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Abstract: Background: Ischemic heart disease remains the leading cause of death world-
wide, with coronary microvascular dysfunction (CMD) as a key complication after ST-
elevation myocardial infarction (STEMI). Endothelial dysfunction contributes to CMD,
impairing vascular tone and increasing inflammation. While angiotensin-converting en-
zyme (ACE) inhibitors and angiotensin II receptor blockers (ARBs) aid vascular health,
their efficacy may improve with therapeutic ultrasound, which enhances drug delivery
and endothelial response. This study explores the combined effects of ultrasound and
pharmacological treatment on the ACE axis and inflammation in endothelial and renal
cells. Methods: Human umbilical vein endothelial cells (HUVECs) and human renal
proximal tubular epithelial cell line RPTEC/TERT1 were treated with captopril, losar-
tan, and dexamethasone, alone or combined with low-frequency ultrasound (LFU). Cell
viability and wound-healing assays assessed cellular function, while nitric oxide (NO)
and reactive oxygen species (ROS) assays were used to evaluate redox signaling. Gene
expression related to the ACE axis, inflammation, and vascular and renal cell function
was analyzed via qPCR. Results: Captopril and losartan combined with LFU improved
endothelial cell viability, wound healing, and NO production at various concentrations,
whereas only losartan with LFU enhanced cell viability and wound healing in renal cells.
Dexamethasone with LFU increased ROS levels and had variable effects on RPTEC/TERT1
cell survival. Gene expression analysis showed that LFU alone reduced pro-inflammatory
markers VCAM-1, ICAM-1, and PTGS2 in captopril-treated HUVECs and similarly affected
CYP4F2 in losartan-treated HUVECs. LFU also decreased PTGS2 expression at higher
dexamethasone concentrations. In RPTEC/TERT1 cells, LFU alone did not impact SGLT2 or
GGT1 expression, but captopril with LFU downregulated GGT1, and dexamethasone with
LFU upregulated SGLT2 at higher concentrations. Conclusions: This study demonstrates
that LFU enhances the effects of RAS inhibitors by promoting NO synthesis and reducing
oxidative stress, while its combination with dexamethasone may have variable, potentially
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cytotoxic effects on renal cells. Gene expression patterns suggest LFU’s anti-inflammatory
potential and its role in modulating drug efficacy.

Keywords: low-frequency ultrasound; RAS inhibitors; captopril; losartan; dexamethasone;
inflammation; HUVEC; RPTEC/TERT1

1. Introduction
Ischemic heart disease constitutes the most significant burden of disease and is the lead-

ing cause of death globally [1], especially in low-income countries [2]. Myocardial ischemia
has traditionally been linked to obstructive or non-obstructive coronary artery atherosclero-
sis [3]. With advancements in interventional methods, particularly percutaneous coronary
intervention (PCI) for vascular reperfusion, mortality rates from cardiovascular disease
have plateaued but are no longer declining as anticipated [4]. Coronary microvascular
dysfunction (CMD) is a frequent complication following ST-elevation myocardial infarction
(STEMI). Approximately one in four patients develop CMD after experiencing STEMI. In
the first 12 months after PCI, patients with CMD face an increased risk of adverse cardiac
events, which can increase their mortality [5].

Dysfunction of macrovascular and microvascular systems is a significant contributor
to cardiovascular disease and is closely linked to the functionality of vascular endothelial
cells [6,7]. Endothelial cells form a continuous monolayer that lines the luminal surface of
blood vessels and are pivotal in modulating vascular tone and blood flow. These cells are
integral to maintaining vascular homeostasis via multiple mechanisms, acting as both a
mechanical and biological barrier between the vascular lumen and the underlying tissues.
This barrier facilitates the dynamic exchange of molecules between the interstitial fluid and
blood, particularly in the capillary beds, where their selective permeability and regulatory
functions are essential for tissue homeostasis and systemic health [7–9].

Endothelial cells exhibit distinct phenotypic characteristics influenced by their specific
vascular location [10]. In macrovascular dysfunction, endothelial cells often lose their capac-
ity to synthesize nitric oxide (NO), a critical mediator for vasodilation and the regulation of
inflammatory processes [11]. Consequently, vessels with dysfunctional endothelium be-
come more susceptible to developing atherosclerotic lesions, which significantly increases
the risk of coronary artery disease [12]. Impairment in microvascular function is associated
with dysfunction in small blood vessels, including arterioles and capillaries. Hypertension,
inflammatory processes, oxidative stress, and hyperglycemia reduce NO bioavailability and
increase oxidative stress, disrupting capillary function and compromising tissue perfusion.
CMD observed after PCI is linked to the development of atrial fibrillation, decreased left
ventricular ejection fraction, and impaired circulation [13]. Impaired circulation amplifies
localized tissue damage, hypoxia, and inflammatory responses, significantly contributing
to the pathophysiology of heart failure and chronic kidney disease [14,15]. Research indi-
cates a connection between impaired kidney function and microcirculatory diseases [16].
Chronic kidney disease was shown to decrease endothelium-related vasodilation and
increase adhesion molecule expression and coagulation [17].

Pharmacological strategies aimed at modulating vascular function and managing
hypertension play a crucial role in maintaining and potentially restoring vascular integrity
and mitigating cardiovascular events. The underlying signaling pathways involved are
intricate and multifaceted. Key regulatory mechanisms pertinent to vascular function
and hypertension include the calcium signaling pathway, the NO–NO-sensitive guanylate
cyclase (NOsGC)–cyclic guanosine monophosphate (cGMP) pathway, and the processes
associated with vascular remodeling. The latter is typically irreversible [18]. In addi-
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tion to these pathways, inflammation plays a pivotal role in vascular dysfunction and
hypertension. Chronic low-grade inflammation contributes to endothelial dysfunction,
arterial stiffness, and vascular remodeling [19]. The renin–angiotensin system (RAS) is
pivotal in mediating these effects. Angiotensin II (Ang II), a key effector of RAS, promotes
vascular inflammation by activating pro-inflammatory pathways, including the nuclear
factor-kappa B (NF-κB) signaling cascade. This activation leads to an increased expression
of cytokines and adhesion molecules, exacerbating endothelial dysfunction [20]. Ang II
also stimulates prostaglandin-endoperoxide synthases, increasing the synthesis of pro-
inflammatory prostaglandins [21]. Angiotensin-converting enzyme (ACE) inhibitors and
Ang II receptor blockers (ARBs) play a crucial role in reestablishing and sustaining the
functional integrity of the vascular endothelium. Their mechanisms of action are to lower
blood pressure and promote endothelial health, thereby enhancing NO availability and
improving vascular reactivity. ACE inhibitors suppress Ang II formation and enhance
bradykinin activity. ARBs block Ang II receptors AT1R and stimulate AT2R and AT4R,
but the effect of ARBs was shown to be less potent. Along with affecting vasculature,
ACE inhibitors and ARBs have been shown to preserve renal function and have protective
effects in chronic kidney disease [22,23]. Various other compounds can influence vascular
and renal health, including antioxidants, metabolic modulators, and anti-inflammatory
agents like the corticosteroid dexamethasone, which exerts complementary effects on in-
flammation, oxidative stress, and the RAS [24]. Due to the variability in patient-specific
characteristics, pharmacological agents exhibit differential effects across individuals. Sev-
eral factors, including genetic makeup, metabolic pathways, and comorbid conditions, can
influence the pharmacodynamic and pharmacokinetic responses to these drugs [25].

Non-invasive methods are gaining significant attention due to their potential to im-
prove therapeutic outcomes, offering a safer and more patient-centered alternative. A
promising approach to enhancing the therapeutic effects of ACE inhibitors and ARBs on
endothelial and renal cell function may lie in combining these drugs with therapeutic
ultrasound. When combined with systemically administered drugs, its synergistic potential
has been extensively studied. This strategy facilitates the targeted activation of the vascular
endothelium, thereby enhancing drug delivery while reducing off-target effects. Ultra-
sound may enhance endothelial function by increasing NO production, improving vascular
tone, and reducing oxidative stress, which are key factors in endothelial dysfunction and
CMD [26]. Previous studies have demonstrated ultrasound to have anti-inflammatory
properties by downregulating adhesion molecule expression and reducing reactive oxygen
species (ROS) accumulation in cell cultures [27,28]. In renal cells, ultrasound can influence
mechanotransduction pathways, potentially modulating sodium and water reabsorption,
as well as inflammatory responses [29]. For ultrasound to be applied safely and effec-
tively, it is essential to accurately characterize energy transmission in biological tissues,
striking a balance between electrical and acoustic impedance for optimal transduction
efficiency. Ultrasound influences vascular contraction and relaxation through thermal,
chemical, and mechanical mechanisms. While the thermal effects of ultrasound have been
well researched, there is growing interest in its non-thermal effects, particularly concerning
drug delivery [30].

Since the kidney is central to regulating RAS and is a target for RAS inhibitors, study-
ing endothelial and renal cells together may provide a more comprehensive understanding
of vascular health and therapeutic interventions with ultrasound. Thus, given the poten-
tial benefits and concerns raised, this study aimed to evaluate the synergistic effects of
low-frequency ultrasound (LFU) and pharmacological treatment of RAS inhibitors and
dexamethasone on endothelial and renal cell function, with a focus on viability, wound
healing, redox signaling, ACE axis, and inflammation.
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2. Results
2.1. Assessment of Cell Function Following Treatment with Captopril, Losartan, and
Dexamethasone, Combined with LFU

Cell viability, wound healing, NO, and ROS production were assessed to evaluate
endothelial and renal cell function after treatment with therapeutic compounds combined
with LFU. The LFU treatment alone did not impact human umbilical vein endothelial
cell (HUVEC) or RPTEC/TERT1 cell viability (Figures S1 and S2). However, captopril
and LFU significantly increased HUVEC viability with all concentrations compared to the
LFU-only control (Figure S1A). At the same time, losartan enhanced metabolic viability in a
dose-dependent manner (Figure S1B). In RPTEC/TERT1 cells, losartan with LFU increased
viability with all tested concentrations (Figure S2B), whereas higher dexamethasone doses
(1 µM and 10 µM) with LFU reduced viability (Figure S2C).

Wound closure was documented 4 h after wounding initiation with each tested condi-
tion. Captopril (1.25–2.25 µM) with LFU enhanced HUVECs’ wound healing compared
to the LFU-only control (Figure S3A). Higher concentrations of losartan also improved
wound healing, with significant differences observed at 2.25–2.75 µM depending on LFU
use (Figure S3B). Conversely, in RPTEC/TERT1 cells, only losartan (1.75–2.75 µM) with
LFU significantly enhanced wound healing, with 2.25 µM showing the highest effect
(Figure S4B).

Redox signaling molecules, NO for HUVECs and ROS for RPTEC/TERT1 cells, were
assessed in response to treatment with the compounds and LFU. Captopril with LFU
increased NO production in HUVECs dose-dependently, with significant effects at 1.75
and 2.25 µM (Figure S5A). Losartan with LFU enhanced NO levels at 2.25 and 2.75 µM,
while LFU alone had no impact (Figure S5B). ROS production in RPTEC/TERT1 cells was
measured after 1 h of treatment with the compounds, with or without LFU, followed by
incubation with a ROS detection mix. Captopril with LFU significantly reduced ROS levels
at 1.75 and 2.25 µM (Figure S6A). Losartan with LFU also decreased ROS production at
higher concentrations (1.75–2.75 µM), while LFU alone had no impact (Figure S6B). Con-
versely, dexamethasone (0.1–10 µM) with LFU increased ROS production, with significant
differences observed at lower concentrations (0.001 and 0.01 µM) (Figure S6C).

2.2. Effects of Captopril, Losartan, and Dexamethasone Combined with LFU on the mRNA
Expression of Genes Related to Inflammation in HUVECs

To evaluate the impact of captopril, losartan, and dexamethasone combined with LFU
on the transcription of VCAM-1, ICAM-1, PTGS1, PTGS2, and CYP4F2 genes, the mRNA ex-
pression levels in HUVECs were analyzed. As shown in Figure 1, using the LFU influenced
the expression of VCAM-1, ICAM-1, and PTGS2 in HUVECs. Treatment with captopril and
LFU reduced the expression of VCAM-1, ICAM-1, and PTGS2 in a dose-dependent manner
compared to control cells only treated with LFU (Figure 1A,B,D). In comparison, captopril
and LFU did not affect PTGS1 mRNA levels (Figure 1C). Treatment with (0.75–2.25 µM)
captopril and LFU was observed to increase CYP4F2 expression compared to the control
group (Figure 1E).

Losartan combined with LFU did not impact ICAM-1 or PTGS1 mRNA levels in HU-
VECs (Figure 2B,C). Only treatment with the highest losartan concentration (2.75 µM) re-
duced the expression of VCAM-1 compared to a control group treated with LFU (Figure 2A).
Moreover, treatment with losartan and LFU reduced the expression of PTGS2 in a dose-
dependent manner compared to the control group (Figure 2D). Treatment with losartan
showed significant differences in CYP4F2 mRNA levels depending on the usage of LFU.
However, only 1.75–2.75 µM concentrations of losartan reduced the expression of CYP4F2
compared to the control group (Figure 2E).
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Figure 1. (A–E) Changes in the expression of VCAM-1, ICAM-1, PTGS1, PTGS2, and CYP4F2 genes 
in HUVECs treated with therapeutic concentrations of captopril (0.25–2.25 μM) in combination with 
LFU. Gene expression changes are presented as fold changes compared to captopril untreated con-
trol cells (0 μM) exposed to LFU. Gene expression is normalized to the endogenous control gene 
TFRC. Data are expressed as median with range (n = 4). Values lower than p < 0.05 are indicated by 
(*) for comparisons within LFU-treated groups (different concentrations vs. LFU-only control) and 
by (#) for comparisons between LFU-treated and LFU-untreated groups.

Figure 1. (A–E) Changes in the expression of VCAM-1, ICAM-1, PTGS1, PTGS2, and CYP4F2 genes in
HUVECs treated with therapeutic concentrations of captopril (0.25–2.25 µM) in combination with
LFU. Gene expression changes are presented as fold changes compared to captopril untreated control
cells (0 µM) exposed to LFU. Gene expression is normalized to the endogenous control gene TFRC.
Data are expressed as median with range (n = 4). Values lower than p < 0.05 are indicated by (*) for
comparisons within LFU-treated groups (different concentrations vs. LFU-only control) and by (#) for
comparisons between LFU-treated and LFU-untreated groups.

Dexamethasone combined with LFU reduced the expression of VCAM-1 with 1–10 µM
concentrations used, while the expression of ICAM-1 was downregulated only with 10 µM
of dexamethasone compared to control cells exposed to LFU (Figure 3A,B). In contrast,
treatment with dexamethasone and LFU had no impact on PTGS1 and CYP4F2 mRNA
levels (Figure 3C,E). The combination of 0.01–10 µM dexamethasone with LFU downregu-
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lated the expression of PTGS2 (Figure 3D). Only treatment with higher concentrations of
dexamethasone showed significant differences depending on the usage of LFU.
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Figure 2. (A–E) Changes in the expression of VCAM-1, ICAM-1, PTGS1, PTGS2, and CYP4F2 genes
in HUVECs treated with therapeutic concentrations of losartan (0.75–2.75 µM) in combination with
LFU. Gene expression changes are presented as fold changes compared to losartan untreated control
cells (0 µM) exposed to LFU. Gene expression is normalized to the endogenous control gene TFRC.
Data are expressed as median with range (n = 4). Values lower than p < 0.05 are indicated by (*) for
comparisons within LFU-treated groups (different concentrations vs. LFU-only control) and by (#) for
comparisons between LFU-treated and LFU-untreated groups.
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downregulated the expression of PTGS2 (Figure 3D). Only treatment with higher concen-
trations of dexamethasone showed significant differences depending on the usage of LFU.

Figure 3. (A–E) Changes in the expression of VCAM-1, ICAM-1, PTGS1, PTGS2, and CYP4F2 genes 
in HUVECs treated with dexamethasone (0.001–10 μM) in combination with LFU. Gene expression 
changes are presented as fold changes compared to losartan untreated control cells (0 μM) exposed 
to LFU. Gene expression is normalized to the endogenous control gene TFRC. Data are expressed 
as median with range (n = 4). Values lower than p < 0.05 are indicated by (*) for comparisons within 
LFU-treated groups (different concentrations vs. LFU-only control) and by (#) for comparisons be-
tween LFU-treated and LFU-untreated groups.

Figure 3. (A–E) Changes in the expression of VCAM-1, ICAM-1, PTGS1, PTGS2, and CYP4F2 genes
in HUVECs treated with dexamethasone (0.001–10 µM) in combination with LFU. Gene expression
changes are presented as fold changes compared to losartan untreated control cells (0 µM) exposed to
LFU. Gene expression is normalized to the endogenous control gene TFRC. Data are expressed as
median with range (n = 4). Values lower than p < 0.05 are indicated by (*) for comparisons within
LFU-treated groups (different concentrations vs. LFU-only control) and by (#) for comparisons
between LFU-treated and LFU-untreated groups.

2.3. Effects of Captopril, Losartan, and Dexamethasone Combined with LFU on the mRNA
Expression of Genes Related to Kidney Proximal Tubule Function in RPTEC/TERT1 Cells

To evaluate the impact of captopril, losartan, and dexamethasone combined with LFU
on the transcription of SGLT2 and GGT1 genes related to proximal tubule function, the
mRNA expression levels in RPTEC/TERT1 cells were analyzed. The LFU treatment alone
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did not impact the expression of SGLT2 and GGT1 in RPTEC/TERT1 cells treated with the
compounds (Figures 4–6). Only the combination of 1.75 and 2.25 µM captopril with LFU
downregulated the expression of GGT1 compared to the control group exposed to LFU
(Figure 4B). Neither exposure to losartan alone nor in combination with LFU affected SGLT2
and GGT1 mRNA levels in RPTEC/TERT1 cells (Figure 5A,B). Nonetheless, treatment with
10 µM dexamethasone and LFU increased SGLT2 mRNA levels compared to the control
group (Figure 6A).
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therapeutic concentrations of losartan (0.75–2.75 μM) in combination with LFU. Gene expression 
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Figure 4. (A,B) Changes in the expression of SGLT2, GGT1 genes in RPTEC/TERT1 treated with
therapeutic concentrations of captopril (0.25–2.25 µM) combined with LFU. Gene expression changes
are presented as fold changes compared to captopril untreated control cells (0 µM) exposed to LFU.
Gene expression is normalized to the endogenous control gene TFRC. Data are expressed as median
with range (n = 4). Values lower than p < 0.05 are indicated by (*) for comparisons within LFU-treated
groups (different concentrations vs. LFU-only control).
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Figure 6. (A,B) Changes in the expression of SGLT2 and GGT1 genes in RPTEC/TERT1 treated with 
dexamethasone (0.001–10 μM) in combination with LFU. Gene expression changes are presented as 
fold changes compared to dexamethasone untreated control cells (0 μM) exposed to LFU. Gene ex-
pression is normalized to the endogenous control gene TFRC. Data are expressed as median with 
range (n = 4). Values lower than p < 0.05 are indicated by (*) for comparisons within LFU-treated 
groups (different concentrations vs. LFU-only control).

3. Discussion
The study utilized cell cultures to establish a controlled and reproducible environ-

ment for investigating specific cellular responses typically observed in vivo. HUVECs and 
RPTEC/TERT1 cells were utilized to gain insights into the mechanisms by which LFU en-
hances the therapeutic effects of losartan, captopril, and dexamethasone.

Unlike in vivo models, cell cultures eliminate the complexity of systemic interactions, 
enabling a precise evaluation of the mechanisms by which LFU affects cellular physiology. 
Endothelial cells are crucial in understanding the atherosclerosis process, as described in 
the introduction. This study selected HUVECs as a representative endothelial cell type, 
making them particularly suitable for investigating the mechanisms underlying vascular 
dysfunction. To investigate the interplay between endothelial dysfunction and renal phys-
iology, given the well-established connection between impaired kidney function and cir-
culatory diseases, renal proximal tubule epithelial cells (RPTEC/TERT1) were employed 
for this purpose. RPTEC/TERT1 cells retain key features of primary renal epithelial cells, 
including metabolic activity and ROS handling, which are critical in renal function [31].

Our study also examined the impact of dexamethasone, a glucocorticoid widely used 
for its anti-inflammatory and immunosuppressive properties. Dexamethasone primarily 
targets the cytoplasmic glucocorticoid receptors in cells, which translocate to the nucleus 
upon activation, modulating gene expression involved in inflammation, oxidative stress, 
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inhibitor) and losartan (an ARB), primarily target components of the RAS located on the 
cell membrane (e.g., ACE and Ang II receptors). By including dexamethasone in parallel 
with RAS inhibitors, this study offers insight into how distinct cellular compartments—
nuclear signaling pathways versus membrane-bound RAS components—respond to LFU 
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3. Discussion
The study utilized cell cultures to establish a controlled and reproducible environment

for investigating specific cellular responses typically observed in vivo. HUVECs and
RPTEC/TERT1 cells were utilized to gain insights into the mechanisms by which LFU
enhances the therapeutic effects of losartan, captopril, and dexamethasone.

Unlike in vivo models, cell cultures eliminate the complexity of systemic interactions,
enabling a precise evaluation of the mechanisms by which LFU affects cellular physiology.
Endothelial cells are crucial in understanding the atherosclerosis process, as described
in the introduction. This study selected HUVECs as a representative endothelial cell
type, making them particularly suitable for investigating the mechanisms underlying
vascular dysfunction. To investigate the interplay between endothelial dysfunction and
renal physiology, given the well-established connection between impaired kidney function
and circulatory diseases, renal proximal tubule epithelial cells (RPTEC/TERT1) were
employed for this purpose. RPTEC/TERT1 cells retain key features of primary renal
epithelial cells, including metabolic activity and ROS handling, which are critical in renal
function [31].

Our study also examined the impact of dexamethasone, a glucocorticoid widely used
for its anti-inflammatory and immunosuppressive properties. Dexamethasone primarily
targets the cytoplasmic glucocorticoid receptors in cells, which translocate to the nucleus
upon activation, modulating gene expression involved in inflammation, oxidative stress,
and cell survival [32]. In contrast, the RAS inhibitors used in the study, captopril (an ACE
inhibitor) and losartan (an ARB), primarily target components of the RAS located on the cell
membrane (e.g., ACE and Ang II receptors). By including dexamethasone in parallel with
RAS inhibitors, this study offers insight into how distinct cellular compartments—nuclear
signaling pathways versus membrane-bound RAS components—respond to LFU exposure.

Previous studies have shown that LFU can influence cellular permeability and
metabolic activity, enhancing drug delivery and cellular responses [33]. Ultrasound has
been demonstrated to improve the cellular uptake of both low- and high-molecular-mass
molecules [34]. Using sonication of the low-intensity and low-frequency (0.2–1 W/cm2,
69 kHz), ultrasound may modulate the vascular effects of contraction and relaxation. Ul-
trasound effects can be divided into thermal, chemical, and mechanical effects. While the
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thermal effects of ultrasound have been known for decades, recent studies have increas-
ingly focused on its non-thermal effects due to their potential role in vascular modulation
and therapeutic applications [30]. Therefore, combining LFU with drugs may synergis-
tically modulate NO and ROS production or pathways involved in inflammation, offer-
ing insights into novel strategies to improve endothelial function and mitigate vascular
dysfunction [35,36]. Our study demonstrated distinct HUVEC and RPTEC/TERT1 cell
metabolic activity responses to LFU combined with captopril, losartan, and dexamethasone
treatments. In HUVECs, captopril and losartan, when paired with LFU, significantly en-
hanced cell metabolic viability, with losartan showing a dose-dependent effect (Figure S1).
Dexamethasone, however, had no impact on HUVEC viability, either alone or with LFU.
The increased cell viability may be due to the synergistic effects of the pharmacological
properties of captopril and losartan and the mechanical stimulation provided by LFU.
Previous studies with cell cultures have shown the pro-survival effects of captopril in the
upregulation of proteins (uPA, uPAR, PAI-1, and mortalin-2) involved in cell survival and
immortalization [37]. Moreover, endothelial cell apoptosis may be attenuated by captopril
via p38 MAP kinase inhibition [38]. In Watanabe et al.’s study, losartan was shown to
suppress tumor necrosis factor-induced (TNFα) endothelial cell apoptosis by activating the
VEGFR2/PI3K/Akt pathway, which may lead to improved endothelial cell survival [39]. In
our study, only losartan combined with LFU improved RPTEC/TERT1 cell viability, while
captopril showed no effect on these cells (Figure S2). By blocking AT1R, losartan prevents
the downstream activation of pro-inflammatory and pro-fibrotic signaling pathways, which
can otherwise contribute to cell damage and cell death in endothelial cells [40]. Interest-
ingly, dexamethasone combined with LFU reduced RPTEC/TERT1 viability, particularly at
higher concentrations (Figure S2). A decrease in viability with dexamethasone and LFU
may result from a combined effect that amplifies the cytotoxicity associated with glucocorti-
coid exposure, especially in non-inflammatory or stress-sensitive cells like RPTEC/TERT1.
Impact on viability also varies with cell type, concentration, and exposure duration. Studies
on renal cell carcinoma (RCC) cell lines (NC65, ACHN, CAKI-1, CCF-RC1) indicate that
dexamethasone can inhibit cell proliferation in a dose-dependent manner, through the sup-
pression of interleukin-6 (IL-6) gene expression [41]. In another study with human kidney
proximal tubular cells (HK-2), dexamethasone stimulated the expression of glucocorticoid-
responsive genes, such as β2-adrenoreceptors and angiotensinogen, that may impact cell
function and viability [42]. In renal epithelial cells, dexamethasone does not effectively
inhibit the activity of NF-κB, a key regulator of inflammation, even when the glucocorticoid
receptor is active, potentially contributing to decreased cell viability [42].

Furthermore, this study demonstrated the differential effects of the drugs combined
with LFU on wound healing in both cell lines. In HUVECs, captopril (1.25–2.25 µM)
and higher concentrations of losartan (2.25–2.75 µM) with LFU enhanced wound closure
(Figure S3). Differences in wound closure in the treated HUVECs depended on the usage of
LFU. Information regarding the effects of RAS inhibitors on wound healing is limited. RAS
inhibitors may positively influence wound healing processes by pleiotropic activation of
endothelial cell functions and by antagonizing the ACE/Ang II/AT1R axis [43]. In animal
models, LFU has been demonstrated to be effective in wound healing by increasing the
expression of vascular growth factor expression (VEGF) and transforming growth factor
(TGF)-β1 [44]. In our study, captopril with LFU showed no significant overall effect on
RPTEC/TERT1 cells but demonstrated concentration-dependent variations, whereas losar-
tan (1.75–2.75 µM) promoted wound healing (Figure S4). Interestingly, dexamethasone with
LFU enhanced wound healing at lower concentrations (0.1 and 1 µM) in RPTEC/TERT1
cells, highlighting a context-dependent response (Figure S4). The septic mice model showed
similar dose-dependent results. Low-dose dexamethasone had a positive effect on wound
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healing in septic but not healthy mice [45]. The wound healing mechanism of dexametha-
sone in animal models was shown to happen through decreased levels of IL-1β and TNFα,
and the vasculogenesis of mature vessels was shown to improve [46].

Redox signaling molecules were evaluated, including NO secreted by HUVECs and
ROS generated in RPTEC/TERT1 cells, after combined drug and LFU treatment in cell
cultures. As shown in Figure S5, captopril with LFU increased NO production in HUVECs,
showing a dose-dependent effect across all tested captopril concentrations. Losartan en-
hanced NO production only at 2.25 and 2.75 µM concentrations, while LFU alone did not
influence NO synthesis in losartan-treated cells. Momose et al. demonstrated that capto-
pril enhanced the production of NO in endothelial cells from human thoracic aortas [47].
Research with animal models has shown that some AT1 receptor blockers (ARBs) could
upregulate endothelial NO synthase (eNOS), reduce eNOS uncoupling, and restore BH4, an
essential cofactor to generate NO bioavailability [48,49]. The combination of RAS inhibitors
and LFU may work synergistically to enhance NO production, as we demonstrated with the
obtained results with the combination of captopril and LFU. In the study by Altland et al.,
mechanical stimulation from LFU has been shown to increase eNOS activity in endothelial
cells, resulting in subsequent elevated NO synthesis [26]. Additionally, our study assessed
ROS production in RPTEC/TERT1 cells in response to the treatment. The findings suggest
that LFU modulates ROS production differently depending on the compound used, with
a suppressive effect observed for RAS inhibitors and a stimulatory effect for dexametha-
sone, highlighting its role in context-specific oxidative stress regulation. LFU significantly
reduced ROS levels in RPTEC/TERT1 cells treated with captopril at concentrations of 1.75
and 2.25 µM, indicating a potential antioxidative effect (Figure S6). Captopril’s beneficial
effects against ROS have been demonstrated in a few studies, highlighting its effect on
NADPH oxidase activity or reduction of p22phox, a subunit of NADPH oxidase [50,51].
However, high-intensity LFU may promote the generation of cavitation bubbles, increase
cavitation efficiency, and subsequently amplify ROS production, thus modifying ROS
levels when combined with captopril [52]. Similarly, LFU decreased ROS production in
cells treated with 1.75–2.75 µM concentrations of losartan, while LFU alone did not affect
ROS production (Figure S6). Pialoux et al. demonstrated that losartan-mediated AT1

receptor blockade effectively prevents the rise in oxidative stress caused by intermittent
hypoxia [53]. Another study with cell cultures affirmed a notable decrease in ROS pro-
duction following losartan treatment [54]. Conversely, combining dexamethasone with
LFU led to increased ROS production across 0.1–10 µM concentrations, with variability
observed at 0.001 and 0.01 µM concentrations (Figure S6). Other studies with cell cultures
have indicated dexamethasone’s impact on ROS production to be cell type-specific and
context-dependent [55,56].

The expression of adhesion molecules and inflammation-related genes in HUVECs
was assessed after treatment with a combination of drugs and LFU in HUVECs. The
investigated genes are crucial for regulating endothelial cell adhesion, inflammation, and
the metabolism of lipids and eicosanoids, highlighting their role in cardiovascular and
metabolic health. When combined with LFU, captopril decreased the expression of VCAM-1,
ICAM-1, and PTGS2 in a dose-dependent manner, suggesting a potential anti-inflammatory
effect (Figure 1). LFU treatment alone was shown to alter the expression of these genes. The
mentioned adhesion molecules are crucial in the development of atherosclerosis by promot-
ing monocyte adhesion to endothelial cells, triggering inflammation, and contributing to
plaque formation and vascular dysfunction [57]. PTGS2 plays a key role in prostaglandin
synthesis and mediating vasodilation, all of which are critical for the inflammatory response.
Additionally, captopril and LFU increased CYP4F2 expression, which is involved in the
resolution of inflammation and metabolism of eicosanoids [58]. Captopril was also shown
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to have anti-inflammatory properties in hypertensive rat models [46,50]. On the other hand,
as presented in Figure 2, losartan with LFU exhibited a more selective effect. While losartan
and LFU did not affect ICAM-1 and PTGS1 expression, a 2.75 µM concentration of losartan
reduced VCAM-1 expression. Notably, losartan combined with LFU also reduced PTGS2
expression in a dose-dependent manner, similar to captopril. However, losartan’s impact
on CYP4F2 expression differed. Variability on CYP4F2 expression depended on the LFU ap-
plication, with only 1.75–2.75 µM concentrations reducing CYP4F2 expression compared to
control. These findings indicate that RAS inhibitors have an effect on inflammatory-related
genes; however, their effects on endothelial cells differ in specificity and magnitude under
LFU treatment. Dexamethasone, when combined with LFU, exhibited a distinct pattern
of gene regulation compared to captopril and losartan (Figure 3). Dexamethasone with
LFU downregulated VCAM-1 and ICAM-1 expression exclusively at higher concentrations.
Mullins et al. similarly showed 1 µM concentration of dexamethasone’s effectiveness in re-
ducing adhesion molecule expression in endothelial cells [59]. An anti-inflammatory effect
was observed with dexamethasone combination with LFU that reduced PTGS2 expression
with the used range of concentrations. Dexamethasone showed context-dependent and
concentration-specific effects compared to the more consistent actions of captopril and
losartan in modulating inflammatory gene expression under LFU treatment.

As a final point, in this study, we investigated the effects of captopril, losartan, and
dexamethasone combined with LFU on genes relevant to renal proximal tubule function;
the mRNA expression levels of sodium-glucose transport protein 2 (SGLT2) and gamma-
glutamyltransferase 1 (GGT1) were analyzed in RPTEC/TERT1 cells. These genes are
critical for renal glucose reabsorption from the renal filtrate back into the bloodstream
and glutathione metabolism, which is essential for cellular antioxidant defense, respec-
tively [60,61]. Modulation of SGLT2 expression by pharmacological agents has implications
for renal glucose handling, potentially influencing diabetic nephropathy progression [62].
LFU alone did not alter the expression of both genes. However, 1.75 and 2.25 µM captopril
combined with LFU reduced GGT1 expression (Figure 4). Although there is no direct link
between captopril and GGT1, the effect is most likely due to anti-inflammatory effects and
inhibited formation of Ang II that may impact GGT1 transcription [63]. Dexamethasone
combined with LFU at a concentration of 10 µM increased SGLT2 mRNA levels, suggesting
a potential role in modulating glucose transport under these conditions (Figure 6). It was
found that inhibition of SGLT2 in human diabetic nephropathy patients had a positive
effect on inflammatory response (via inhibition of CD68, p65, TLR4, MCP-1, and osteopon-
tin) [64]. The upregulation of SGLT2 could be a compensatory mechanism driven by the
glucocorticoid’s known effects on renal function, as dexamethasone has been reported to
alter renal transporter activity [65].

The potential of LFU in enhancing drug delivery, which may improve targeted ther-
apies for endothelial and renal cellular impairments, is partly supported by this study.
The ability of LFUs to modulate oxidative stress and inflammation further supports its
role in optimizing treatments for vascular and renal dysfunction [66]. This also opens
opportunities for research and the development of innovative LFU instruments designed
to address the unique needs of individual patients. LFU has been explored in clinical
settings for improving drug bioavailability, suggesting its possible integration into current
therapeutic protocols [67]. Current research indicates that LFU can promote vasodilation
and reduce inflammation [36], potentially improving microvascular function. LFU has
been observed to enhance the bioavailability of NO, which may contribute to improved
outcomes in ischemic conditions. These findings suggest that LFU could be a non-invasive
therapeutic modality to ameliorate endothelial function and support vascular recovery
in patients with ischemic heart disease and CMD. Further optimization of ultrasound
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parameters and exploration of additional drug combinations could enhance its therapeutic
applicability. As ACE inhibitors and ARBs are used for hypertension, heart failure, and
post-MI management, particularly in patients with CMD and endothelial dysfunction,
investigating their synergy with LFU could provide insights into the non-invasive enhance-
ment of both vascular and renal function. This study only focused on short-acting ACE
inhibitor captopril and ARB losartan due to their distinct pharmacological profiles and
clinical relevance. With its rapid onset of action, captopril improved the evaluation of
acute cellular responses to RAS inhibition. Meanwhile, losartan was selected not only
for its selective blockade of AT1 receptors but also for its additional uricosuric properties,
making it especially beneficial for patients with coexisting chronic kidney disease and
hyperuricemia. Therefore, future research may focus on translating these findings into
clinical applications for cardiovascular and renal diseases.

Our study is limited to in vitro models (HUVECs and RPTEC/TERT1), necessitating
further in vivo validation to confirm the therapeutic potential of LFU–drug combinations.
The precise molecular mechanisms underlying LFU’s effects require deeper investigation,
particularly regarding signaling pathways.

4. Materials and Methods
4.1. Cell Culture Cultivation

For the study, a human umbilical vein endothelial cell (HUVEC) line sourced from
Gibco (Life Technologies, Carlsbad, CA, USA) and a human renal proximal tubular ep-
ithelial cell line RPTEC/TERT1 (Evercyte, Vienna, Austria) were utilized. HUVECs were
maintained in Human Large Vessel Endothelial Cell Basal Medium (HLVECBM, Gibco by
Life Technologies, Carlsbad, CA, USA) supplemented with Large Vessel Endothelial Supple-
ment (LVES) and a penicillin/streptomycin antibiotic solution (10,000 U/mL, Gibco by Life
Technologies, Carlsbad, CA, USA). RPTEC/TERT1 were sustained in DMEM/F-12 basal
medium (1:1 mixture) (Gibco by Life Technologies, Carlsbad, CA, USA) supplemented
with 4% fetal bovine serum (FBS), 2 mM L-alanyl-L-glutamine, 1X Insulin-Transferrin-
Selenium (ITS-G), 10 ng/mL human epidermal growth factor, 25 ng/mL hydrocortisone,
and 100 µg/mL G418 sulfate. Once the cells reached 80% confluency in T-75 flasks, they
were transferred 6-, 24-, or 96-well culture plates (Nunclon Delta Surface, Thermo Fisher
Scientific, Waltham, MA, USA), depending on the type of experiment, and incubated at
37 ◦C with 5% CO2 and controlled humidity (Figure 7). Enzymatic detachment of both cell
lines was performed using 0.05% trypsin-EDTA (Gibco by Life Technologies, Carlsbad, CA,
USA). Cell concentration and viability were assessed with the Countess II FL automatic cell
counter (Invitrogen, Waltham, MA, USA) before seeding. Cell proliferation was monitored
using the EVOS XL Core imaging system (Invitrogen, Waltham, MA, USA). All experiments
with HUVECs were carried out with cells at passages 3–6. RPTEC/TERT1 cells were used
from passage 52 onwards. All cell culture experiments were conducted at the Institute of
Cardiology of the Lithuanian University of Health Sciences.

4.2. Treatment of Cell Cultures with Drugs Combined with Low-Frequency Ultrasound (LFU)

A captopril stock solution (Sigma-Aldrich, St. Louis, MO, USA, Cat# C4042) was
prepared by dissolving the compound in Phosphate-Buffered Saline (PBS, pH 7.4, Gibco by
Life Technologies, Carlsbad, CA, USA). Losartan potassium (Sigma-Aldrich, St. Louis, MO,
USA, Cat# PHR1602) was dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis,
MO, USA). Dexamethasone 4 mg/mL infusion solution was used for the study. Working
solutions of all used compounds were prepared in a complete culture medium. HUVEC
and RPTEC/TERT1 cell cultures were exposed to final concentrations of 0.25–2.25 µmol/L
captopril, 0.75–2.75 µmol/L losartan, and 0.001–10 µmol/L dexamethasone in the culture
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medium. Afterwards, treated cells in culture dishes were placed in an incubator with an
ultrasonic bath filled with distilled water, where LFU of 69 kHz with an intensity of 5–10
mW/cm2 was transmitted for a 5 min interval. Low-intensity US was used in order not to
disrupt the structure of the cultures. Cells were further incubated under usual conditions
for 24 h.
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4.3. LFU Device Design

An ultrasonic bath of the special dimensions and technical characteristics for
sonification-treated cells in culture dishes was designed with two disc-shaped bimorph-
type piezoelectric actuators attached to the bottom of bath (Table 1). The application of the
piezoelectric bimorph actuators was based on three design concepts: (1) higher vibration
amplitudes are generated by utilizing a bimorph-type actuator with a clamped edge at the
perimeter to the bottom of the bath; (2) a less scattered acoustic field is generated by the
radial-mode vibration of the piezoelectric bimorph actuator; (3) more energy is generated
in the radial vibration mode of the higher ultrasonic frequency. To drive a piezoelectric
actuator at the resonant frequency of the higher vibration mode, a special controller was
developed (Figure 8).
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Table 1. Characteristics of the LFU device.

Frequency ~69 kHz

Power 40 W

Capacity 0.5 L

Adjust power 40–100%

Pan size (mm) 120 × 80 × 10

Dimensions (mm) 130 × 90 × 60

Power supply 220 V/50 Hz

Timing 1–99 min

Accessories bracket
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Figure 8. Ultrasonic bath with signal controller: 1—signal controller; 2—ultrasonic bath; 3—piezo
elements; 4—distilled water.

To assess the sonication process and dynamic characteristics of the developed ultra-
sonic bath, an experimental set-up with a Polytec 3D scanning vibrometer (Type PSV-500-
3D-HV, Polytec GmbH, Waldbronn, Germany) and an impedance analyzer 6500B (Wayne
Kerr Electronics Ltd., Bognor Regis, UK) were used. Measured results showed that higher
amplitudes of vibration of the disc-shaped bimorph type piezoelectric actuators were
generated at a resonant frequency of 69 kHz. The amplitude–frequency characteristic and
electromechanical impedance of the piezoelectric actuators are shown in Figures 9 and 10.

The Polytec Laser Doppler 3D scanner system (Polytec GmbH, Waldbronn, Germany)
was used for the high-precision three-dimensional vibration measurement of the trans-
ducer’s radiation surface. The transducer was driven with the harmonic signal of 40 VP-P,
and its frequency ranged from 1 kHz to 150 kHz. The amplitude–frequency characteristic
of the piezoelectric transducer measured with the Polytec system is shown in Figure 9.

The electromechanical characteristics of the piezoelectric actuator were evaluated by
measuring electrical impedance vs. frequency characteristics (Figure 10). This figure shows
the resonant frequency at 69 kHz, which consists of the radial vibration mode measured
with a Polytec system. Further, a LFU of this frequency was used for the sonification of
biological tissues.
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Figure 9. An experimental modal test was performed using a Polytec 3D scanning vibrometer. (A)
A deflection shape of the developed transducer of the radial vibration mode at frequency 69.18 kHz. 
(B) 3D frequency response of the tested transducer, where X (red) and Y (green) are in-plain vibra-
tions; Z (blue)—out-of-plain vibration. The blue, green and red horizontal lines show the average 
root mean square (RMS) values of the peak vibration in the z, x and y directions respectively, gen-
erated by the actuator in the frequency range 60–75 kHz.

Figure 9. An experimental modal test was performed using a Polytec 3D scanning vibrometer. (A) A
deflection shape of the developed transducer of the radial vibration mode at frequency 69.18 kHz.
(B) 3D frequency response of the tested transducer, where X (red) and Y (green) are in-plain vibrations;
Z (blue)—out-of-plain vibration. The blue, green and red horizontal lines show the average root
mean square (RMS) values of the peak vibration in the z, x and y directions respectively, generated
by the actuator in the frequency range 60–75 kHz.

4.4. Metabolic Activity of the Cells

The metabolic activity of the cells was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) assay (Invitrogen, Waltham, MA, USA) [68].
Each experiment included triplicate wells for each drug concentration, control, and back-
ground wells. A 5 mg/mL MTT solution was added to each well containing serum-free
medium, followed by a 3.5 h incubation. The resulting formazan crystals were dissolved in
DMSO for 15 min on a plate shaker. Absorbance was measured spectrophotometrically at
550 nm with a reference wavelength of 620 nm using an Infinite® M Plex microplate reader
(Tecan, Mannedorf, Switzerland).
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4.5. Wound-Healing Assay

HUVECs were seeded at a density of 0.4 × 105 cells/cm2, RPTEC/TERT1—
0.6 × 105 cells/cm2 for the optical wounding experiments. After 24 h of incubation (37 ◦C,
5% CO2, humidified atmosphere), when a confluent cell layer was established, a 0.5 mm
gap, mimicking a wound, was made in the cell monolayer [69]. The medium was exchanged
for fresh cell culture medium without serum combined with the studied compounds. Cells
were treated with LFU, as described earlier. Cell migration into the wounded areas was
documented by phase contrast microscopy. Images of the wound area were taken at 0
and 4 h using the EVOS XL Core cell imaging system (Invitrogen, Waltham, MA, USA).
Wound closure was quantified by measuring the area of the wound at each time point using
ImageJ v1.54d software (NIH, Bethesda, MD, USA). The percentage of wound closure was
calculated based on the initial wound area based on the formula:

% wound closure = [(wound area at time 0 − wound area at time x)/wound area at time 0] × 100

4.6. Nitric Oxide Assay

Total NO was quantitatively determined in treated HUVECs culture medium using
a Nitric Oxide Assay Kit (Invitrogen, Waltham, MA, USA, Cat# EMSNO) following the
manufacturer’s protocol. Quantification enabled the determination of nitrite and nitrate
concentration in cell culture medium samples. The kit uses nitrate reductase to convert
nitrate to nitrite, which is detected as a colored azo dye product of the Griess reaction.
Absorbance was measured spectrophotometrically at 540 nm with an Infinite® M Plex
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microplate reader. The intra-assay precision of the kit is less than 1.7% (mean of %CV), and
the inter-assay precision is less than 4% for nitrite and nitrate detection, as declared by the
manufacturer of this kit.

4.7. Reactive Oxygen Species Detection Assay

ROS production was detected in live RPTEC/TERT1 cells treated with drugs and
LFU using ROS/Superoxide Detection Assay Kit (Abcam, Cambridge, UK, Cat# ab139476)
according to the manufacturer’s guidelines. Cells were seeded and treated with captopril,
losartan, and dexamethasone combined with LFU in 96-well clear-bottom black polystyrene
microplates. Cells were exposed to drugs for 1 h, and an induction step with oxidative stress
detection reagent was carried out. After 1 h of induction, fluorescence intensity was mea-
sured with Infinite® M Plex microplate reader standard fluorescein (Extinction = 488 nm,
Emission = 520 nm) filter set parameters at endpoint mode. Each assay included a positive
control (ROS inducer pyocyanin; 25 µM), negative control (ROS inhibitor N-acetyl-L-
cysteine; 5 mM), untreated samples (with vehicle dimethylformamide), untreated samples
for autofluorescence, and background control wells. Control (untreated) samples presented
only low autofluorescence signals. Cells pretreated with the ROS inhibitor (N-acetyl-L-
cysteine) also presented low fluorescence intensity. For each RPTEC/TERT1 treatment,
relative fluorescence intensity was normalized to experimental control samples.

4.8. Gene Expression Assay

Total RNA was isolated from cell pellets using the PureLink™ RNA Mini Kit (Invit-
rogen, Waltham, MA, USA) in combination with TRIzol® Reagent (Invitrogen, Waltham,
MA, USA), following the manufacturer’s protocol. The RNA yield and purity were as-
sessed with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). Genomic DNA (gDNA) was removed by treating RNA samples with deoxyri-
bonuclease I (DNase I; Thermo Scientific, Waltham, MA, USA). Reverse transcription was
performed with the High-Capacity cDNA Reverse Transcription Kit containing RNase
Inhibitor (Thermo Fisher Scientific, Waltham, MA, USA), using 0.5 µg of RNA as the input,
following the manufacturer’s protocol. Quantitative real-time PCR (qPCR) gene expression
analysis was conducted following MIQE guidelines [70]. Reactions were set up in a 10 µL
total volume, containing 5 µL of 2× Power SYBR Green PCR Master Mix (Applied Biosys-
tems, Waltham, MA, USA), 2.5 µL of PCR-grade water, 250 nM of each primer, and 10 ng
of cDNA. Primer sequences for the gene expression experiments are detailed in Table 2.
The qRT-PCR program included an initial denaturation at 95 ◦C for 10 min, followed by
40 cycles of 95 ◦C for 15 s, 60.6 ◦C for 30 s, and 72 ◦C for 1 min. A melting curve was
generated at the end of the reactions. All qPCR reactions were run in triplicate, and the
CT values were averaged. Normalized relative gene expression was calculated using the
2−∆∆Ct method, with the transferrin receptor (TFRC) serving as an endogenous control
for normalization. All reactions were carried out using the QuantStudio 5 real-time PCR
system (Applied Biosystems, Waltham, MA, USA).

4.9. Statistical Analysis

Statistical analysis was conducted using GraphPad Prism V8 software (San Diego,
CA, USA). Data normality was evaluated with the Shapiro–Wilk test. Since the data did
not follow a normal distribution, the nonparametric Mann–Whitney U test was employed
to compare differences between the two independent groups. Results are presented as a
median with a range. A p-value of less than 0.05 was considered significant.
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Table 2. qPCR primers used for gene expression quantification.

Gene
Symbol Accession Name Primer Primer Sequence

VCAM-1 NM_001078.4 Vascular Cell Adhesion Molecule 1
Forward 5′-AGGTGGAGATCTACTCTTTTCCT-3′

Reverse 5′-ACACTTGACTGTGATCGGCT-3′

ICAM-1 NM_000201.3 Intercellular Adhesion Molecule 1
Forward 5′-GGTGCTGGTGAGGAGAGATCA-3′

Reverse 5′-AGTCGCTGGCAGGACAAAGG-3′

PTGS1 NM_000962.4
Prostaglandin-Endoperoxide

Synthase 1
Forward 5′-CTGGTGGATGCCTTCTCTCG-3′

Reverse 5′-CATCTCCCGAGACTCCCTGA-3′

PTGS2 NM_000963.4
Prostaglandin-Endoperoxide

Synthase 2
Forward 5′-CGGTGAAACTCTGGCTAGACAG-3′

Reverse 5′-GCAAACCGTAGATGCTCAGGGA-3′

CYP4F2 NM_001082.5
Cytochrome P450 Family 4

Subfamily F Member 2
Forward 5′-GACAGCCATTGTCAGGAGAAACC-3′

Reverse 5′-TGCAGGAGGATCTCATGGTGTC-3′

SGLT2/
SLC5A2

NM_003041.4
Solute Carrier Family 5 (Sodium/

Glucose Cotransporter), Member 2
Forward 5′-AGTGCCTGCTCTGGTTTTGT-3′

Reverse 5′-TTAGGCATAGAAGCCCCAGA-3′

GGT1 NM_013421.3 Gamma-Glutamyltransferase 1
Forward 5′-TGCTCGAAGATTGGGAGGGATG-3′

Reverse 5′-ACACAACAGGGCTGCAATGG-3′

TFRC NM_003234.4 Transferrin Receptor
Forward 5′-ACTTGCCCAGATGTTCTCAGAT-3′

Reverse 5′-CGAAAGGTATCCCTCTAGCCAT-3′

5. Conclusions
The study highlights the modulatory role of LFU in conjunction with RAS inhibitors

captopril and losartan, as well as with glucocorticoid dexamethasone, on cell viability,
inflammatory responses, and wound healing in vascular and renal cell line models. LFU
enhanced the therapeutic effects of RAS inhibitors by promoting endothelial NO synthesis
and mitigating oxidative stress. In contrast, combining LFU with dexamethasone yielded
variable outcomes regarding cell survival and oxidative stress, potentially resulting in
heightened cytotoxicity in renal cells. Gene expression analyses revealed distinct gene
expression patterns attributable to LFU and pharmacological interventions, underscoring
LFU’s anti-inflammatory potential and suggesting that LFU may augment these drugs’
pharmacokinetic or pharmacodynamic efficacy.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ph18030404/s1, Figure S1. Effect of captopril, losartan,
and dexamethasone with LFU on HUVECs viability after 24 h using MTT assays. (A) HUVECs
viability after treatment with captopril (0.25–2.25 µM) and LFU. (B) HUVECs viability after treatment
with losartan (0.75–2.75 µM) and LFU. (C) HUVECs viability after treatment with dexamethasone
(0.001–10 µM) and LFU; Figure S2. Effect of captopril, losartan, and dexamethasone with LFU on
RPTEC/TERT1 cell viability after 24 h using MTT assays. (A) RPTEC/TERT1 cell viability after
treatment with captopril (0.25–2.25 µM) and LFU. (B) RPTEC/TERT1 cell viability after treatment
with losartan (0.75–2.75 µM) and LFU. (C) RPTEC/TERT1 cell viability after treatment with dexam-
ethasone (0.001–10 µM) and LFU; Figure S3. Effect of captopril, losartan, and dexamethasone with
LFU on HUVECs wound healing captured 4 h after wounding. (A) HUVECs wound closure after
treatment with captopril (0.25–2.25 µM) and LFU. (B) HUVECs wound closure after treatment with
losartan (0.75–2.75 µM) and LFU. (C) HUVECs wound closure after treatment with dexamethasone
(0.001–10 µM) and LFU; Figure S4. Effect of captopril, losartan, and dexamethasone with LFU on
RPTEC/TERT1 wound healing captured 4 h after wounding. (A) RPTEC/TERT1 cell wound clo-
sure after treatment with captopril (0.25–2.25 µM) and LFU. (B) RPTEC/TERT1 cell wound closure

https://www.mdpi.com/article/10.3390/ph18030404/s1
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after treatment with losartan (0.75–2.75 µM) and LFU. (C) RPTEC/TERT1 cell wound closure after
treatment with dexamethasone (0.001–10 µM) and LFU; Figure S5. Effect of captopril, losartan,
and dexamethasone with LFU on HUVECs NO production. (A) HUVECs NO production after
treatment with captopril (0.25–2.25 µM) and LFU. (B) HUVECs NO production after treatment with
losartan (0.75–2.75 µM) and LFU. (C) HUVECs NO production after treatment with dexamethasone
(0.001–10 µM) and LFU; Figure S6. Effect of captopril, losartan, and dexamethasone with LFU
on RPTEC/TERT1 cell ROS production. (A) RPTEC/TERT1 cell ROS production after treatment
with captopril (0.25–2.25 µM) and LFU. (B) RPTEC/TERT1 cell ROS production after treatment
with losartan (0.75–2.75 µM) and LFU. (C) RPTEC/TERT1 cell ROS production after treatment with
dexamethasone (0.001–10 µM) and LFU.
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Tatarūnas); methodology, I.Č., J.V., U.M., A.S., V.T. (Vytenis Tamakauskas) and V.T. (Vacis Tatarūnas);
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L.L.; Dąbrowska, E.; et al. Mechanisms of Vascular Inflammation and Potential Therapeutic Targets: A Position Paper from the
ESH Working Group on Small Arteries. Hypertension 2024, 81, 1218–1232. [CrossRef]

20. Pacurari, M.; Kafoury, R.; Tchounwou, P.B.; Ndebele, K. The Renin-Angiotensin-Aldosterone System in Vascular Inflammation
and Remodeling. Int. J. Inflamm. 2014, 2014, 689360. [CrossRef]

21. Félétou, M.; Huang, Y.; Vanhoutte, P.M. Endothelium-Mediated Control of Vascular Tone: COX-1 and COX-2 Products. Br. J.
Pharmacol. 2011, 164, 894–912. [CrossRef] [PubMed]

22. Zhang, Y.; He, D.; Zhang, W.; Xing, Y.; Guo, Y.; Wang, F.; Jia, J.; Yan, T.; Liu, Y.; Lin, S. ACE Inhibitor Benefit to Kidney and
Cardiovascular Outcomes for Patients with Non-Dialysis Chronic Kidney Disease Stages 3–5: A Network Meta-Analysis of
Randomised Clinical Trials. Drugs 2020, 80, 797–811. [CrossRef]

23. Bhandari, S.; Mehta, S.; Khwaja, A.; Cleland, J.G.F.; Ives, N.; Brettell, E.; Chadburn, M.; Cockwell, P. Renin–Angiotensin System
Inhibition in Advanced Chronic Kidney Disease. N. Engl. J. Med. 2022, 387, 2021–2032. [CrossRef]

24. Srivastava, S.P.; Zhou, H.; Setia, O.; Liu, B.; Kanasaki, K.; Koya, D.; Dardik, A.; Fernandez-Hernando, C.; Goodwin, J. Loss of
Endothelial Glucocorticoid Receptor Accelerates Diabetic Nephropathy. Nat. Commun. 2021, 12, 2368. [CrossRef] [PubMed]

25. Sadee, W.; Wang, D.; Hartmann, K.; Toland, A.E. Pharmacogenomics: Driving Personalized Medicine. Pharmacol. Rev. 2023, 75,
789–814. [CrossRef] [PubMed]

26. Altland, O.D.; Dalecki, D.; Suchkova, V.N.; Francis, C.W. Low-Intensity Ultrasound Increases Endothelial Cell Nitric Oxide
Synthase Activity and Nitric Oxide Synthesis. J. Thromb. Haemost. 2004, 2, 637–643. [CrossRef]

27. Yang, Q.; Nanayakkara, G.K.; Drummer, C.; Sun, Y.; Johnson, C.; Cueto, R.; Fu, H.; Shao, Y.; Wang, L.; Yang, W.Y.; et al.
Low-Intensity Ultrasound-Induced Anti-Inflammatory Effects Are Mediated by Several New Mechanisms Including Gene
Induction, Immunosuppressor Cell Promotion, and Enhancement of Exosome Biogenesis and Docking. Front. Physiol. 2017,
8, 818. [CrossRef] [PubMed]

28. Li, X.; Li, X.; Lin, J.; Sun, X.; Ding, Q. Exosomes Derived from Low-Intensity Pulsed Ultrasound-Treated Dendritic Cells Suppress
Tumor Necrosis Factor–Induced Endothelial Inflammation. J. Ultrasound Med. 2019, 38, 2081–2091. [CrossRef]

29. Yuan, X.; Zhao, X.; Wang, W.; Li, C. Mechanosensing by Piezo1 and Its Implications in the Kidney. Acta Physiol. 2024, 240, e14152.
[CrossRef]

30. Jiang, X.; Savchenko, O.; Li, Y.; Qi, S.; Yang, T.; Zhang, W.; Chen, J. A Review of Low-Intensity Pulsed Ultrasound for Therapeutic
Applications. IEEE Trans. Biomed. Eng. 2019, 66, 2704–2718. [CrossRef] [PubMed]

31. Gonzalez-Vicente, A.; Hong, N.; Garvin, J.L. Effects of Reactive Oxygen Species on Renal Tubular Transport. Am. J. Physiol. Ren.
Physiol. 2019, 317, F444–F455. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jare.2020.05.015
https://doi.org/10.1111/micc.12587
https://doi.org/10.1161/01.ATV.0000168896.64927.bb
https://doi.org/10.1016/j.hsr.2023.100084
https://doi.org/10.3390/jcdd10050197
https://www.ncbi.nlm.nih.gov/pubmed/37233164
https://doi.org/10.1016/j.jacc.2019.08.1017
https://doi.org/10.3390/life14010034
https://www.ncbi.nlm.nih.gov/pubmed/38255650
https://doi.org/10.1016/j.ahjo.2023.100257
https://doi.org/10.1161/CIRCRESAHA.123.321752
https://doi.org/10.1097/HJH.0000000000002508
https://doi.org/10.1161/HYPERTENSIONAHA.123.22483
https://doi.org/10.1155/2014/689360
https://doi.org/10.1111/j.1476-5381.2011.01276.x
https://www.ncbi.nlm.nih.gov/pubmed/21323907
https://doi.org/10.1007/s40265-020-01290-3
https://doi.org/10.1056/NEJMoa2210639
https://doi.org/10.1038/s41467-021-22617-y
https://www.ncbi.nlm.nih.gov/pubmed/33888696
https://doi.org/10.1124/pharmrev.122.000810
https://www.ncbi.nlm.nih.gov/pubmed/36927888
https://doi.org/10.1111/j.1538-7836.2004.00655.x
https://doi.org/10.3389/fphys.2017.00818
https://www.ncbi.nlm.nih.gov/pubmed/29109687
https://doi.org/10.1002/jum.14898
https://doi.org/10.1111/apha.14152
https://doi.org/10.1109/TBME.2018.2889669
https://www.ncbi.nlm.nih.gov/pubmed/30596564
https://doi.org/10.1152/ajprenal.00604.2018
https://www.ncbi.nlm.nih.gov/pubmed/31215804


Pharmaceuticals 2025, 18, 404 22 of 23

32. Stellato, C. Post-Transcriptional and Nongenomic Effects of Glucocorticoids. Proc. Am. Thorac. Soc. 2004, 1, 255–263. [CrossRef]
[PubMed]

33. Mitragotri, S. Healing Sound: The Use of Ultrasound in Drug Delivery and Other Therapeutic Applications. Nat. Rev. Drug
Discov. 2005, 4, 255–260. [CrossRef]

34. Liang, H.D.; Tang, J.; Halliwell, M. Sonoporation, Drug Delivery, and Gene Therapy. Proc. Inst. Mech. Eng. Part H 2010, 224,
343–361. [CrossRef] [PubMed]

35. Fleissner, F.; Thum, T. Critical Role of the Nitric Oxide/Reactive Oxygen Species Balance in Endothelial Progenitor Dysfunction.
Antioxid. Redox Signal 2011, 15, 933–948. [CrossRef]

36. Iida, K.; Luo, H.; Hagisawa, K.; Akima, T.; Shah, P.K.; Naqvi, T.Z.; Siegel, R.J. Noninvasive Low-Frequency Ultrasound Energy
Causes Vasodilation in Humans. J. Am. Coll. Cardiol. 2006, 48, 532–537. [CrossRef]

37. Hamdi, H.K.; Castellon, R. ACE Inhibition Actively Promotes Cell Survival by Altering Gene Expression. Biochem. Biophys. Res.
Commun. 2003, 310, 1227–1235. [CrossRef]

38. Yu, W.; Akishita, M.; Xi, H.; Nagai, K.; Sudoh, N.; Hasegawa, H.; Kozaki, K.; Toba, K. Angiotensin Converting Enzyme Inhibitor
Attenuates Oxidative Stress-Induced Endothelial Cell Apoptosis via P38 MAP Kinase Inhibition. Clin. Chim. Acta 2006, 364,
328–334. [CrossRef]

39. Watanabe, T.; Suzuki, J.; Yamawaki, H.; Sharma, V.K.; Sheu, S.S.; Berk, B.C. Losartan Metabolite EXP3179 Activates Akt and
Endothelial Nitric Oxide Synthase via Vascular Endothelial Growth Factor Receptor-2 in Endothelial Cells: Angiotensin II Type 1
Receptor-Independent Effects of EXP3179. Circulation 2005, 112, 1798–1805. [CrossRef]

40. Elijovich, F.; Laffer, C.L. Detrimental Effects of Dual ACEI-ARB Therapy: Is the (Pro)Renin Receptor the Culprit. Kidney Int. 2011,
80, 911–914. [CrossRef] [PubMed]

41. Takenawa, J.; Kaneko, Y.; Okumura, K.; Yoshida, O.; Nakayama, H.; Fujita, J. Inhibitory effect of dexamethasone and progesterone
in vitro on proliferation of human renal cell carcinomas and effects on expression of interleukin-6 or interleukin-6 receptor. J. Urol.
1995, 153, 858–862. [CrossRef] [PubMed]

42. De Haij, S.; Adcock, I.M.; Bakker, A.C.; Gobin, S.J.P.; Daha, M.R.; Van Kooten, C. Steroid Responsiveness of Renal Epithelial Cells:
Dissociation of Transrepression and Transactivation. J. Biol. Chem. 2003, 278, 5091–5098. [CrossRef] [PubMed]

43. Bernasconi, R.; Nyström, A. Balance and Circumstance: The Renin Angiotensin System in Wound Healing and Fibrosis. Cell.
Signal. 2018, 51, 34–46. [CrossRef]

44. Chen, L.; Zheng, Q.; Chen, X.; Wang, J.; Wang, L. Low-frequency Ultrasound Enhances Vascular Endothelial Growth Factor
Expression, Thereby Promoting the Wound Healing in Diabetic Rats. Exp. Ther. Med. 2019, 18, 4040–4048. [CrossRef]

45. Chen, Y.; Chen, X.; Zhou, Q. Different Effects of a Perioperative Single Dose of Dexamethasone on Wound Healing in Mice with
or without Sepsis. Front. Surg. 2023, 10, 927168. [CrossRef] [PubMed]

46. Tu, H.; Zhang, D.; Barksdale, A.N.; Wadman, M.C.; Muelleman, R.L.; Li, Y.L. Dexamethasone Improves Wound Healing by
Decreased Inflammation and Increased Vasculogenesis in Mouse Skin Frostbite Model. Wilderness Environ. Med. 2020, 31, 407–417.
[CrossRef]

47. Momose, N.; Fukuo, K.; Morimoto, S.; Ogihara, T. Captopril Inhibits Endothelin-1 Secretion from Endothelial Cells through
Bradykinin. Hypertension 1993, 21, 921–924. [CrossRef]

48. Wenzel, P.; Schulz, E.; Oelze, M.; Müller, J.; Schuhmacher, S.; Alhamdani, M.S.S.; Debrezion, J.; Hortmann, M.; Reifenberg, K.;
Fleming, I.; et al. AT1-Receptor Blockade by Telmisartan Upregulates GTP-Cyclohydrolase I and Protects ENOS in Diabetic Rats.
Free Radic. Biol. Med. 2008, 45, 619–626. [CrossRef]

49. Liu, H.; Kitazato, K.T.; Uno, M.; Yagi, K.; Kanematsu, Y.; Tamura, T.; Tada, Y.; Kinouchi, T.; Nagahiro, S. Protective Mechanisms of
the Angiotensin II Type 1 Receptor Blocker Candesartan against Cerebral Ischemia: In-Vivo and In-Vitro Studies. J. Hypertens.
2008, 26, 1435–1445. [CrossRef]

50. 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]

51. Van Der Giet, M.; Erinola, M.; Zidek, W.; Tepel, M. Captopril and Quinapril Reduce Reactive Oxygen Species. Eur. J. Clin. Investig.
2002, 32, 732–737. [CrossRef] [PubMed]

52. Han, Y.; Yu, X.; Marfavi, Z.; Chen, Y.; Zhang, L.; Chu, J.; Sun, K.; Li, M.; Tao, K. A Perspective on Ultrasound-Triggered Production
of Reactive Oxygen Species by Inorganic Nano/Microparticles. Adv. Nanobiomed Res. 2024, 4, 2400060. [CrossRef]

53. Pialoux, V.; Foster, G.E.; Ahmed, S.B.; Beaudin, A.E.; Hanly, P.J.; Poulin, M.J. Losartan Abolishes Oxidative Stress Induced by
Intermittent Hypoxia in Humans. J. Physiol. 2011, 589, 5529–5537. [CrossRef]

54. Raei, M.; Ahmadi, M.; Abrotan, S.; Razavi, A.; Hedayatizadeh-Omran, A.; Shamshirian, A.; Heydari, K.; Saeedi, M.; Alizadeh-
Navaei, R. Effect of Losartan on Cell Proliferation and Reactive Oxygen Species Scavenging in Gastric Cancer Cell Lines. Eurasian
J. Med. Oncol. 2024, 8, 135–140. [CrossRef]

https://doi.org/10.1513/pats.200402-015MS
https://www.ncbi.nlm.nih.gov/pubmed/16113443
https://doi.org/10.1038/nrd1662
https://doi.org/10.1243/09544119JEIM565
https://www.ncbi.nlm.nih.gov/pubmed/20349823
https://doi.org/10.1089/ars.2010.3502
https://doi.org/10.1016/j.jacc.2006.03.046
https://doi.org/10.1016/j.bbrc.2003.09.149
https://doi.org/10.1016/j.cca.2005.07.021
https://doi.org/10.1161/CIRCULATIONAHA.104.509760
https://doi.org/10.1038/ki.2011.264
https://www.ncbi.nlm.nih.gov/pubmed/21997507
https://doi.org/10.1016/S0022-5347(01)67736-X
https://www.ncbi.nlm.nih.gov/pubmed/7861551
https://doi.org/10.1074/jbc.M209836200
https://www.ncbi.nlm.nih.gov/pubmed/12414793
https://doi.org/10.1016/j.cellsig.2018.07.011
https://doi.org/10.3892/etm.2019.8051
https://doi.org/10.3389/fsurg.2023.927168
https://www.ncbi.nlm.nih.gov/pubmed/37114154
https://doi.org/10.1016/j.wem.2020.07.003
https://doi.org/10.1161/01.HYP.21.6.921
https://doi.org/10.1016/j.freeradbiomed.2008.05.009
https://doi.org/10.1097/HJH.0b013e3283013b6e
https://doi.org/10.1186/1476-9255-7-21
https://doi.org/10.1046/j.1365-2362.2002.01064.x
https://www.ncbi.nlm.nih.gov/pubmed/12406020
https://doi.org/10.1002/anbr.202400060
https://doi.org/10.1113/jphysiol.2011.218156
https://doi.org/10.14744/ejmo.2024.61923


Pharmaceuticals 2025, 18, 404 23 of 23

55. Fürst, R.; Zahler, S.; Vollmar, A.M. Dexamethasone-Induced Expression of Endothelial Mitogen-Activated Protein Kinase
Phosphatase-1 Involves Activation of the Transcription Factors Activator Protein-1 and 3′,5′-Cyclic Adenosine 5′-Monophosphate
Response Element-Binding Protein and the Genera. Endocrinology 2008, 149, 3635–3642. [CrossRef] [PubMed]

56. Huo, Y.; Rangarajan, P.; Ling, E.A.; Dheen, S.T. Dexamethasone Inhibits the Nox-Dependent ROS Production via Suppression of
MKP-1-Dependent MAPK Pathways in Activated Microglia. BMC Neurosci. 2011, 12, 49. [CrossRef]

57. Cybulsky, M.I.; Iiyama, K.; Li, H.; Zhu, S.; Chen, M.; Iiyama, M.; Davis, V.; Connelly, P.W.; Milstone, D.S. A major role for VCAM-1,
but not ICAM-1, in early atherosclerosis. J. Clin. Investig. 2001, 107, 1255–1262. [CrossRef]

58. Ni, K.-D.; Liu, J.-Y. The Functions of Cytochrome P450 ω-Hydroxylases and the Associated Eicosanoids in Inflammation-Related
Diseases. Front. Pharmacol. 2021, 12, 716801. [CrossRef]

59. Mullins, G.E.; Sunden-Cullberg, J.; Johansson, A.S.; Rouhiainen, A.; Erlandsson-Harris, H.; Yang, H.; Tracey, K.J.; Rauvala, H.;
Palmblad, J.; Andersson, J.; et al. Activation of Human Umbilical Vein Endothelial Cells Leads to Relocation and Release of
High-Mobility Group Box Chromosomal Protein 1. Scand. J. Immunol. 2004, 60, 566–573. [CrossRef]

60. Ahwin, P.; Martinez, D. The Relationship between SGLT2 and Systemic Blood Pressure Regulation. Hypertens. Res. 2024, 47,
2094–2103. [CrossRef]

61. Mistry, D.; Stockley, R.A. Gamma-Glutamyl Transferase: The Silent Partner? COPD J. Chronic Obstr. Pulm. Dis. 2010, 7, 285–290.
[CrossRef]

62. Vallon, V.; Gerasimova, M.; Rose, M.A.; Masuda, T.; Satriano, J.; Mayoux, E.; Koepsell, H.; Thomson, S.C.; Rieg, T. SGLT2 Inhibitor
Empagliflozin Reduces Renal Growth and Albuminuria in Proportion to Hyperglycemia and Prevents Glomerular Hyperfiltration
in Diabetic Akita Mice. Am. J. Physiol. Ren. Physiol. 2014, 306, 194–204. [CrossRef] [PubMed]

63. Gan, Z.; Huang, D.; Jiang, J.; Li, Y.; Li, H.; Ke, Y. Captopril Alleviates Hypertension-Induced Renal Damage, Inflammation, and
NF-κB Activation. Braz. J. Med. Biol. Res. 2018, 51, e7338. [CrossRef] [PubMed]

64. Wang, X.X.; Levi, J.; Luo, Y.; Myakala, K.; Herman-Edelstein, M.; Qiu, L.; Wang, D.; Peng, Y.; Grenz, A.; Lucia, S.; et al. SGLT2
Protein Expression Is Increased in Human Diabetic Nephropathy: SGLT2 Protein Inhibition Decreases Renal Lipid Accumulation,
Inflammation, and the Development of Nephropathy in Diabetic Mice. J. Biol. Chem. 2017, 292, 5335–5348. [CrossRef]

65. Hunter, R.W.; Ivy, J.R.; Bailey, M.A. Glucocorticoids and Renal Na+ Transport: Implications for Hypertension and Salt Sensitivity.
J. Physiol. 2014, 592, 1731–1744. [CrossRef]

66. Chowdhury, S.M.; Abou-Elkacem, L.; Lee, T.; Dahl, J.; Lutz, A.M. Ultrasound and Microbubble Mediated Therapeutic Delivery:
Underlying Mechanisms and Future Outlook. J. Control. Release 2020, 326, 75–90. [CrossRef]

67. Tharkar, P.; Varanasi, R.; Wong, W.S.F.; Jin, C.T.; Chrzanowski, W. Nano-Enhanced Drug Delivery and Therapeutic Ultrasound for
Cancer Treatment and Beyond. Front. Bioeng. Biotechnol. 2019, 7, 324. [CrossRef]

68. Riss, T.L.; Moravec, R.A.; Niles, A.L.; Duellman, S.; Benink, H.; Worzella, T.; Minor, L. Cell Viability Assays. In The Assay Guidance
Manual; Markossian, S., Grossman, A., Arkin, M., Auld, D., Austin, C., Baell, J., Brimacombe, K., Chung, T.D.Y., Coussens, N.P.,
Dahlin, J.L., et al., Eds.; Eli Lilly & Company and the National Center for Advancing Translational Sciences: Bethesda, MD,
USA, 2004. [PubMed]

69. Liang, C.C.; Park, A.Y.; Guan, J.L. In Vitro Scratch Assay: A Convenient and Inexpensive Method for Analysis of Cell Migration
In Vitro. Nat. Protoc. 2007, 2, 329–333. [CrossRef]

70. Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L. The
MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time PCR Experiments. Clin. Chem. 2009, 622,
611–622. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1210/en.2007-1524
https://www.ncbi.nlm.nih.gov/pubmed/18403484
https://doi.org/10.1186/1471-2202-12-49
https://doi.org/10.1172/JCI11871
https://doi.org/10.3389/fphar.2021.716801
https://doi.org/10.1111/j.0300-9475.2004.01518.x
https://doi.org/10.1038/s41440-024-01723-6
https://doi.org/10.3109/15412555.2010.496819
https://doi.org/10.1152/ajprenal.00520.2013
https://www.ncbi.nlm.nih.gov/pubmed/24226524
https://doi.org/10.1590/1414-431x20187338
https://www.ncbi.nlm.nih.gov/pubmed/30183974
https://doi.org/10.1074/jbc.M117.779520
https://doi.org/10.1113/jphysiol.2013.267609
https://doi.org/10.1016/j.jconrel.2020.06.008
https://doi.org/10.3389/fbioe.2019.00324
https://www.ncbi.nlm.nih.gov/pubmed/23805433
https://doi.org/10.1038/nprot.2007.30
https://doi.org/10.1373/clinchem.2008.112797

	Introduction 
	Results 
	Assessment of Cell Function Following Treatment with Captopril, Losartan, and Dexamethasone, Combined with LFU 
	Effects of Captopril, Losartan, and Dexamethasone Combined with LFU on the mRNA Expression of Genes Related to Inflammation in HUVECs 
	Effects of Captopril, Losartan, and Dexamethasone Combined with LFU on the mRNA Expression of Genes Related to Kidney Proximal Tubule Function in RPTEC/TERT1 Cells 

	Discussion 
	Materials and Methods 
	Cell Culture Cultivation 
	Treatment of Cell Cultures with Drugs Combined with Low-Frequency Ultrasound (LFU) 
	LFU Device Design 
	Metabolic Activity of the Cells 
	Wound-Healing Assay 
	Nitric Oxide Assay 
	Reactive Oxygen Species Detection Assay 
	Gene Expression Assay 
	Statistical Analysis 

	Conclusions 
	References

