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Abstract

Effective treatment of central nervous system (CNS) infections remains a major challenge,
as most therapeutic agents do not efficiently cross the blood—brain barrier (BBB) and the
blood-cerebrospinal fluid barrier (BCSFB). Coumarin derivatives are of particular inter-
est due to their broad pharmacological activity, favorable safety profile, and potential to
penetrate biological barriers. Eight novel coumarin-based peptidomimetics functionalized
with trifluoromethyl or methyl scaffolds were synthesized and evaluated as antimicro-
bial agents with the ability to cross the blood-brain barrier. Antimicrobial activity of
the investigated compounds was tested against Staphylococcus aureus and multiple Es-
cherichia coli strains (K12, R2, R3, R4) using minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) assays. Cytotoxicity was assessed in vitro
in BALB/¢c-3T3 mouse fibroblasts and «T3-1 pituitary gonadotrope cells using the MTT
assay. In vivo studies were performed in sheep to assess transfer of the compounds from
blood to cerebrospinal fluid (CSF). All synthesized derivatives demonstrated antimicro-
bial activity and acceptable cytotoxicity, comparable to those of clinically used antibiotics.
CFs-modified coumarin peptidomimetics show promise as antimicrobial agents with the
potential to penetrate the BBB/BCSFB. These findings support further investigation of
coumarin-based scaffolds as a platform for the development of novel therapeutics for
CNS infections.
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1. Introduction

Encephalitis can develop as a consequence of viral, bacterial, fungal, or protozoan
infections, or as a result of immune system dysfunction [1-3]. Bacterial meningitis rep-
resents one of the most severe forms of neuroinfection, characterized by inflammation
of the meningeal structures, such as the arachnoid and subarachnoid space. It is typi-
cally caused by pathogens such as Streptococcus agalactiae (group B streptococci), Bacillus
spp., Neisseria meningitidis, or Streptococcus pneumonia [4—6]. Current treatment strategies
are primarily based on intravenous administration of antibiotics, supplemented with an-
tipyretics and analgesics. Despite advances in therapy, bacterial infections of the central
nervous system (CNS) remain a major public health challenge [7-9]. Even with rapid
and adequate treatment, meningitis can cause irreversible neurological damage, long-
term CNS dysfunction, or death. One of the main obstacles in the treatment of CNS
infections is the limited penetration of many antibacterial agents across the blood-brain
barrier (BBB) [7-9]. The BBB is a semipermeable barrier formed by endothelial cells of
the brain microvasculature, sealed by extensive tight junctions [8-11]. This unique struc-
ture protects the CNS from bloodborne toxins and pathogens, but also severely restricts
the passage of therapeutic compounds. Generally, only small lipophilic molecules with
molecular weights below 400 to 600 Da can passively diffuse across the BBB [12-16]. There-
fore, drug lipophilicity, molecular size, and substituent chemistry are key factors in the
design of CNS-active agents [17-19]. However, most conventional chemical drugs and
biopharmaceuticals are effectively excluded from entering the brain through the BBB
and the blood—cerebrospinal fluid barrier (BCSFB) [20,21]. In addition to its barrier role,
the choroid plexus regulates the molecular exchange between the blood and brain and
produces cerebrospinal fluid (CSF), further influencing drug bioavailability in the CNS.
Although the integrity of the BBB is essential for neuroprotection, it limits antibiotic access
to the brain [21-26]. Disruption of barrier function, while pathological, can temporarily
increase permeability and facilitate the penetration of antibiotics, but in many cases direct
administration to the CSF remains necessary. Impaired BBB function is also involved
in hypoxic-ischemic brain injury, neuroinflammation, and ischemia-reperfusion injury,
which are accompanied by increased transport into the CNS [23,27-30]. Given these lim-
itations, alternative therapeutic strategies have been explored, including direct systemic
administration, combination therapies, and the design of novel compounds with opti-
mized physicochemical properties. Coumarin-based compounds are of particular interest.
Coumarins exhibit strong pharmacological activity, low toxicity, broad therapeutic spectra,
and favorable bioavailability, while also showing reduced susceptibility to resistance. They
have been investigated for anti-inflammatory, antioxidant, analgesic, antithrombotic, and
antimicrobial effects. Importantly, coumarin derivatives have demonstrated antibacterial
activity against key neurotropic pathogens and may exhibit the ability to cross the BBB,
making them promising candidates for human and veterinary medicine [31-39]. Recent
studies emphasize the importance of functionalizing coumarins with substituents that
enhance the permeability of the BBB [40,41]. Among these, the trifluoromethyl group
has been highlighted as a modification capable of improving lipophilicity and facilitating
CNS penetration.

The social and economic consequences of BBB/BCSFB dysfunction compel us to seek
and develop new methods of prevention and early diagnosis to detect disorders and risk
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factors for neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and encephalopa-
thy. Although the role of psychological factors in the development and progression of
central nervous system diseases has been studied for many years in rats [23,40], there is
a lack of research on the brains of mammals, such as sheep. Research into the causes of
neurodegenerative diseases leads to the development of new, more effective treatments
and therapies that can improve patients’ quality of life.

Therefore, in the present study, we synthesized and evaluated several coumarin-based
peptidomimetic derivatives functionalized with a trifluoromethyl- (CF;-) functional group.

2. Results and Discussion

Our working hypothesis was that coumarin-based peptidomimetic derivatives would
exhibit antibacterial activity and, at least partially, penetrate the BBB after intravenous
administration. Coumarin-based compounds have been consistently reported to exhibit
a considerable propensity for blood-brain barrier (BBB) penetration. Multiple studies
indicate that structural modifications, particularly hydroxyl substitutions or the introduc-
tion of multifunctional ligands, enhance the ability of coumarin derivatives to cross the
BBB while retaining favorable drug-likeness profiles compatible with oral administration.
In silico ADMET (absorption, distribution, metabolism, excretion, toxicity) analyses fur-
ther support the notion that numerous coumarin derivatives display physicochemical
properties conducive to BBB permeability without violating established drug-likeness
criteria [42]. Notably, multifunctional coumarin derivatives developed as anti-Alzheimer’s
agents have demonstrated effective BBB penetration in combination with antioxidant and
metal-chelating activities [43,44]. Structural features, such as hydroxyl substitution on the
coumarin nucleus, are particularly associated with enhanced antioxidant potential and
may contribute to improved BBB transport [45]. Evidence for BBB penetration is frequently
derived from molecular docking and pharmacokinetic modeling studies, which confirm the
brain-targeting potential of these compounds [46]. Furthermore, conjugation of coumarin
scaffolds with established pharmacophores, such as donepezil, has yielded derivatives
capable of crossing the BBB and exerting selective effects on central nervous system (CNS)
enzymes [47]. Therefore, coumarin derivatives represent a structurally versatile and phar-
macologically promising class of molecules with demonstrated potential for CNS drug
development. Their ability to penetrate the BBB, particularly when optimized through
rational design strategies, underscores their utility as scaffolds for the development of
therapeutics targeting neurological disorders [48].

To achieve our goal, we have designed and prepared series of structurally diversified
peptidomimetics (Figure 1). Further, to evaluate our hypothesis, we conducted a series
of biological studies. First, in vitro assays were performed to assess bactericidal activity
against selected endogenous and pathogenic bacterial strains, including Staphylococcus
aureus (ATCC 23235), Escherichia coli K12 (ATCC 25404), and its R2 (ATCC 39544), R3
(ATCC 11775), and R4 (ATCC 39543) mutants [34-36]. Minimum inhibitory concentrations
(MIC) and minimum bactericidal concentrations (MBCs) were determined. Second, in vivo
studies in sheep were carried out. The sheep represented a large animal model with
CNS anatomy and physiology comparable to humans that could be used to assess the
transfer of coumarin derivatives from blood to CSF using intraventricular cannulation for
continuous CSF sampling [49-54]. Finally, in vitro toxicity was evaluated in mammalian
cell lines, including BALB/c-3T3 fibroblasts and «T3-1 pituitary gonadotropes, using the
MTT assay [55].
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Figure 1. Investigated coumarin derivatives 1-8.

2.1. In Vitro Experiment—Bactericidal Effects

2.1.1. Cytotoxic Studies of the Library of Coumarin with Trifluoromethyl Group

The bactericidal activity of compounds 1-8 (Figure 1) was evaluated in bacterial cells

following a previously established protocol [56].

Analysis of MIC and MBC assays revealed that the investigated coumarin derivatives
exhibited MIC values ranging from 0.58 to 1.25 ug/mL against model strains Escherichia
coli (K12 (ATCC 25404), R2 (ATCC 39544), R3 (ATCC 11775), and R4 (ATCC 39543)) and
Staphylococcus aureus (ATCC 23235). The corresponding MBC values were within the range
of 0.62-1.43 pg/mL for both species (Figures 2-5). The minimal inhibitory concentration
(MIC) reflects the lowest concentration of a compound that inhibits visible bacterial growth,

Investigated compounds

B E. ool K12 (ATCC 25404)
E. ool KI2 (ATCC 39543)

BE. owhi R2 (ATCC 39544)
W 5. qureus (ATCC 23233)

BE. ool R3 (ATCC11775)

while the minimal bactericidal concentration (MBC) represents the lowest concentration
required to achieve bactericidal activity rather than merely bacteriostatic effects.

[ [ |
I
Ll

Figure 2. Minimum inhibitory concentration (MIC) of the coumarin derivatives 1-8 investigated in
selected bacterial strains.
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Figure 3. Minimum bactericidal concentration (MBC) of the coumarin derivatives 1-8 investigated in
selected bacterial strains.
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Figure 4. The MBC/MIC ratio of the coumarin derivatives 1-8 investigated in selected
bacterial strains.

MIC and MBC assays were performed using model strains of E. coli and S. aureus
cultured in 48-well plates and treated with synthesized coumarin derivatives, including
trifluoromethyl substituted analogues. All of the compounds tested induced visible colori-
metric changes, with intensity varying according to dilution. Among the strains tested, E.
coli demonstrated higher sensitivity than S. aureus, which can be attributed to the presence of
lipopolysaccharide (LPS) as the major structural component of its outer membrane. In par-
ticular, significant effects were observed at dilutions of 103, corresponding to 0.58 j1g/mL.
LPS, which consists of multiple acyl chains forming a hydrophobic base and numerous
sugar residues within the hydrophilic core and O-antigen domains [18], plays a key role
in the natural defense mechanisms of bacteria under adverse environmental conditions.
Antimicrobial agents are generally classified as bactericidal or bacteriostatic agents. When
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the MBC/MIC ratio is 4-6, the compound is considered bactericidal, indicating the ability to
achieve concentrations that eliminate 99.9% of the bacterial population. In contrast, a higher
MBC/MIC ratio suggests a bacteriostatic effect, where safe therapeutic concentrations may
inhibit growth but are insufficient to achieve bactericidal activity (Figures 2 and 3). For
many compounds, however, this classification remains context-dependent, influenced
by achievable drug concentrations in the target tissue and the specific characteristics of

the pathogen.

E. coli K12 E. coli R2 E. coli R3 E. coli K12 S. aurens
(ATCC 25404) (ATCC 39544) (ATCC 11775) (ATCC 39543) (ATCC 23235)

1.9
1.7
1.5
1.3
11
0.9

Minimum inhibitory conc . [pig/mL]

Investigated bacterial strains
Bcpro Mbleo Hdox

Figure 5. Examples of MIC with a bacterial model strain in selected strains of E. coli and S. aureus for
studying antibiotics ciprofloxacin (cipro), bleomycin (bleo) and cloxacillin (clox).

2.1.2. Analysis of E. coli R2-R4 Strains Treated with Investigated Compounds 1-8

The results of the present study (MIC values), together with previously reported
findings [31,56], demonstrate that CF3-substituted coumarin exhibits pronounced toxic
effects against the E. coli and S. aureus model strains analyzed. The synthesized compounds
showed differential antibacterial activity, with compounds 1, 2, 7, and 8 forming one
group, and compounds 3-6 forming another, based on their efficacy profiles. Among
these, compounds 1-4 exhibited the highest activity, comparable to those of clinically used
antibiotics (Figure 1; see Figures S1 and S2 in the Supplementary Materials).

In particular, the strongest effects were observed in the E. coli R4 strain and in S. aureus,
as reflected in both MIC and MBC values (Figures 2-5). Statistical analyses confirmed that
the differences in activity among the compounds tested were significant (p < 0.05; Table 1).
These findings are of particular relevance in the context of combating multidrug-resistant
pathogens among both Gram-positive and Gram-negative bacteria.

Table 1. Statistical analysis of all analyzed compounds by MIC, MBC, and MBC/MIC; * p < 0.05,
*%
p <0.01.

No. of Samples 1,2,3,4 5,6,7,8 Type of Test
E.coli K12 ** * MIC
E.coli R2 ** * MIC
E.coli R3 ** * MIC

E.coli R4 ** * MIC
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Table 1. Cont.

No. of Samples 1,2,3,4 5,6,7,8 Type of Test

E.coli K12 * o MBC
E.coli R2 * ** MBC
E.coli R3 * * MBC
E.coli R4 * * MBC
E.coli K12 * * MBC/MIC
E.coli R2 o * MBC/MIC
E.coliR3 o * MBC/MIC
E.coli R4 ** * MBC/MIC

Staphylococcus aureus * * MIC

Staphylococcus aureus * * MBC

Staphylococcus aureus * * MBC/MIC

2.1.3. Cytotoxicity of Coumarin-Based Peptidomimetics 1-8

Based on the MIC and MBC tests conducted in the bacterial strains analyzed and the
selected antibiotics, an additional MTT test was performed to determine the cytotoxicity of
the compound using the BALB/c-3T3 mouse embryonic fibroblast cell line and gonadotroph
cell lines «T3-1 (Figure 6 panel A and B). When using culture as a model for healthy cells
under physiological conditions to obtain results highly correlated with those obtained
in vivo, it is necessary to choose a cell line with genotypic and phenotypic characteristics
as close as possible to those of normal cells. The choice of the appropriate culture is
largely determined by its origin and purpose, according to the guidelines of the European
Collection of Cell Cultures (ECACC) (Figure S6 in the Supplementary Materials). BALB/c-
3T3 mouse embryonic fibroblast cells and gonadotroph cell lines such «T3-1 were treated
with the tested peptidomimetics from 1 to 8 at five different concentrations ranging from
0.5 to 3.5 ng/mL and incubated for 24 h. All peptidomimetics tested were not cytotoxic
to BALB/c-3T3 cells and gonadotroph cell lines such «T3-1 in the analysis. Compounds
3 to 6 show the lowest cytotoxicity at a concentration of 0.5 ng/mL concentration, with
viability percentages remaining above 96% (Figure 6 panel A and B). It should be noted
that for compound 8 we observe slight differences in cell viability when using therapeutic
concentrations (0.5 and 1 ng/mL). The tested concentration was 1 pg/mL, with viability
percentages remaining above 99.50%.

However, a gradual reduction in viability was caused by compounds tested 1-8 at
1 pg/mL, with cell viability percentages ranging from 99.8% to 98% for compounds 14
and 52.50% for peptidomimetic 8, (Figure 6, Panel A and B, Figure S6 in the Supplementary
Materials). The obtained results were used to calculate the half-maximal inhibitory con-
centration (ICsg) for peptidomimetics 2 (ICsp 6.58 pug/mL) and 8 (ICsg 1.71 ug/mL) which
penetrated the blood-brain barrier to the greatest extent, after 24 h of incubation with the
most active antimicrobial peptidomimetics in both cases of used cell lines. The obtained
ICsg value is comparable to the concentration value achieved in the brain, which would
suggest an increase or decrease in the therapeutic dose (own observations).

Similarly, to the compounds tested 1-8, the MTT test was performed using represen-
tative antibiotics: ciprofloxacin (cipro), bleomycin (bleo) and cloxacillin (clox)) (Figure 7,
and Supplementary Materials Figure S2). Similar concentrations of these antibiotics were
used in the studies. The results obtained indicate that the cytotoxicity of the tested pep-
tidomimetics 1-8 is lower than or comparable to that observed for these widely used drugs.
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Figure 6. (BALB/c-3T3) (panel A) and («T3-1) (panel B) in the MTT analysis after 24 h of incubation
with 8 compounds. The x-axis features compounds 1-8. Change in the level of peptidomimetics 1-8
over time. Different concentrations of each peptidomimetic are plotted separately in each panel.
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Figure 7. Example of measurement of cell viability (%) in the mouse embryonic fibroblast cell line
(BALB/c-3T3) after 24 h of antibiotic incubation. The x-axis shows the antibiotics (ciprofloxacin
(cipro), bleomycin (bleo), and cloxacillin (clox)) at different concentrations.
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Antibiotic resistance among microorganisms represents a major global health concern
that affects both humans and animals. Many pathogenic bacteria exhibit remarkable
adaptability to various environmental conditions, allowing them to develop resistance to
conventional antibiotics. In particular, incorporation of a CF3- substituent into the coumarin
scaffold was associated with enhanced antimicrobial activity. A pronounced effect of CF3-
substitution on the coumarin core was observed against the pathogenic strain S. aureus
(ATCC 23235) as well as against the Gram-negative strains E. coli K12 (ATCC 25404), R2
(ATCC 39544), R3 (ATCC 11775), and R4 (ATCC 39543). Furthermore, the present findings
suggest that the observed bactericidal activity of the tested compounds may be attributable
to alterations in the spatial organization of bacterial cell membranes, ultimately leading to
cell death [31].

2.2. In Vivo Experiment—Transfer of Coumarins to the CSF in Sheep

The next step of the study was to analyze the concentrations of the 8 compounds
tested in cerebrospinal fluid (CSF) samples collected from the third ventricle of the
brain continuously.

The sheep was the first animal to be domesticated by humans for agricultural purposes.
Sheep have symptoms similar to those seen in humans with central nervous system (CNS)
disease [57]. The entry of drugs into the large human brain is a particular problem for
therapies such as ‘gene silencing’, which require drug delivery to the affected parts of the
brain. Sheep have large brains, shaped similarly to the human brain, and are excellent
models for studying CNS disease. Sheep can perform cognitive tasks, which is useful
in reducing abnormalities in patients because they are based on similar brain areas and
neural mechanisms.

2.2.1. CSF Coumarins Concentration

The development of novel, non-toxic coumarin-based compounds that selectively
exert toxicity toward bacterial cells is of considerable importance for antibacterial therapy,
particularly in the context of complex infections affecting the central nervous system (CNS).

Conducted experiments revealed that the transfer to the CSF (coumarin concentration
level higher than 0) was statistically confirmed for 6 coumarins before centrifugation (2-6)
and 8 after centrifugation (2, 7, and 8). On average, the coumarin concentration was the
highest for a compound 2 (355.85 before and 118.32 pug/mL after centrifugation) (Figure 8,
orange squares). In addition, mass spectrometric analysis of cerebrospinal fluid (CSF) was
performed following the administration of compound 2. The spectrum, acquired using
electrospray ionization (ESI) in positive ion mode, revealed the presence of the compound
as its sodiated ion (m/z 471) in the CSF (Figure S5, Supporting Information). Based on the
absorbance analysis of three peptidomimetics (1, 2, 7) before and after centrifugation, we
found statistically significant results only for one coumarin (adjusted p-value = 1.18 x 10>
in both cases).

It was also observed that compound 8 is capable of crossing the blood-brain barrier;
however, its concentration in the cerebrospinal fluid (CSF) is significantly lower than that
of compound 2. This suggests that the observed phenomenon is influenced not only by the
presence of the trifluoromethyl (-CF3) group but also by the overall molecular structure.

The CF3 group is highly lipophilic and electronegative, meaning its addition often
increases a molecule’s lipophilicity, reducing polarity and enhancing partitioning into
lipid membranes, facilitating passive diffusion across the BBB. Because passive (non-
saturable) diffusion favors small, lipophilic compounds, CF3 modifications are frequently
used to tune drug-like molecules toward CNS permeability. C-F bonds are strong and
metabolically stable: introducing CF3 groups typically increases resistance to metabolic
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degradation, thus prolonging systemic circulation and improving the chances of reaching
brain tissue. Additionally, CF; can influence molecular conformation via inductive and
steric effects, optimizing receptor binding—including for those expressed in the CNS.
Retrospective analyses indicate that while CF3 substitution does not universally improve
pharmacological activity, specific targets and scaffolds do benefit from CF;, especially in
CNS-active compounds. For example, a glucocorticoid receptor ligand lost agonist activity
when CF; was replaced by bulkier alkyl groups, underscoring the unique role of CF3
in aligning structure and function. Numerous FDA-approved drugs (about 19 studied)
include CF; moieties, underscoring its widespread value in drug development. BBB
permeability is often characterized by a compound’s log BB (brain-to-blood concentration
ratio) and log PS (permeability—surface area product). CF3 increases lipophilicity and often
improves these parameters when other molecular properties (like molecular weight and
hydrogen bonding) are controlled. Adding CF3 can improve log BB and log PS but must be
balanced against size and PSA (polar Surface area), as excessive size or polarity impairs
diffusion [54-59].

7
time [hours]

compound 2 ® compound 3 @ compound 4 @ compound 5 ® compound 6 @ compound 7 @ compound 8

Figure 8. Time-dependent concentration profile of the investigated coumarin derivative in sheep
cerebrospinal fluid (CSF).

2.2.2. Centrifugation of CSF Decreases the Coumarin Concentration

To check whether centrifugation of the CSF affects coumarin levels after entering the
brain, we paired the data values when they were available (1, 2, 7, 8). For coumarins 2 and
8 we observed a significant decrease in concentration level after centrifugation (Table 2).
Plasma substances such as gases (O,, CO,), lipid-soluble compounds (ethanol, ether, steroid
hormones, thyroid hormones and some lipophilic drugs) or peptides of 400-800 Da reach
the internal environment of the brain by simple diffusion. Other routes of penetration
of molecules into the central nervous system are selectively controlled by the activity of
the BBB [12,60]. It is generally accepted that the rate at which substances penetrate brain
tissue is inversely proportional to the size of the molecules and directly proportional to
their solubility in lipids. Therefore, polarized, hydrophilic compounds pass more slowly.
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Some substances penetrate the barrier very slowly, while their related compounds pass
much faster. This is the case for dopamine and serotonin, whose penetration into the brain
is very limited, while their precursors (L-dopa and 5-hydroxytryptophan) break it much
more easily [17,21,58-60]. The same is true for selected antibiotics such as cycloserine and
chloramphenicol. This means that their concentration in the brain is lower than in the
blood, and this may reduce the effectiveness of treating infections of the central nervous
system, but their concentration in the brain may still be lower than in other tissues [25,26].

Table 2. Average coumarin concentration values were observed before and after centrifugation for
compounds 116 > 21 > 111.

Compound Value (pg{mL) Without Mean (pg/n}L) Va.lue with
Centrifugation Centrifugation
1 10 (+/-5) 2(+/-5)
2 350 (+/-5) 2(+/-5)
3 2.5(+/-5) nd
4 7 (+/-5) nd
5 5(+/-5) nd
6 8 (+/-5) nd
7 6 (+/-5) 6 (+/—5)
8 30 (+/-5) 20 (+/-5)

2.2.3. Change in Coumarin Concentration Levels over Time

Time-resolved spectrophotometric measurements were performed to determine the
concentrations of the investigated compounds in CSE. A pronounced influence of the
structural features of the examined coumarin derivative on the analyte concentration
within the studied temporal regime was observed (adjusted p-value = 0.024) (Figure 8).

Due to the existence of the barrier, changes in the osmolarity of the brain’s extracellular
fluid and cerebrospinal fluid exhibit a significant time delay in relation to changes in the
osmolarity of other body fluids. These unique features are essential for maintaining
effective homeostasis within the central nervous system [16-25,46,60,61]. The cells of the
blood-brain barrier capture and inactivate many substances from the blood, but are not
capable of pinocytosis, which in other capillaries is the main route of passage of organic
compounds of high molecular weight. Brain capillary cells contain numerous mitochondria
and exhibit high metabolic activity. This activity provides the necessary energy for active
transport across the lipid bilayer using protein carriers. This process is regulated by several
tight junction proteins and adhesion molecules. To our current knowledge, the second
mechanism relies on a large number of influx and efflux transporters and other membrane
proteins, including members of G protein-coupled receptors and peptidoglycan [37-67].
Their ability to bind to a wide variety of ligands and diverse signaling profiles position
them as ideal candidates for drug-targeted therapies.

The presented study showed that our compounds, especially those with trifluo-
romethylcoumarins in the fourth position, had a good ability to cross the BBB/BCSFB
in sheep. After analyzing the CSF, we found that 25% of the attached coumarins with
the CF; group was in the free form and 75% in the form bound to receptor proteins. The
coumarin derivative designated compound 2 is particularly notable, as its structure can
determine the crossing of the BBB/BCSFB through interactions with the receptors of many
proteins. Coumarin 2 does not dissolve in water but binds well to proteins, which we
observed very clearly in the supernatant before and after centrifugation without coumarin
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and with coumarin. The activity of compound 2 is most likely attributable to the ability
of membrane receptors to recognize specific structural motifs, such as the ester group,
which can undergo modifications at its stereogenic center (see the Supplementary Material,
Figures S3 and S4). It is also possible that coumarin 2 overcomes this BBB/BSCFB by
binding most of the other coumarins analyzed without the CF; group to stereospecific
receptors. Furthermore, coumarin compounds 3, 5, and 7 crossed the BBB/BCSFB, but
there they were partially metabolized, as we can see from the regression and absorbance
curves in the form of points above and below the curve and analysis in MIC and MBC tests
of their antimicrobial activity.

Demonstrating antibacterial activity, as well as the transfer of the newly designed
coumarin derivatives to the CSF of sheep, may provide the basis for the therapeutic
application of these compounds not only in the tested animal species or the entire group
of ruminants, but also in humans suffering from neurological disorders caused by CNS
infections and/or neurodegenerative diseases [7,9]. Since the integrity of BBB/BCSFB is
altered during systemic inflammation or infection, allowing many unwanted substances to
gain access to the brain [24,27,28,51], we plan to continue research on the direct penetration
of new coumarin derivatives directly in the CNS.

3. Materials and Methods
3.1. Chemistry of Newly Synthesized Coumarin Derivatives

All reagents and solvents were purchased from Sigma-Aldrich (Saint Louis, MI, USA).
All solvents were of analytical grade and were used without prior distillation. Merck
silica gel 60 F254 plates were used for TLC (Thin-Layer Chromatography) analysis. The
crude reaction mixtures were purified using column chromatography on Merck silica
gel 60/230—400 mesh (Rahway, NJ, USA), with an appropriate mixture of hexanes and
ethyl acetate as eluent. Nuclear magnetic resonance (NMR) spectra were performed on
a Varian apparatus (Varian, Saint Louis, MI, USA) (400 MHz) and (500 MHz); the mass
spectrometer was from Waters Company, Milford, MA, USA. Chemical shifts are expressed
in ppm and the coupling constant (J) is expressed in Hz using TMS as an internal standard.
High-resolution mass spectra were acquired on a Maldi SYNAPT G2-S HDMS apparatus
(Waters) with a QqTOF analyzer. To prove the ability of the established protocol, each
reaction was repeated at least three times. Cerebrospinal fluid (CSF) samples were analyzed
for the presence of the investigated coumarin derivative 2 using a SCIEX API 3000 triple
quadrupole mass spectrometer (Science, Engineering, and Technology (SCIEX, Concord,
ON, Canada)) equipped with an electrospray ionization (ESI) source operated in positive
ion mode.

3.2. General Method for Imine Preparation

A mixture of 7-amino-4-methylcoumarin (1.5 g, 0085 mmol) and substituted aromatic
aldehyde (0.017 mmol) was refluxed in 25 ml of absolute alcohol and 0.5 mL of acetic
anhydride for 6 h, then, the solvent was removed under reduced pressure. The resulting
crude Schiff base was washed with cold water and recrystallized by using appropriate
solvents. The purity of the compounds was confirmed by TLC using silica gel as the
stationary phase, ethyl acetate: cyclohexane (1:2) as the mobile phase and melting point;
compounds 3, 6 and 8 were previously synthesized [29,30].

3.3. General Procedure for Synthesis of 4U-MCR Compounds

To the solution of the corresponding amine (1 equiv.) in methanol (1 mL), the respective
aldehyde (1 equiv.) was added and stirred at room temperature for 30 min, followed
by the addition of carboxylic acid (1 equiv.), and then the mixture for another 15 min.
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Then isocyanide (1 equiv.) was added to the reaction mixture and stirred overnight at
room temperature. The solvent was evaporated off under reduced pressure, and column
chromatography was performed to obtain pure compounds.

3.4. General Procedure for Synthesis of 3U-MCR Compounds

To the solution of the corresponding amine (1 mmol, 1 equiv.) in methanol (1 mL),
the respective aldehyde (1 equiv.) was added and stirred at room temperature, for 30 min,
followed by the addition of citric acid (1 equiv.), and then the mixture was stirred for
another 15 min. Then isocyanide (1 equiv.) was added to the reaction mixture and stirred
overnight at room temperature. The solvent was evaporated off under reduced pressure,
and column chromatography was performed to obtain pure compounds.

3.5. Compound 1

'H NMR (400 MHz, CDCI3) § 7.42 (d, ] = 8.3 Hz, 1H), 7.11 (d, ] = 8.7 Hz, 2H), 7.01 (d,
J =8.7 Hz, 2H), 6.81-6.74 (m, 2H), 6.68-6.61 (m, 2H), 6.22 (d, ] = 1.4 Hz, 2H), 6.08 (s, 1H),
4.37 (d, ] =5.7 Hz, 2H), 3.73 (s, 3H), 3.68 (s, 3H), 2.37 (s, 3H), 2.30 (dt, ] = 6.9, 3.4 Hz, 2H),
2.17-2.08 (m, 2H), 1.93-1.84 (m, 2H); 13C NMR (100 MHz, CDCI3) § 177.3, 172.5, 169.7, 160.3,
159.6, 158.9, 151.7, 142.8, 131.5, 129.9, 128.9, 125.6, 124.8, 119.6, 119.2, 115.5, 113.9, 65.8, 64.4,
55.2,55.1,43.2,33.8,32.8, 20.2, 18.5. HRMS (ESI) [M + Na] + m/z calcd. for C3,H3yN»,OgNa
595.2056; found 595.2049; Elemental anal. calcd. for C3,H3,N,Og; C: 67.12%; H: 5.63%;
N: 4.89%; found 67.08%; H: 5.58%; N: 4.81%.

3.6. Compound 2

'H NMR (400 MHz, CDCI3) 6 7.50-7.43 (m, 2H), 7.43-7.26 (m, 4H), 6.83-6.71 (m, 1H),
6.61 (dd, J = 8.9, 2.4 Hz, 1H), 6.40-6.31 (m, 2H), 6.08 (d, ] = 4.7 Hz, 1H), 5.00 (d, ] = 4.7 Hz,
1H), 4.18 (q, ] = 7.2 Hz, 2H), 4.10-3.86 (m, 2H), 1.22 (t, ] = 7.2 Hz, 3H); '*C NMR (100 MHz,
CDCI3) 6 170.1, 169.3, 160.1, 156.6, 150.3, 137.2, 129.5, 129.0, 127.1, 112.3, 104.4, 99.3, 61.7,
61.2,41.7,14.0. HRMS (ESI) [M + Na] + m/z calcd. for CooH19F3N,OsNa 471.1144; found
471.1138; Elemental anal. calcd. for CooH19F3N»Os; C:58.93%; H: 4.27%; N: 6.25%; found
C: 58.88%; H: 4.21%; N: 6.19%.

3.7. Compound 4

'H NMR (400 MHz, CDCl3) 5 7.41 (dd, J = 8.9, 2.0 Hz, 1H), 7.36 (d, ] = 8.7 Hz, 2H),
6.90 (d, ] = 8.7 Hz, 2H), 6.61 (dd, ] = 8.9, 2.3 Hz, 1H), 6.51 (t, ] = 5.4 Hz, 1H), 6.41-6.33 (m,
2H), 5.97 (d,] = 4.2 Hz, 1H), 491 (d, ] = 42 Hz, 1H), 4.16 (q, ] = 7.1 Hz, 2H), 4.13-3.87 (m,
2H), 3.77 (s, 3H), 1.23 (t, ] = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) § 170.2, 169.2, 160.1,
156.6, 150.3, 129.0, 128.3, 115.0, 112.4, 109.3, 104.5, 99.4, 61.7, 60.7, 55.3, 41.6, 14.0. HRMS
(ESI) [M + Na] + m/z calcd. for Cy3Hy1F3N,OgNa 501.1249; found 501.1242; Elemental
anal. calcd. for Co3Hy1F3N»Og; C: 57.74%; H: 4.42%; N: 5.86%; found C: 57.74%; H: 4.42%;
N: 5.86%.

3.8. Compound 5

1H NMR (400 MHz, CDCl3) § 7.44-7.29 (m, 3H), 7.24-7.13 (m, 8H), 7.07-7.01 (m, 2H),
6.29-6.20 (m, 3H), 4.16 (q, ] = 7.1 Hz, 2H), 4.05 (dd, ] = 9.0, 5.3 Hz, 2H), 3.52-3.40 (m, 2H),
2.38 (s, 3H), 1.26 (t, ] = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCI3) 5 171.2, 169.4, 160.1, 151.5,
142.7,134.5,133.4,130.3, 129.0, 128.9, 128.6, 128.4, 126.8, 124.6, 119.4,115.7,77.3,77.0, 76.7,
64.8, 61.5, 41.7, 41.6, 18.5, 14.1. HRMS (ESI) [M + Nal+ m/z calcd. for C31HzgN,O7Na
565.1951; found 565.1948; Elemental anal. calcd. for C31H3gN,O7; C: 68.62%; H: 5.57%;
N: 5.16%; found C: 68.53%; H: 5.49%; N: 5.09%.
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3.9. Compound 7

'H NMR (400 MHz, CDCl3) 6 7.59-7.51 (m, 2H), 7.43 (dd, ] = 8.9, 1.9 Hz, 1H), 7.40-7.31
(m, 2H), 6.60 (dd, ] = 8.9, 2.4 Hz, 1H), 6.54 (t, ] = 5.2 Hz, 1H), 6.43-6.32 (m, 2H), 5.97 (d,
J=45Hz, 1H),4.95 (d,] =4.5 Hz, 1H), 4.18 (q, ] = 7.1 Hz, 2H), 4.14-3.86 (m, 2H), 1.25 (t,
] = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCI3) § 169.2, 156.6, 149.8, 136.3, 132.7, 128.7,
123.2, 112.3, 104.8, 99.4, 61.8, 60.6, 41.7, 14.0. HRMS (ESI) [M + Na] + m/z calcd. for
CyH1gBrF3N,0O5Na 549.0249; found 549.0243; Elemental anal. calcd. for CooH;gBrF3N»Os;
C:50.11%; H:3.44%; N:5.31%; found C:50.03%; H:3.38%; N:5.24%.

3.10. Microorganisms and Media—1In Vitro Experiment Number 1-Bactericidal Effects

The antimicrobial activity of synthesized coumarin-based peptidomimetics was tested
on bacterial strains known to have a potential pathogenic effect on the animal and/or
human body. Staphylococcus aureus, Escherichia coli K-12 and R2-R4 strains were received
from Prof. Jolanta Lukasiewicz at the Ludwik Hirszfeld Institute of Immunology and
Experimental Therapy (Polish Academy of Sciences, Warsaw, Poland). The referenced
bacterial strains of E.coli (K-12 ATCC 25404, R2 ATCC 39544, R3 ATCC 11775, and R4 ATCC
39543) and S. aureus (ATCC 23235) were provided by collection of LGC Standards U.K.
or ATCC and used according to the literature recommendation [31,49]. The bacteria were
grown in a tryptic soy broth (TSB; Sigma-Aldrich, Saint Louis, MI, USA) and on agar plates
containing TSB medium at 25 °C. Alternatively, TSB agar plates were used. The specific
growth rate (i) according to first-order kinetics was measured using a microplate reader
(Thermo, Multiskan FC, Vantaa, Finland) at 605 nm in TSB medium and used for the MIC
and MBC tests, as described in detail in previous work [31,49].

Our studies using sheep brain focus on the use of peptidomimetics (Figure 1), [24,54]
with antimicrobial activity, which effectively penetrate the blood-brain barrier (BBB).
Antimicrobial resistance is one of the main problems in healthcare. Therefore, such an
approach is known for brain-penetrating peptides in the aspect of human diseases caused
by pathogenic bacteria E. coli and S. areus, which induce other diseases in mammalian
organisms. This is because E. coli or S. aureus LPS bacteria can cause sepsis, leading to
renal medullary perfusion in the fetal sheep brain and renal cortex hypoxia, causing brain
dysfunction and lethargy in premature and adult Merino sheep [15,22,27-29,49,50,62-69].

3.11. The Determination of the Minimum Inhibitory Concentration (MIC) and the Minimum
Bactericidal Concentration (MBC)

MIC was estimated using a microtiter plate method using 48- or 96-well
plates [26,27,34-36,53]. First, the precursor and TIL solutions were prepared in DMSO at
20 mg mL—1. Fifty microliters of each solution were placed in the first row of the plate.
Next, 25 uL of sterile TSB medium was added to the other wells, and serial dilutions were
performed. Then 200 puL of inoculated TSB medium containing resazurin (0.02 mg/mL) was
added as an indicator to all wells. TSB medium was inoculated with 10(6) colony-forming
units (CFU) mL—1 (approximately 0.5 McFarland units) of the bacterial strains. The plates
were incubated at 30 °C for 24 h. The color changes from blue to pink or yellowish with
turbidity were taken as positive, and the lowest concentration at which there was no
visible color change was the MIC. The MBC was estimated based on the measurement
of dehydrogenase activity in cultures after 24 h incubation without ILs. Four milliliters
of a dense culture (approximately 10(9) CFU mL—1) that was incubated for 24 h in TSB
medium at 25 °C were added to identical test tubes. The tested compounds were added to
the test tubes until the mixture reached final concentrations of 1-25 mg mL~!. The cultures
containing the TILs were then incubated for 1 h at 30 °C. Next, 0.1 g of CaCOj3 and 0.1 mL
of a 3% triphenyltetrazolium chloride (TTC) solution were added to the test tubes. The test
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tubes were sealed with parafilm and incubated for 1 h at 30 °C in darkness. The lowest

concentration at which there was no visible red color (formazan) was taken as the MBC.
A similar MIC and MBC test design was applied to CSF as a control for antimicrobial

properties as well as to the peptidomimetics used (see Supplementary Materials Figure S3).

3.12. Experiment No. 2—MTT Assay

The cytotoxic effects of the tested peptidomimetics 1-8 on BALB/¢-3T3 mouse fibrob-
last cells and gonadotroph cell lines such «T3-1 came from the ATCC collection.

The Balb/c3T3 cell line (ATCC) has been described in [70,71]. The «T3-1 cell line
has been described in [72-74]. All cells were cultured in Petri dishes in DMEM in a 5%
CO; incubator. Balb/c3T3 cells required supplementation with 10% fetal bovine serum
(PAA Laboratories, cat. no. A15-751), whereas «T3-1 cells were maintained in monolayer
cultures in DMEM supplemented with 10% fetal bovine serum, 100 U/ml penicillin G,
and 0.1 mg/mL streptomycin (Invitrogen, China) in humidified 5% CO,, 95% air, at 37 °C.
The cells were passed at ~95% confluence using a trypsin-EDTA solution (0.05% trypsin,
0.5 mM EDTA). Cells were kept in phenol red-free medium containing charcoal-treated fetal
bovine serum for 4 days before the experiments. All cell lines were periodically treated with
plasmacin (Invivogen #ant-mpt-1, 10 ug/mL for 2 weeks) and examined for mycoplasma
contamination by DAPI staining or PCR as described in [72-75].

Both cell lines were determined using the MTT assay after 24 h of incubation at five
concentrations. The MTT test is based on the ability of mitochondrial dehydrogenase
enzymes to convert an orange, water-soluble tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) into an insoluble formazan, which is a dark blue product
of the above reaction. After the formazan crystals were placed in DMSO or isopropanol, a
colored solution formed, and the intensity was measured spectrophotometrically within the
wavelength range of 492-570 nm. The amount of colored reduced MTT was proportional
to the oxidative activity of the cell mitochondria and, under strictly defined experimental
conditions, to the number of metabolically active (living) cells in the population. The MTT
test can also be used to determine cell viability in populations of cells that no longer divide,
but are metabolically active. The MTT test is currently the most widely used to assess
cytotoxic activity and is recommended as a reference by international standards-setting
organizations [70-84].

3.13. Experiment No. 3—Transfer of Coumarins to the CSF in Sheep In Vivo-Animal Management

Four mature Polish Merino sheep (aged 10 months), weighing 50 + 1 kg, were used
in the experiment. They were raised indoors at the Kielanowski Institute of Animal
Physiology and Nutrition, Polish Academy of Sciences (Jablonna near Warsaw, Poland)
under natural light conditions (52° N, 21° E). The animals were fed twice a day according
to their physiological status. Animal nutrition was based on pellet concentrate and hay
according to the recommendations of the National Research Institute of Animal Production
(Krakow-Balice, Poland) and the National Institute of Agricultural Research (France) [28].
During the experimental period, the sheep were kept in individual pens with free access to
water and mineral licks, as well as visual, olfactory and tactile contact with individuals of
the same species.

3.14. Third Ventricle (IIIv) Cannulation

One month before the experiment (September), the sheep were subjected to surgical
implantation of a cannula into the IlIv (outer diameter 1.2 mm, frontal 31.0 mm), according
to the stereotaxic coordinate system for the hypothalamus of the sheep in the procedure
described by [49,50] and by Traczyk and Przekop [69]. Implantation was performed under
general anesthesia (xylazine: 40 mg/kg of body mass, intravenously; xylapan and ketamine:
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10 to 20 mg/kg of body mass, intravenously; Bioketan, Vetoquinol Biowet, Putawy, Poland)
through a hole drilled in the skull. A guide cannula was attached to the skull with stainless
steel screws and dental cement. The external opening of the canal was closed with a
stainless-steel cap. After surgery, the ewes were injected for 4 days with antibiotics (1 g
streptomycin and 1,200,000 IU of benzylpenicillin; Polfa, Poland) and with analgesics
(metamizole sodium 50 mg/animal; Biovetalgin, Biowet Drwalew, Poland or meloxicam
1.5 mg/animal; Metacam, Boehringer Ingelheim, Germany). The placement of the cannula
in IIIv was confirmed by the outflow of CSF during surgery and visually after slaughter.

3.15. Drug Preparation

The day before animal administration, tested coumarins (synthesized at the Institute
of Organic Chemistry) were dissolved in a dimethyl sulfoxide (DMSO, Chempur, Piekary
Slaskie, Poland), at a concentration of 1 mg/kg body weight. After 24 h, the coumarin
solution was diluted in physiological saline in a 1:10 ratio (50 mg/500 mL) for intravenous
(iv) infusion.

3.16. Experimental Design and Sample Collection

Estrus synchronization was performed in mid-October after the convalescence period,
when the sheep reached full sexual maturity, showing complete estrous cycles. Polyester
polyurethane sponges (Chronogest-CR) containing 20 mg of flugestone acetate (Intervet,
Boxmeer, The Netherlands) were inserted into the sheep intravaginally for 14 days and
then removed at the time of injection of pregnant mare’s serum gonadotropin (PMSG)
injection (500 iu, Folligon, Intervet, Boxmeer, The Netherlands). Estrus occurred within
24 to 48 h after PMSG administration and its duration was additionally controlled using
a vasectomized ram. A continuous collection of Illv CSF samples was performed in
every sheep twice on day 10 of consecutive cycles (luteal phase), beginning with the first
synchronized estrus. The CSF flowed out at a flow rate of 20 pL/min, which is within
the range of the CSF turnover rate in the sheep’s CNS [41,42]. The total time for the CSF
sampling was 7 h (from 9:00 to 16:00), allowing the collection of 28 samples (approximately
300 uL/15 min) from each sheep. The CSF samples were collected in Eppendorf tubes
placed on ice, using calibrated 1.0-mL gas-tight syringes and a CMA /402 microinjection
pump (CMA, Stockholm, Sweden). The coumarin solution in saline (50 mg/500 mL) was
administered intravenously, as a drip, over 15 min, through a catheter inserted into the
jugular vein. Coumarin administration was started after collecting at least one ‘clear’
control CSF samples (between 9:30 and 10:00). During the collection and treatments, the
sheep were kept in pairs in the experimental room in comfortable cages, where they could
lay and to which they had previously been adapted for at least 2 days.

3.17. Measurement of Coumarin Concentration in the CSF of Sheep

Coumarins were quantified in the CSF samples immediately after filling the tubes
using a spectrophotometric method. Specifically, CSF samples were centrifuged at
10,000x g for 60 s at 4 °C and the amounts of 130 uL of the supernatant were placed on a
96-well microplate. Data acquisition was performed using a SpectraMax iD3 multimode
microplate reader (Molecular Devices, San Jose, CA, USA) at the absorption maximum
of the compound to ensure optimal sensitivity and accuracy. The absorbance was read
against the Ringer-Locke solution as a blank. For each compound the wavelength was
determined based on the results of a preliminary scanning of absorbance in a 230-1000 nm
spectrum with 10 nm intervals. The concentrations of the coumarin derivatives in the CSF
were calculated from the standard curves prepared for each compound.
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3.18. Mass Spectrometric Determination of Coumarin 2 in Cerebrospinal Fluid (CSF) Collected
from Sheep

Sheep CSF samples were collected and stored at —80 °C until further analysis. For
protein precipitation, 100 pL of sample was mixed with 300 uL of ice-cold acetonitrile/water
solution (80:20, v/v) containing 0.1% acetic acid. The mixture was vortexed for 1 min and
incubated on ice for 30 min to facilitate protein precipitation and reduce matrix interferences.
The samples were centrifuged at 14,000x g for 15 min at 4 °C and the clear supernatant
was collected for mass spectrometry analysis. The samples were analyzed using a SCIEX
API 3000 triple quadrupole mass spectrometer equipped with an electrospray ionization
(ESI) source operating in positive ion mode. The ESI source parameters were set as follows:
capillary voltage, 4.5 kV; nebulizer gas temperature, 200 °C; nebulizer pressure of 4.0 bar;
curtain gas pressure, 35 psi. The samples were infused at a flow rate of 10 uL/min using
a syringe pump. Mass spectra were acquired in full-scan mode over an m/z range of 500
to 2000.

3.19. Statistical Analysis

The Shapiro-Wilk test was used to check the normality of the data. Depending on the
distribution of the data, two types of tests were used in the further analysis: the parametric
Student’s ¢ test was used for samples with normal distribution, while the nonparametric
Wilcoxon test was used for samples with nonnormal distribution. A linear regression
model was used to check whether there is a significant increasing or decreasing trend of the
coumarin level (or absorbance) over time. In all tests, a 5% significance level was used. The
estimated p-values were corrected for multiple tests using the Benjamini-Hochberg method.

4. Conclusions

The present study demonstrates that coumarin-based antibacterial-activity pep-
tidomimetics can constitute a valuable experimental approach to investigate the transfer
of coumarin derivatives across the blood—brain and blood-cerebrospinal fluid barriers
(BBB/BCSFB) using a sheep model. The findings provide evidence supporting the potential
therapeutic application of newly synthesized coumarin derivatives in the prevention and
treatment of infections of the central nervous system (CNS) caused by pathogenic bacteria
in both veterinary and human medicine. The CF; and Me groups attached to the coumarin
scaffold demonstrated an improved effect on antimicrobial activity against Gram-positive
bacteria Staphylococcus aureus (ATCC 23235), as well as Gram-negative bacteria, including
various strains of E. coli (K12 (ATCC 25404), R2 (ATCC 39544), R3 (ATCC 11775) and R4
(ATCC 39543)). Among the compounds evaluated, derivatives containing a CF3 substituent
exhibited superior penetration across brain barriers. Additionally, toxicity assays confirmed
that the most promising derivatives, when tested via the MTT assay on neuronal and non-
neuronal cell lines, did not exert harmful effects on nerve cells. Together, these results
contribute to a better understanding of the mechanisms underlying the disruption of BBB
and highlight the potential of coumarin derivatives as candidates for further therapeutic de-
velopment. A key limitation of this study is the use of a single dose of coumarin derivatives,
selected on the basis of antibacterial minimum inhibitory concentration (MIC) and MTT
cytotoxicity assays. This restriction may limit the generalizability of the observed effects
on brain barrier permeability. Therefore, future studies should explore a broader range of
concentrations and dosing regimens to establish dose-response relationships. Moreover,
the incorporation of strategies designed to enhance transcellular transport, such as the use
of peptide-based carriers, or the application of alternative delivery methods that bypass
the BBB (e.g., local drug administration), may further improve the translational relevance
and therapeutic efficacy of these compounds.
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