood sera and spleens 
were collected a week later to measure the titer of SRBC-specific antibodies or to enumerate splenic SRBC-specific B cells 
in the plaque-forming assay (PFA), respectively. 

2. Results 
2.1. Drug Administration Influences the Induction of Humoral Immunity by SRBC-Pulsed 
Macrophages 

Macrophages are involved in the induction of humoral immunity due to their ability 
to phagocytose corpuscular antigens, and then to present their determinants. In the cur-
rent study, macrophages obtained from mice treated with captopril and/or with one of 
the diuretic drugs were pulsed with SRBC and then transferred into naive mice. The 
specific antibody titers were then measured in hemagglutination assay, and the number 
of antibody-producing cells in plaque-forming assay (PFA), in sera and spleens obtained 
from recipient mice 7 days after macrophage transfer. 

A significantly increased number of antibody-producing cells was observed in 
spleens of recipients of SRBC-pulsed macrophages from donors treated with hydro-
chlorothiazide. Captopril administered alone does not influence the number of anti-
body-producing cells. Interestingly captopril with hydrochlorothiazide have also no sig-
nificant influence. In contrast, the administration of captopril with furosemide increases 
hemolytic plaque formation, i.e., activation of SRBC-specific B lymphocytes (Figure 1a). 
Captopril administration tends to enhance the antibody class switching process, which 
affects an increase in the concentration of IgG and a decrease in IgM concentration. In-
terestingly, furosemide seems to have an additive effect in contrast to hydrochlorothia-
zide (Figure 1b). 

Scheme 1. General scheme of experiments. Mice were administered with captopril with or without furosemide or
hydrochlorothiazide for 8 days. On day 3, peritoneal exudate was induced with mineral oil. Peritoneal macrophages
were harvested 5 days later and either cultured to assess cytokine secretion, analyzed cytometrically for surface marker’s
expression, or pulsed with sheep red blood cells (SRBC) and transferred into naive mice, from which blood sera and spleens
were collected a week later to measure the titer of SRBC-specific antibodies or to enumerate splenic SRBC-specific B cells in
the plaque-forming assay (PFA), respectively.

2. Results
2.1. Drug Administration Influences the Induction of Humoral Immunity by SRBC-Pulsed
Macrophages

Macrophages are involved in the induction of humoral immunity due to their ability
to phagocytose corpuscular antigens, and then to present their determinants. In the current
study, macrophages obtained from mice treated with captopril and/or with one of the
diuretic drugs were pulsed with SRBC and then transferred into naive mice. The specific
antibody titers were then measured in hemagglutination assay, and the number of antibody-
producing cells in plaque-forming assay (PFA), in sera and spleens obtained from recipient
mice 7 days after macrophage transfer.

A significantly increased number of antibody-producing cells was observed in spleens
of recipients of SRBC-pulsed macrophages from donors treated with hydrochlorothiazide.
Captopril administered alone does not influence the number of antibody-producing cells.
Interestingly captopril with hydrochlorothiazide have also no significant influence. In
contrast, the administration of captopril with furosemide increases hemolytic plaque forma-
tion, i.e., activation of SRBC-specific B lymphocytes (Figure 1a). Captopril administration
tends to enhance the antibody class switching process, which affects an increase in the
concentration of IgG and a decrease in IgM concentration. Interestingly, furosemide seems
to have an additive effect in contrast to hydrochlorothiazide (Figure 1b).
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Figure 1. Captopril and diuretic drugs impact humoral immune response in mice. Donors of mac-
rophages were treated intraperitoneally with captopril with or without furosemide or hydrochlo-
rothiazide for eight days. Then, oil-induced peritoneal macrophages, after pulsing with sheep red 
blood cells (SRBC), were transferred intraperitoneally into recipients, from which sera and spleens 
were collected individually seven days later. (a) Number of plaque-forming cells (PFC) expressing 
SRBC-specific antibody-producing B cells in spleens of macrophage recipients was estimated 
through a plaque-forming assay and indicated as a mean number of PFC per spleen. (b) 
SRBC-specific antibody titers in sera of recipient mice were assessed through a direct hemaggluti-
nation assay and expressed as a mean value of log2 of antibody titer. Two-way or three-way 
ANOVA with Tukey post hoc test. * p < 0.05; ** p < 0.01; ns—not significant. 

2.2. Drug Administration Alters the Expression of Macrophage Surface Markers 
Macrophages play an antigen phagocytosing and presenting role in the induction of 

humoral immune response. Thus, as a next step, the expression of molecules involved in 
these processes on the macrophage surface was assessed cytometrically. 

Figure 1. Captopril and diuretic drugs impact humoral immune response in mice. Donors of
macrophages were treated intraperitoneally with captopril with or without furosemide or hy-
drochlorothiazide for eight days. Then, oil-induced peritoneal macrophages, after pulsing with
sheep red blood cells (SRBC), were transferred intraperitoneally into recipients, from which sera and
spleens were collected individually seven days later. (a) Number of plaque-forming cells (PFC) ex-
pressing SRBC-specific antibody-producing B cells in spleens of macrophage recipients was estimated
through a plaque-forming assay and indicated as a mean number of PFC per spleen. (b) SRBC-specific
antibody titers in sera of recipient mice were assessed through a direct hemagglutination assay and
expressed as a mean value of log2 of antibody titer. Two-way or three-way ANOVA with Tukey post
hoc test. * p < 0.05; ** p < 0.01; ns—not significant.

2.2. Drug Administration Alters the Expression of Macrophage Surface Markers

Macrophages play an antigen phagocytosing and presenting role in the induction of
humoral immune response. Thus, as a next step, the expression of molecules involved in
these processes on the macrophage surface was assessed cytometrically.
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We observed that drug administration increases the expression of CD14 on both the
total population and the Mac3+ subpopulation of macrophages. In addition, treatment
of macrophage donors with captopril and furosemide increased the expression of CD11b
receptor, and furosemide enhanced the captopril effect on CD16/32 expression, both on
Mac3+ cells (Figure 2a).

On the other hand, captopril administration reduced the expression of I-Ak by the
total population of macrophages obtained from mice treated only with this hypotensive
drug or together with hydrochlorothiazide, but not with furosemide. Whereas, all drugs
administered alone or in combination increased the expression of I-Ak by Mac3+ subpop-
ulation of macrophages. A similar tendency was observed in the case of expression of
costimulatory molecules, i.e., CD80, CD86, and CD40 by Mac3+ macrophages (Figure 2b).
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Figure 2. Captopril and diuretic drugs impact the expression of macrophage surface markers. (a) 
The level of expression of markers of phagocytosis (CD14, CD11b, CD16/32), and (b) antigen 
presentation, including I-Ak (MHC class II), CD80, CD86, and CD40, was cytometrically assessed 
on the surface of oil-induced peritoneal macrophages from mice treated for eight days with cap-
topril and/or respective diuretic drug. Results were shown as a mean percentage (with SD) of 
macrophages expressing a particular marker within either the total population of analyzed mac-

Figure 2. Captopril and diuretic drugs impact the expression of macrophage surface markers. (a) The
level of expression of markers of phagocytosis (CD14, CD11b, CD16/32), and (b) antigen presentation,
including I-Ak (MHC class II), CD80, CD86, and CD40, was cytometrically assessed on the surface
of oil-induced peritoneal macrophages from mice treated for eight days with captopril and/or
respective diuretic drug. Results were shown as a mean percentage (with SD) of macrophages
expressing a particular marker within either the total population of analyzed macrophages or their
Mac3+ subpopulation. Two-way ANOVA with Tukey post hoc test. * p < 0.05; ** p < 0.01; *** p < 0.005.
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2.3. Drug Administration Alters the Macrophage Secretion of Cytokines

Another important activity of macrophages inducing humoral immune response
results from the secretion of cytokines. This macrophage activity was evaluated by culturing
the cells and measuring cytokine concentrations in yielded supernatants. Since assayed
drugs influenced the expression of CD14 that is activated by lipopolysaccharide (LPS),
where indicated, macrophages obtained from drug-treated mice were stimulated with LPS
during culture.

We found that administration of all tested drugs and their combinations strongly
reduces the secretion of IL-6 by macrophages, regardless if cells were or were not re-
stimulated with LPS in the culture. Furthermore, captopril administered with or without
the diuretic drug decreased the LPS-stimulated secretion of TNFα (Figure 3a). On the other
hand, neither captopril nor diuretics significantly influenced the release of TGFβ1 in both
culture conditions, but slightly increased the secretion of IL-10 by macrophages that were
not re-stimulated with LPS (Figure 3b).
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Figure 3. Captopril and diuretic drugs influence the secretion of cytokines by cultured macrophages.
Oil-induced peritoneal macrophages from mice treated with captopril with or without respective
diuretic drugs were cultured in standard conditions, in some cases after stimulation with LPS (200 ng).
Enzyme-linked immunosorbent assay (ELISA) was used to measure (a) the concentration of IL-6, and
TNFα in supernatants collected after 24 h of culture and (b) the concentration of IL-10 and TGF-β1 in
supernatants collected after 48 h of culture. Concentrations were expressed as mean (+/− SD) per
group. Two-way ANOVA with Tukey post hoc test. * p < 0.05; ** p < 0.01; *** p < 0.005; **** p < 0.001.

3. Discussion

Current studies aimed at investigating the influence of captopril administered alone
or combined with furosemide or hydrochlorothiazide on macrophage activity in humoral
immune response in mice. Our results have significant meaning when assessing the risk of
antihypertensive therapy.

Our current research findings demonstrated that captopril combined with a diuretic
drug enhances the humoral immune response induction by macrophages by modulating
their antigen-presenting and secretory activities. It is worth noting that medications
may influence macrophage functions both by direct cell targeting via expressed receptors
(including G-protein-coupled receptors) and by causing the microenvironmental changes
that are then sensed by macrophages. Accordingly, both mechanisms could be involved in
currently observed effects, especially that macrophages express angiotensin II receptors as
well as can sense the ionic changes induced by diuretics.

Captopril has been reported to decrease the level of TNFα [11–32], reduce alveolar
wall thickening and neutrophil infiltration in rats with induced acute lung injury [33].
Our research supports the results of other studies on the reduction of TNFα by ACEI.
Captopril used in coronary artery disease and ischemic heart diseases reduced inflamma-
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tion in vivo by lowering the level of IL-6 [11,12,18,19,22,34–38], and increasing the level
of TGFβ since the macrophages are in vivo activated with drugs [37–39]. Other authors
found that non-stimulated macrophages can express the undetectable concentration of
TGFβ in cell culture supernatant [40]. In our study, we confirmed the observations of
researchers regarding the effect of captopril on the concentration of IL-6. Interestingly,
our experiments have shown that captopril slightly reduces the concentration of TGFβ,
contrary to the experiments of the cited authors. Captopril reduced the concentration of
the highly sensitive C-reactive protein (hs-CRP) [12,28,32]. Treatment with a high dose
of captopril significantly reduced the number of Kupffer cells (liver macrophages) in the
model of hepatic ischemia/reperfusion (I/R) injury in rats [13]. Captopril decreased the
concentration of IL-1 beta and IL-6 in the different inflammatory rat models of renal hy-
pertension, hepatic injury, myocarditis [11,12,35,41] as well as IL-8 reduction of human
coronary artery endothelial cells [42]. On the other hand treatment with captopril promoted
the production of anti-inflammatory IL-10 in various models of diseases induced in rats
and mice as radiation-induced lung inflammation, biliary hepatitis, atherosclerosis, and
hypertension as well as in normal mouse splenocytes [24,26,37,43,44]. According to our
research, captopril slightly increased the production of IL-10, which is confirmed by the ob-
servations of other researchers. Captopril markedly attenuated macrophage accumulation
and reduced the synthesis of radiation-induced interleukin-1β (IL-1β) [24,45]. Interest-
ingly, the use of CHC (chronic high dose captopril) therapy increases the concentration of
IL-1β and IL-6 in the plasma, i.e., completely different effects than in the case of normally
used captopril doses [46]. In LPS-induced lung inflammation in rats, the treatment with
captopril decreased the levels of IFN-γ, TGF-β1, and the IFN-γ/IL-4 ratio, contrary to
the concentration of IL-4 [47]. Captopril increases the concentration of IL-22 in sera of
patients suffer from hypertension and coronary artery disease which alleviates the clinical
symptoms of the diseases [48]. In in vitro culture of human peripheral blood mononuclear
cells, Captopril dose-dependently suppressed the IL-1β-induced synthesis of TNFα and
the TNFα-induced synthesis of IL-1β [30].

In mice suffering from malaria, with the activation of splenic T cells an increase of
3–4 times of the expression of the CD69 marker, captopril provides an immunomodulating
effect, restoring the values to control levels. Captopril also reduces the production of
IFNγ and IL-17 by T CD4+ cells and abrogated the expression of the chemokine receptor
(CCR2 and CCR5) and CD11 [49]. Our research has shown (unlike the cited authors)
that treatment with captopril has practically no effect on CD11b expression on mouse
macrophages. Furosemide slightly increases the expression of CD11b, which is increased
by co-treatment with captopril. Hydrochlorothiazide acts similarly on the expression
of CD11b by macrophages, however, the interaction with captopril does not affect the
expression of that cluster of differentiation. Captopril administered to rats suffering from
rheumatoid arthritis relieved congestion and swelling of the synovial membrane of the
joint, significantly reduced synovial hyperplasia, infiltration of intra-articular inflammatory
cells, and the degree of joint cartilage damage, which proves the strong anti-inflammatory
nature of the drug [20].

Strong anti-inflammatory properties of captopril are shown by its influence on the
reduction of IL-2 production, and IL-2Rα expression by mouse CD8+ T lymphocytes and
IFNγ by human T CD3+ CD28+ T cells [15,38,42]. Captopril also reduces the production
of both subtypes of IL-12 (p40 and p70) by human peripheral blood mononuclear cells
(PBMC) [42] and down-regulates the immune cells infiltrating arterial atherosclerotic le-
sions by down-regulating the C-C chemokine receptor 9 (CCR9) induced in atherosclerosis-
prone apolipoprotein E (ApoE) deficient mice [50].

Moreover, captopril in a dose-dependent manner increases antioxidant markers (total
thiol, superoxide dismutase, and catalase), so we can conclude that this drug reduces
oxidative stress, apart from earlier mentioned anti-inflammatory properties [18,22].
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The concentration of proinflammatory cytokines, i.e., TNFα and IL-6 measured in
supernatants of human peripheral blood mononuclear cells of a patient with chronic heart
failure were inhibited in a dose-dependent manner by furosemide treatment [19,51].

Furosemide decreased the concentration of TNFα in SARS-CoV-2 infected patients [45],
and together with IL-6 in the pre-eclamptic placenta [46], children with mild asthma [47],
patients with respiratory disorders [48], patients with urosepsis [49], or patients with acute
decompensated heart failure [52]. Alleviation of IL-1beta concentration after furosemide
treatment was observed in a newborn with neonatal nephrotic syndrome [50,53], patients
with neuroinflammation disorders, COVID-19, and women in pregnancy [54–56]. In
our studies, we have shown that furosemide reduces TNFα alone and in combination
with captopril (however adding captopril to furosemide does not affect TNFα concentra-
tion), and alone and in combination with captopril reduces IL-6 levels (however, adding
captopril enhances the cytokine reduction). Furosemide enhances the expression of the
anti-inflammatory IL-1RA in patients with neuroinflammation disorders or in people
who suffered from SARS-CoV-2 infection when furosemide is administered by inhala-
tion [57,58]. Furosemide reduces the expression of CD86 markers of inflamed microglial
cells [57]. Our research has shown (in contrast to the cited authors) that treatment with
furosemide increases the expression of CD86, which is slightly enhanced by co-treatment
captopril with furosemide. Captopril increases CD86 expression compared to control, as
does hydrochlorothiazide, adding captopril to a thiazide-like diuretic does not affect the
expression of this cluster of differentiation. Furosemide promotes the phagocytic activity
of macrophages [57]. There is also observed the furosemide activated switching of M1 type
macrophages to anti-inflammatory M2 phenotype [57,58]. Administration of furosemide
decreases procalcitonin blood concentration as a marker of microbial inflammation, sug-
gesting its anti-inflammatory properties [59]. Furosemide reduces the production of the
anti-inflammatory IL-10 in preeclamptic placentas and placentas of normal gestation [55,60].
According to our research, furosemide alone and in combination with captopril slightly
increases the production of IL-10 by macrophages, which calls into question the existing
findings in this case. Furosemide did not show any significant effect on IL-2 secretion of
PBMC in patients with heart failure [25]. and reduces the concentration of IL-8 in PBMC
patients suffered from asthma and respiratory tract diseases [56,61]. Furosemide reduces
the concentrations of IL-6 and TNFα intracellularly, which has been confirmed by cell
cytometry [56]. During our experiments, we checked how furosemide and the combined
drug (furosemide + captopril) affect the concentration of TGFβ. This is revealing and inter-
esting as we have not found information in the available literature to have ever researched
it. Our research shows that furosemide significantly reduces the concentration of TGFβ,
but adding captopril to it practically eliminates the suppressive effect of furosemide.

Hydrochlorothiazide is a diuretic drug used for the treatment of hypertension. Spon-
taneously hypertensive rats (SHR) when treated with hydrochlorothiazide increases the
splenic expression of CD62L hi (naive) and CD62L lo (memory) T cells, but reduces expres-
sion of CD62L(-) effector T cells in comparison to the control group of SHR. The percentage
of regulatory T and Th CD25+ splenocytes were not affected with hydrochlorothiazide
treatment of SHR [62].

Hydrochlorothiazide reduces the concentrations of TNFα and IFNγ in supernatants
from cell culture of hydrochlorothiazide treated splenocytes obtained from SHR [62]. Our
studies have shown that hydrochlorothiazide slightly increases the concentration of the
pro-inflammatory cytokine TNFα, however, adding captopril causes a significant reduction
in the production of TNFα. Hydrochlorothiazide reduces the expression of TGFβ in cardiac
tissue in rat experimental models of ischemic heart failure and myocardial infarction [63,64].
In congestive heart failure after myocardial infarction, hydrochlorothiazide improves
heart remodeling by reducing the levels of proinflammatory cytokines and inhibiting the
TGFβ signaling pathway [64]. As our research shows, hydrochlorothiazide increases the
concentration of TGFβ, interestingly, adding captopril to it does not change the cytokine
concentration compared to its level after adding hydrochlorothiazide. Hydrochlorothiazide
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therapy does not alter CD3 (+), CD4 (+), CD8 (+), and Th17 T cells, but reduces Treg
lymphocytes in female rat kidneys with spontaneous hypersensitivity [65]. According to
the previous research, hydrochlorothiazide did not express any anti-inflammatory activity
based on peripheral blood polymorphonuclear leukocytes analysis from patients with
essential hypertension and human neutrophil studies [45,66]. In our study, which was
tested for the first time, we showed that hydrochlorothiazide used alone and with captopril
has practically no effect on the concentration of IL-10. An uncharted problem is the effect
of hydrochlorothiazide and the combined drug (hydrochlorothiazide + captopril) on the
concentration of the cytokine IL-6. We have shown that hydrochlorothiazide significantly
reduces the production of this cytokine, and the addition of captopril to a thiazide-like
diuretic does not affect the concentration of the produced cytokine.

In our work, which is innovative, we present research on the effects of captopril,
furosemide, and hydrochlorothiazide on the expression of CD14, CD16/32, CD40, Ak
(MHC), and CD80, which have not been studied so far. Our studies showed that adding
each drug increases CD14 expression, with hydrochlorothiazide having the strongest effect.
Captopril increases CD16/32 expression, as do furosemide and hydrochlorothiazide. The
addition of captopril to furosemide increases the expression of this marker, while the
addition of ACEI to the thiazide-like diuretic has practically no effect on the expression of
CD16/32. In the case of CD40, we observe an increase in its expression with the addition
of each drug, most strongly in the case of hydrochlorothiazide. Our studies have shown
that each of the drugs increases the expression of I-Ak (MHC), and while the addition of
captopril to furosemide shows an additive effect, the addition of ACEI to a thiazide-like
diuretic reduces the strong positive effect of hydrochlorothiazide. In the case of the last
tested cluster of differentiation (CD80), we observe an increase in its expression with the
use of each of the drugs, but while the addition of ACEI to a loop diuretic potentiates
its stimulating effect, the addition of ACEI to a thiazide-like diuretic does not affect the
increased expression of CD80 by hydrochlorothiazide.

Another significant achievement of our work is the demonstration of the effect of
the tested drugs on the formation of early humoral response cells and the demonstration
that all drugs administered, except captopril administered alone, increase the induction
of antibody-producing B cells (Figure 1a). Our experiments also prove that the use of the
tested drugs has a beneficial effect on the maturation of the humoral response, which has
not been proven so far (Figure 1b).

The latter observations show experimental evidence that diuretics combined with
captopril may induce anti-inflammatory effects associated with the reduced secretion of
proinflammatory cytokines, which could alleviate the inflammatory-induced complications
in hypertensive patients and patients suffering from other inflammatory diseases (metabolic
syndrome). Moreover, our findings exert important clinical significance by suggesting
the possible improvement of humoral immune response to vaccination in patients treated
with the assayed drugs in comparison to others with dysregulated inflammatory responses
accompanying the uncontrolled/untreated hypertension.

4. Materials and Methods
4.1. Mice

In all experiments, 10–12-week-old male mice (24 ± 2 g) of the inbred CBA strain
from the breeding unit of the Department of Immunology, Jagiellonian University Medical
College, Krakow, Poland were used according to the guidelines of the 1st Local Ethics
Committee (approval no. 81/2017 and 434/2020). Mice had unlimited access to autoclaved
food and water. The general experimental design is shown in Scheme 1.

4.2. Antihypertensive Drug Administration

All drugs were from (Sigma-Aldrich, St. Louis, MO, USA). Hydrochlorothiazide and
furosemide aliquots were firstly dissolved in 100 µL of dimethyl sulfoxide (DMSO, Sigma-
Aldrich, St. Louis, MO, USA), and then in 9.9 mL of 0.9% sodium chloride (Chempur,
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Piekary Slaskie, Poland), while captopril was dissolved in 0.9% sodium chloride alone.
Mice were administered intraperitoneally (i.p.) with captopril solution in a daily dose
of 5 mg/kg, for 8 consecutive days. Where indicated, mice simultaneously received i.p.
injections of either hydrochlorothiazide in a daily dose of 10 mg/kg or furosemide in a
daily dose of 5 mg/kg.

4.3. Induction and Harvest of Peritoneal Exudate Macrophages

On day 3 of drug administration, mice were administered i.p. with mineral oil, and
peritoneal exudates were collected 5 days later by washing the peritoneal cavity with
ice-cold Dulbecco’s phosphate-buffered saline (DPBS) containing heparin (5 U/mL, Polfa,
Warszawa, Poland) [9]. After washing, cell preparations (containing more than 96% of
non-specific esterase-positive cells [41]) were used in the following assays as peritoneal
macrophages obtained from drug-treated donors and untreated control mice.

4.4. Activation and Measurement of Humoral Immune Response to Sheep Red Blood Cells (SRBC)

Macrophages were pulsed with SRBC (Graso Biotech, Starogard Gdanski, Poland)
by 20-min incubation at 37 ◦C in a ratio of ten SRBC per one macrophage. After the
osmotic shock, SRBC-pulsed macrophages were transferred intraperitoneally into naive
recipients (5 × 106 cells per mouse), and 7 days later blood and spleens were collected
individually from each mouse to measure the serum antibody titer and the number of
antibody-producing cells, respectively. Serum titers of total IgM and IgG anti-SRBC an-
tibodies as well as IgG antibodies (in sera pre-incubated with 0.15 M 2-mercaptoethanol
from Sigma-Aldrich, St. Louis, MO, USA) were measured in direct hemagglutination
assay [9] and expressed as a log2. In addition, SRBC-specific IgM antibody titers were
calculated by subtracting IgG titers from the total titers, individually for each mouse. In
parallel, single-cell suspensions in RPMI1640 (Lonza Group Ltd., Basel, Switzerland) were
prepared by homogenizing each, previously weighted spleen separately. Then, splenocyte
suspensions were individually incubated with 1% SRBC suspension in the presence of
guinea pig complement for 90 min at 37 ◦C to assess the number of plaque-forming cells
(PFC) in a plaque-forming assay (PFA) performed by a slide technique. Each splenocyte
sample was evaluated in triplicates, and the averaged results were expressed as the number
of PFC per spleen [9,67,68].

4.5. Macrophage Culture, and the Measurement of Cytokine Concentration

Macrophages from control or drug-treated mice were standardly cultured at 37 ◦C
and 5% CO2, at a concentration of 2 × 106 cells per well in 2 mL of RPMI1640 with 5% fetal
bovine serum (FBS, Biowest, Nuaillé, France). Macrophages in some wells were stimulated
with lipopolysaccharide (LPS, 200 ng per well, BIO-Whittaker, Walkersville, MD, USA).
The resulting supernatants were collected for evaluation of IL-6, and tumor necrosis factor-
alpha (TNFα) concentrations after 24 h, and for IL-10 and transforming growth factor-beta 1
(TGF-β1) measurement after 48 h of the culture. Cytokine concentrations were measured in
supernatants stored at −80 ◦C, in enzyme-linked immunosorbent assay (ELISA), according
to manufacturer procedures. The following OptEIA™ kits were used: mouse TNF ELISA
Set (catalog No 558534), mouse IL-6 ELISA Set (catalog No 555240), mouse IL-10 ELISA
Set (catalog No 555252), all from (BD Biosciences, San Diego, CA, USA). In addition, TGF-
β1 concentration was measured with the use of mouse TGF-beta1 Platinum ELISA Test
(catalog No BMS608/4) from (eBioscience Inc., San Diego, CA, USA).

4.6. Cytometric Analysis of Macrophages

In cytometric analysis, fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse
Mac-3 monoclonal antibody (mAb), phycoerythrin (PE)-conjugated rat anti-mouse I-Ak,
CD80, CD86, CD40, CD11b, CD14, CD16/32 monoclonal antibodies (mAb) (BD Pharmin-
gen, San Diego, CA, USA) were used.
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Apart from assessing CD16/32 expression, peritoneal macrophages, freshly isolated
from naive or drug-treated mice, were incubated with mAb of 2.4G2 clone to block Fc
receptors. Afterward, cells were incubated with FITC-conjugated and PE-conjugated
mAbs for 40 min on ice in darkness. After washing, macrophages were analyzed on a
FACSCalibur flow cytometer (BD Bioscience, San Jose, CA, USA) for the expression of the
abovementioned markers.

4.7. Statistical Analysis

All experiments were performed two to four times, and representative results are
shown in the figures. Statistical analysis was performed in GraphPadPrism 8 (GraphPad,
San Diego, CA, USA) using one-, two-, or three-way analysis of variance (ANOVA) with
a post hoc RIR Tukey test. All ANOVA assumptions were validated before analysis. In
two-way ANOVA, the captopril treatment was assigned as column factor, and treatment
with dehydrating drugs was a row factor, while in one-way ANOVA drug treatment was
the main factor. p < 0.05 was considered as a minimum level of significance.

5. Conclusions

Our current research findings demonstrated that repeated administration of capto-
pril combined with a diuretic drug (furosemide or hydrochlorothiazide) augments the
antigen-presenting activity of mouse macrophages in the induction of humoral immune
response. Interestingly, this is associated with an increased expression of surface receptors
and markers involved in the process of antigen binding, phagocytosis, and presentation,
including CD14, MHC class II and costimulatory molecules. However, assayed drugs
reduce the secretion of proinflammatory cytokines by macrophages, and slightly enhance
the release of IL-10, which seems to promote the anti-inflammatory activity of captopril
administered with the diuretic drug.

Author Contributions: Conceptualization, K.N. and J.M.; methodology, P.B. and K.N.; software, K.N.;
validation, P.B. and K.N.; formal analysis, P.B., K.N. and J.M.; investigation, P.B. and K.N.; resources,
P.B.; data curation, K.N.; writing—original draft preparation, P.B.; writing—review and editing,
P.B. and K.N.; visualization, P.B. and K.N.; supervision, K.N. and J.M.; project administration, P.B.;
funding acquisition, P.B. All authors have read and agreed to the published version of the manuscript.

Funding: The study entitled “The influence of diuretics and combination drugs (diuretic + ACEI) on
the immunological activity of mouse macrophages” was supported by The Polish Ministry of Science
and Higher Education under the “Diamond Grant” program (0168/DIA/2017/46).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the 1st Local Ethics Committee (approval number 81/2017
and 434/2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are included within the manuscript.

Acknowledgments: The authors express their sincere thanks to Bernadeta Nowak (Department
of Immunology, Jagiellonian University Medical College) for her precious help with flow cytome-
try analysis.

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

References
1. Frodermann, V.; Nahrendorf, M. Macrophages and cardiovascular health. Physiol. Rev. 2018, 98, 2523–2569. [CrossRef]
2. He, W.; Kapate, N.; Shields, C.W.; Mitragotri, S. Drug delivery to macrophages: A review of targeting drugs and drug carriers to

macrophages for inflammatory diseases. Adv. Drug Deliv. Rev. 2020, 165–166, 15–40. [CrossRef] [PubMed]
3. Groner, J.; Goepferich, A.; Breunig, M. Atherosclerosis: Conventional intake of cardiovascular drugs versus delivery using

nanotechnology—A New chance for causative therapy? J. Control. Release 2021, 333, 536–559. [CrossRef]

http://doi.org/10.1152/physrev.00068.2017
http://doi.org/10.1016/j.addr.2019.12.001
http://www.ncbi.nlm.nih.gov/pubmed/31816357
http://doi.org/10.1016/j.jconrel.2021.03.034


Int. J. Mol. Sci. 2021, 22, 11374 14 of 16

4. Williams, B.; Mancia, G.; Spiering, W.; Agabiti Rosei, E.; Azizi, M.; Burnier, M.; Clement, D.L.; Coca, A.; de Simone, G.;
Dominiczak, A.; et al. 2018 ESC/ESH guidelines for the management of arterial hypertension. Eur. Heart J. 2018, 39, 3021–3104.
[CrossRef]

5. 2020 International Society of Hypertension Global Hypertension Practice Guidelines—PubMed. Available online: https://
pubmed.ncbi.nlm.nih.gov/32371787/ (accessed on 6 July 2021).

6. National Institute for Health and Care Excellence. Hypertension in Adults: Diagnosis and Management; National Institute for Health
and Care Excellence: London, UK, 2019.

7. Casper, J.; Schmitz, J.; Bräsen, J.H.; Khalifa, A.; Schmidt, B.M.W.; Einecke, G.; Haller, H.; von Vietinghoff, S. Renal transplant recip-
ients receiving loop diuretic therapy have increased urinary tract infection rate and altered medullary macrophage polarization
marker expression. Kidney Int. 2018, 94, 993–1001. [CrossRef]

8. Tesch, G.H.; Pullen, N.; Jesson, M.I.; Schlerman, F.J.; Nikolic-Paterson, D.J. Combined inhibition of CCR2 and ACE provides
added protection against progression of diabetic nephropathy in Nos3-deficient mice. Am. J. Physiol. Ren. Physiol. 2019, 317,
F1439–F1449. [CrossRef] [PubMed]

9. Nazimek, K.; Kozlowski, M.; Bryniarski, P.; Strobel, S.; Bryk, A.; Myszka, M.; Tyszka, A.; Kuszmiersz, P.; Nowakowski, J.;
Filipczak-Bryniarska, I. Repeatedly administered antidepressant drugs modulate humoral and cellular immune response in mice
through action on macrophages. Exp. Biol. Med. 2016, 241, 1540–1550. [CrossRef] [PubMed]

10. Nazimek, K.; Strobel, S.; Bryniarski, P.; Kozlowski, M.; Filipczak-Bryniarska, I.; Bryniarski, K. The role of macrophages in
anti-inflammatory activity of antidepressant drugs. Immunobiology 2017, 222, 823–830. [CrossRef] [PubMed]

11. El Desoky, E.S. Drug therapy of heart failure: An immunologic view. Am. J. Ther. 2011, 18, 416–425. [CrossRef]
12. Gong, X.; Zhou, R.; Li, Q. Effects of captopril and valsartan on ventricular remodeling and inflammatory cytokines after

interventional therapy for AMI. Exp. Ther. Med. 2018, 16, 3579–3583. [CrossRef]
13. El-Sayed, L.A.; Osama, E.; Mehesen, M.N.; Rashed, L.A.; Aboulkhair, A.G.; Omar, A.I.; Shams Eldeen, A.M. Contribution of

angiotensin II in hepatic ischemia /reperfusion induced lung injury: Acute versus chronic usage of captopril. Pulm. Pharmacol.
Ther. 2020, 60, 101888. [CrossRef] [PubMed]

14. Gan, Z.; Huang, D.; Jiang, J.; Li, Y.; Li, H.; Ke, Y. Captopril alleviates hypertension-induced renal damage, inflammation, and
NF-KB activation. Braz. J. Med. Biol. Res. 2018, 51, e7338. [CrossRef] [PubMed]

15. El-Ashmawy, N.E.; Khedr, N.F.; El-Bahrawy, H.A.; Hamada, O.B. Anti-inflammatory and antioxidant effects of captopril compared
to methylprednisolone in l-Arginine-Induced acute pancreatitis. Dig. Dis. Sci. 2018, 63, 1497–1505. [CrossRef] [PubMed]

16. Chen, X.-F.; Li, X.-L.; Liu, J.-X.; Xu, J.; Zhao, Y.-Y.; Yang, M.; Zhang, Y. Inhibition on angiotensin-converting enzyme exerts
beneficial effects on trabecular bone in orchidectomized mice. Pharmacol. Rep. 2018, 70, 705–711. [CrossRef] [PubMed]

17. Eid, B.G.; El-Shitany, N.A. Captopril Downregulates expression of bax/cytochrome c/caspase-3 apoptotic pathway, reduces
inflammation, and oxidative stress in cisplatin-induced acute hepatic injury. Biomed. Pharmacother. 2021, 139, 111670. [CrossRef]
[PubMed]

18. Abdel-Wahab, B.A.; Metwally, M.E.; El-khawanki, M.M.; Hashim, A.M. Protective effect of captopril against clozapine-induced
myocarditis in rats: Role of oxidative stress, proinflammatory cytokines and DNA damage. Chem. Biol. Interact. 2014, 216, 43–52.
[CrossRef]

19. Abareshi, A.; Hosseini, M.; Beheshti, F.; Norouzi, F.; Khazaei, M.; Sadeghnia, H.R.; Boskabady, M.H.; Shafei, M.N.; Anaeigoudari, A.
The effects of captopril on lipopolysaccharide induced learning and memory impairments and the brain cytokine levels and
oxidative damage in rats. Life Sci. 2016, 167, 46–56. [CrossRef]

20. Liu, H.-M.; Wang, K.-J. Therapeutic effect of captopril on rheumatoid arthritis in rats. Asian Pac. J. Trop. Med. 2014, 7, 996–999.
[CrossRef]

21. Silva-Filho, J.L.; Caruso-Neves, C.; Pinheiro, A.A.S. Targeting angiotensin II type-1 receptor (AT1R) inhibits the harmful phenotype
of plasmodium-specific CD8+ T cells during blood-stage malaria. Front. Cell. Infect. Microbiol. 2017, 7, 42. [CrossRef] [PubMed]

22. Abareshi, A.; Norouzi, F.; Asgharzadeh, F.; Beheshti, F.; Hosseini, M.; Farzadnia, M.; Khazaei, M. Effect of angiotensin-converting
enzyme inhibitor on cardiac fibrosis and oxidative stress status in lipopolysaccharide-induced inflammation model in rats. Int. J.
Prev. Med. 2017, 8, 69. [CrossRef]

23. Asraf, K.; Torika, N.; Apte, R.N.; Fleisher-Berkovich, S. Microglial activation is modulated by captopril: In Vitro and in Vivo
studies. Front. Cell. Neurosci. 2018, 12, 116. [CrossRef]

24. Mungunsukh, O.; George, J.; McCart, E.A.; Snow, A.L.; Mattapallil, J.J.; Mog, S.R.; Panganiban, R.A.M.; Bolduc, D.L.; Rittase, W.B.;
Bouten, R.M.; et al. Captopril reduces lung inflammation and accelerated senescence in response to thoracic radiation in mice. J.
Radiat. Res. 2021, 62, 236–248. [CrossRef]

25. Sheikhi, A.; Jaberi, Y.; Esmaeilzadeh, A.; Khani, M.; Moosaeefard, M.; Shafaqatian, M. The effect of cardiovascular drugs on
pro-inflammatory cytokine secretion and natural killer activity of peripheral blood mononuclear cells of patients with chronic
heart failure In Vitro. Pak. J. Biol. Sci. 2007, 10, 1580–1587. [CrossRef]

26. Amirshahrokhi, K.; Ghazi-khansari, M.; Mohammadi-Farani, A.; Karimian, G. Effect of captopril on TNF-α and IL-10 in the livers
of bile duct ligated rats. Iran. J. Immunol. 2010, 7, 247–251. [PubMed]

27. Shimozawa, M.; Naito, Y.; Manabe, H.; Uchiyama, K.; Katada, K.; Kuroda, M.; Nakabe, N.; Yoshida, N.; Yoshikawa, T. The
Inhibitory effect of alacepril, an angiotensin-converting enzyme inhibitor, on endothelial inflammatory response induced by
oxysterol and TNF-Alpha. Redox Rep. 2004, 9, 354–359. [CrossRef] [PubMed]

http://doi.org/10.1093/eurheartj/ehy339
https://pubmed.ncbi.nlm.nih.gov/32371787/
https://pubmed.ncbi.nlm.nih.gov/32371787/
http://doi.org/10.1016/j.kint.2018.06.029
http://doi.org/10.1152/ajprenal.00340.2019
http://www.ncbi.nlm.nih.gov/pubmed/31566438
http://doi.org/10.1177/1535370216643769
http://www.ncbi.nlm.nih.gov/pubmed/27053354
http://doi.org/10.1016/j.imbio.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/27453459
http://doi.org/10.1097/MJT.0b013e3181d169db
http://doi.org/10.3892/etm.2018.6626
http://doi.org/10.1016/j.pupt.2020.101888
http://www.ncbi.nlm.nih.gov/pubmed/31923459
http://doi.org/10.1590/1414-431x20187338
http://www.ncbi.nlm.nih.gov/pubmed/30183974
http://doi.org/10.1007/s10620-018-5036-1
http://www.ncbi.nlm.nih.gov/pubmed/29594979
http://doi.org/10.1016/j.pharep.2018.02.008
http://www.ncbi.nlm.nih.gov/pubmed/29933208
http://doi.org/10.1016/j.biopha.2021.111670
http://www.ncbi.nlm.nih.gov/pubmed/33945910
http://doi.org/10.1016/j.cbi.2014.03.012
http://doi.org/10.1016/j.lfs.2016.10.026
http://doi.org/10.1016/S1995-7645(14)60175-9
http://doi.org/10.3389/fcimb.2017.00042
http://www.ncbi.nlm.nih.gov/pubmed/28261571
http://doi.org/10.4103/ijpvm.IJPVM_322_16
http://doi.org/10.3389/fncel.2018.00116
http://doi.org/10.1093/jrr/rraa142
http://doi.org/10.3923/pjbs.2007.1580.1587
http://www.ncbi.nlm.nih.gov/pubmed/21189448
http://doi.org/10.1179/135100004225006876
http://www.ncbi.nlm.nih.gov/pubmed/15720832


Int. J. Mol. Sci. 2021, 22, 11374 15 of 16

28. Berezin, A.E. Effect of fosinopril on the rate of neurohumoral and proinflammatory activation in patients with heart failure. Klin.
Med. 2004, 82, 29–32.

29. Zhao, S.P.; Xie, X.M. Captopril inhibits the production of tumor necrosis factor-alpha by human mononuclear cells in patients
with congestive heart failure. Clin. Chim. Acta 2001, 304, 85–90. [CrossRef]

30. Schindler, R.; Dinarello, C.A.; Koch, K.M. Angiotensin-converting-enzyme inhibitors suppress synthesis of tumour necrosis factor
and interleukin 1 by human peripheral blood mononuclear cells. Cytokine 1995, 7, 526–533. [CrossRef]

31. Fukuzawa, M.; Satoh, J.; Sagara, M.; Muto, G.; Muto, Y.; Nishimura, S.; Miyaguchi, S.; Qiang, X.L.; Sakata, Y.; Nakazawa, T.; et al.
Angiotensin converting enzyme inhibitors suppress production of tumor necrosis factor-alpha In Vitro and In Vivo.
Immunopharmacology 1997, 36, 49–55. [CrossRef]

32. Stenvinkel, P.; Andersson, P.; Wang, T.; Lindholm, B.; Bergström, J.; Palmblad, J.; Heimbürger, O.; Cederholm, T. Do ACE-
inhibitors suppress tumour necrosis factor-alpha production in advanced chronic renal failure? J. Intern. Med. 1999, 246, 503–507.
[CrossRef]

33. Liu, H.-M.; Guo, Y.-N. Effect of captopril on serum TNF-α level in acute lung injury rats induced by hcl. Asian Pac. J. Trop. Med.
2014, 7, 905–908. [CrossRef]

34. Beheshti, F.; Akbari, H.R.; Baghcheghi, Y.; Mansouritorghabeh, F.; Mortazavi Sani, S.S.; Hosseini, M. Beneficial effects of
angiotensin converting enzyme inhibition on scopolamine-induced learning and memory impairment in rats, the roles of
brain-derived neurotrophic factor, nitric oxide and neuroinflammation. Clin. Exp. Hypertens. 2021, 43, 505–515. [CrossRef]
[PubMed]

35. Abareshi, A.; Anaeigoudari, A.; Norouzi, F.; Marefati, N.; Beheshti, F.; Saeedjalali, M.; Hosseini, M. The Effects of captopril on
lipopolysaccharide-induced sickness behaviors in rats. Vet. Res. Forum 2019, 10, 199–205. [CrossRef]

36. Mitchell, C.S.; Premaratna, S.D.; Bennett, G.; Lambrou, M.; Stahl, L.A.; Jois, M.; Barber, E.; Antoniadis, C.P.; Woods, S.C.;
Cameron-Smith, D.; et al. Inhibition of the renin-angiotensin system reduces gene expression of inflammatory mediators in
adipose tissue independent of energy balance. Front. Endocrinol. 2021, 12, 682726. [CrossRef]

37. Li, H.-Q.; Zhang, Q.; Chen, L.; Yin, C.-S.; Chen, P.; Tang, J.; Rong, R.; Li, T.-T.; Hu, L.-Q. Captopril inhibits maturation of dendritic
cells and maintains their tolerogenic property in atherosclerotic rats. Int. Immunopharmacol. 2015, 28, 715–723. [CrossRef]

38. Sepehri, Z.; Masoumi, M.; Ebrahimi, N.; Kiani, Z.; Nasiri, A.A.; Kohan, F.; Sheikh Fathollahi, M.; Kazemi Arababadi, M.;
Asadikaram, G. Atorvastatin, losartan and captopril lead to upregulation of TGF-β, and downregulation of IL-6 in coronary
artery disease and hypertension. PLoS ONE 2016, 11, e0168312. [CrossRef]

39. Ebadi, Z.; Moradi, N.; Kazemi Fard, T.; Balochnejadmojarrad, T.; Chamani, E.; Fadaei, R.; Fallah, S. Captopril and spironolactone
can attenuate diabetic nephropathy in wistar rats by targeting MicroRNA-192 and MicroRNA-29a/b/c. DNA Cell Biol. 2019, 38,
1134–1142. [CrossRef] [PubMed]

40. Nunes, I.; Shapiro, R.L.; Rifkin, D.B. Characterization of latent TGF-Beta activation by murine peritoneal macrophages. J. Immunol.
1995, 155, 1450–1459.

41. Czajkowska, B.; Ptak, M.; Bobek, M.; Bryniarski, K.; Szczepanik, M. Different isoenzyme patterns of nonspecific esterases and the
level of IL6 production as markers of macrophage functions. Folia Histochem. Cytobiol. 1995, 33, 111–115.

42. Haas, M.J.; Jurado-Flores, M.; Hammoud, R.; Feng, V.; Gonzales, K.; Onstead-Haas, L.; Mooradian, A.D. The effects of known
cardioprotective drugs on proinflammatory cytokine secretion from human coronary artery endothelial cells. Am. J. Ther. 2019,
26, e321–e332. [CrossRef] [PubMed]

43. Miguel-Carrasco, J.L.; Zambrano, S.; Blanca, A.J.; Mate, A.; Vázquez, C.M. Captopril reduces cardiac inflammatory markers in
spontaneously hypertensive rats by inactivation of NF-KB. J. Inflamm. 2010, 7, 21. [CrossRef]

44. Albuquerque, D.; Nihei, J.; Cardillo, F.; Singh, R. The ACE inhibitors enalapril and captopril modulate cytokine responses in
Balb/c and C57Bl/6 normal mice and increase CD4(+)CD103(+)CD25(Negative) splenic t cell numbers. Cell Immunol. 2010, 260,
92–97. [CrossRef]

45. 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]

46. Park, H.-S.; Han, A.; Yeo, H.-L.; Park, M.-J.; You, M.-J.; Choi, H.J.; Hong, C.-W.; Lee, S.-H.; Kim, S.H.; Kim, B.; et al. Chronic high
dose of captopril induces depressive-like behaviors in mice: Possible mechanism of regulatory t cell in depression. Oncotarget
2017, 8, 72528–72543. [CrossRef] [PubMed]

47. Boskabadi, J.; Askari, V.R.; Hosseini, M.; Boskabady, M.H. Immunomodulatory properties of captopril, an ACE inhibitor, on
LPS-induced lung inflammation and fibrosis as well as oxidative stress. Inflammopharmacology 2019, 27, 639–647. [CrossRef]

48. Akbari, H.; Asadikaram, G.; Jafari, A.; Nazari-Robati, M.; Ebrahimi, G.; Ebrahimi, N.; Masoumi, M. Atorvastatin, losartan and
Captopril may upregulate IL-22 in hypertension and coronary artery disease; the role of gene polymorphism. Life Sci. 2018, 207,
525–531. [CrossRef]

49. Silva-Filho, J.L.; Souza, M.C.; Ferreira-Dasilva, C.T.; Silva, L.S.; Costa, M.F.S.; Padua, T.A.; Henriques, M.d.G.; Morrot, A.;
Savino, W.; Caruso-Neves, C.; et al. Angiotensin II is a new component involved in splenic t lymphocyte responses during
plasmodium berghei ANKA infection. PLoS ONE 2013, 8, e62999. [CrossRef] [PubMed]

http://doi.org/10.1016/S0009-8981(00)00405-8
http://doi.org/10.1006/cyto.1995.0071
http://doi.org/10.1016/S0162-3109(96)00160-9
http://doi.org/10.1046/j.1365-2796.1999.00560.x
http://doi.org/10.1016/S1995-7645(14)60158-9
http://doi.org/10.1080/10641963.2021.1901112
http://www.ncbi.nlm.nih.gov/pubmed/33724113
http://doi.org/10.30466/vrf.2018.90760.2198
http://doi.org/10.3389/fendo.2021.682726
http://doi.org/10.1016/j.intimp.2015.05.052
http://doi.org/10.1371/journal.pone.0168312
http://doi.org/10.1089/dna.2019.4732
http://www.ncbi.nlm.nih.gov/pubmed/31433203
http://doi.org/10.1097/MJT.0000000000000648
http://www.ncbi.nlm.nih.gov/pubmed/29232287
http://doi.org/10.1186/1476-9255-7-21
http://doi.org/10.1016/j.cellimm.2009.09.006
http://doi.org/10.3109/10641963.2010.496521
http://doi.org/10.18632/oncotarget.19879
http://www.ncbi.nlm.nih.gov/pubmed/29069807
http://doi.org/10.1007/s10787-018-0535-4
http://doi.org/10.1016/j.lfs.2018.07.005
http://doi.org/10.1371/journal.pone.0062999
http://www.ncbi.nlm.nih.gov/pubmed/23646169


Int. J. Mol. Sci. 2021, 22, 11374 16 of 16

50. Abd Alla, J.; Langer, A.; Elzahwy, S.S.; Arman-Kalcek, G.; Streichert, T.; Quitterer, U. Angiotensin-converting enzyme inhibition
down-regulates the pro-atherogenic chemokine receptor 9 (CCR9)-chemokine ligand 25 (CCL25) axis. J. Biol. Chem. 2010, 285,
23496–23505. [CrossRef]

51. Tuttolomondo, A.; Maida, C.; Casuccio, A.; Di Raimondo, D.; Fonte, R.; Vassallo, V.; Puleo, M.G.; Di Chiara, T.; Mogavero, A.;
Del Cuore, A.; et al. Effects of intravenous furosemide plus small-volume hypertonic saline solutions on markers of heart failure.
ESC Heart Fail. 2021, 8, 4174–4186. [CrossRef] [PubMed]

52. Constantinescu, C.S.; Goodman, D.B.; Ventura, E.S. Captopril and lisinopril suppress production of interleukin-12 by human
peripheral blood mononuclear cells. Immunol. Lett. 1998, 62, 25–31. [CrossRef]

53. Assadi, F. Neonatal nephrotic syndrome associated with placental transmission of proinflammatory cytokines. Pediatr. Nephrol.
2011, 26, 469–471. [CrossRef]

54. Eisenhut, M.; Shin, J.I. Pathways in the pathophysiology of coronavirus 19 lung disease accessible to prevention and treatment.
Front. Physiol. 2020, 11, 872. [CrossRef]

55. Xu, B.; Thornton, C.; Makris, A.; Ogle, R.; Hennessy, A. Anti-hypertensive drugs alter cytokine production from preeclamptic
placentas and peripheral blood mononuclear cells. Hypertens. Pregnancy 2007, 26, 343–356. [CrossRef]

56. Yuengsrigul, A.; Chin, T.W.; Nussbaum, E. Immunosuppressive and cytotoxic effects of furosemide on human peripheral blood
mononuclear cells. Ann. Allergy Asthma Immunol. 1999, 83, 559–566. [CrossRef]

57. Wang, Z.; Vilekar, P.; Huang, J.; Weaver, D.F. Furosemide as a probe molecule for the treatment of neuroinflammation in
alzheimer’s disease. ACS Chem. Neurosci. 2020, 11, 4152–4168. [CrossRef] [PubMed]

58. Wang, Z.; Wang, Y.; Vilekar, P.; Yang, S.-P.; Gupta, M.; Oh, M.I.; Meek, A.; Doyle, L.; Villar, L.; Brennecke, A.; et al. Small molecule
therapeutics for COVID-19: Repurposing of inhaled furosemide. PeerJ 2020, 8, e9533. [CrossRef]

59. Qi, T.; Qi, X.; Chen, X.; Jin, X. The retrospective study of perioperative application of dexamethasone and furosemide for
postoperative anti-inflammation in patients undergoing percutaneous nephrolithotomy. Int. Urol. Nephrol. 2021, 53, 669–677.
[CrossRef] [PubMed]

60. Xu, B.; Makris, A.; Thornton, C.; Ogle, R.; Horvath, J.S.; Hennessy, A. Antihypertensive drugs clonidine, diazoxide, hydralazine
and furosemide regulate the production of cytokines by placentas and peripheral blood mononuclear cells in normal pregnancy.
J. Hypertens. 2006, 24, 915–922. [CrossRef] [PubMed]

61. Prandota, J. Furosemide: Progress in understanding its diuretic, anti-inflammatory, and bronchodilating mechanism of action,
and use in the treatment of respiratory tract diseases. Am. J. Ther. 2002, 9, 317–328. [CrossRef]

62. Aloud, B.M.; Petkau, J.C.; Yu, L.; McCallum, J.; Kirby, C.; Netticadan, T.; Blewett, H. Effects of cyanidin 3-O-glucoside and
hydrochlorothiazide on T-Cell phenotypes and function in spontaneously hypertensive rats. Food Funct. 2020, 11, 8560–8572.
[CrossRef]

63. Luo, J.; Chen, X.; Luo, C.; Lu, G.; Peng, L.; Gao, X.; Zuo, Z. Hydrochlorothiazide modulates ischemic heart failure-induced cardiac
remodeling via inhibiting angiotensin II type 1 receptor pathway in rats. Cardiovasc. Ther. 2017, 35, e12246. [CrossRef]

64. Luo, J.; Gao, X.; Peng, L.; Sun, H.; Dai, G. Effects of hydrochlorothiazide on cardiac remodeling in a rat model of myocardial
infarction-induced congestive heart failure. Eur. J. Pharmacol. 2011, 667, 314–321. [CrossRef] [PubMed]

65. Tipton, A.J.; Baban, B.; Sullivan, J.C. Female spontaneously hypertensive rats have a compensatory increase in renal regulatory T
Cells in response to elevations in blood pressure. Hypertension 2014, 64, 557–564. [CrossRef] [PubMed]

66. Rahman, S.T.; Lauten, W.B.; Khan, Q.A.; Navalkar, S.; Parthasarathy, S.; Khan, B.V. Effects of eprosartan versus hydrochloroth-
iazide on markers of vascular oxidation and inflammation and blood pressure (renin-angiotensin system antagonists, oxidation,
and inflammation). Am. J. Cardiol. 2002, 89, 686–690. [CrossRef]

67. Filipczak-Bryniarska, I.; Nowak, B.; Sikora, E.; Nazimek, K.; Woroń, J.; Wordliczek, J.; Bryniarski, K. The Influence of Opioids on
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