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Abstract: The proprotein convertase subtilisin kexin type 9 (PCSK9) emerged as a molecular target
of great interest for the management of cardiovascular disorders due to its ability to reduce low
density lipoprotein (LDL) cholesterol by binding and targeting at LDLR for lysosomal degradation
in cells. Preliminary studies revealed that pseurotin A (PsA), a spiro-heterocyclic y-lactam alkaloid
from several marine and terrestrial Aspergillus and Penicillium species, has the ability to dually
suppress the PCSK9 expression and protein—protein interaction (PPI) with LDLR, resulting in an
anti-hypercholesterolemic effect and modulating the oncogenic role of PCSK9 axis in breast and
prostate cancers progression and recurrence. Thus, a preliminary assessment of the PsA acute
toxicity represents the steppingstone to develop PsA as a novel orally active PCSK9 axis modulating
cancer recurrence inhibitor. PsA studies for in vitro toxicity on RWPE-1 and CCD 841 CoN human
non-tumorigenic prostate and colon cells, respectively, indicated a cellular death shown at a 10-fold
level of its reported anticancer activity. Moreover, a Western blot analysis revealed a significant
downregulation of the pro-survival marker Bcl-2, along with the upregulation of the proapoptotic Bax
and caspases 3/7, suggesting PsA-mediated induction of cell apoptosis at very high concentrations.
The Up-and-Down methodology determined the PsA LDsg value of >550 mg/kg in male and female
Swiss albino mice. Animals were orally administered single doses of PsA at 10, 250, and 500 mg/kg
by oral gavage versus vehicle control. Mice were observed daily for 14 days with special care over
the first 24 h after dosing to monitor any abnormalities in their behavioral, neuromuscular, and
autonomic responses. After 14 days, the mice were euthanized, and their body and organ weights
were recorded and collected. Mice plasma samples were subjected to comprehensive hematological
and biochemical analyses. Collected mouse organs were histopathologically examined. No morbidity
was detected following the PsA oral dosing. The 500 mg/kg female dosing group showed a 45%
decrease in the body weight after 14 days but displayed no other signs of toxicity. The 250 mg/kg
female dosing group had significantly increased serum levels of liver transaminases AST and ALT
versus vehicle control. Moreover, a modest upregulation of apoptotic markers was observed in liver
tissues of both animal sexes at 500 mg/kg dose level. However, a histopathological examination
revealed no damage to the liver, kidneys, heart, brain, or lungs. While these findings suggest a
possible sex-related toxicity at higher doses, the lack of histopathological injury implies that single
oral doses of PsA, up to 50-fold the therapeutic dose, do not cause acute organ toxicity in mice though
further studies are warranted.
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1. Introduction

Recently, the inhibition of proprotein convertase subtilisin kexin 9 (PCSK9) has
emerged as a promising therapeutic target for reducing low density lipoprotein (LDL)
levels. PCSK9 binds to the extracellular domain of the low-density lipoprotein receptor
(LDLR), resulting in the receptor not recycling back to the cell membrane and degrading
instead in the lysosome [1]. Currently marketed PCSK9 monoclonal antibodies (mAbs),
alirocumab and evolocumab have been proven to considerably lower LDL-C levels and
subsequent cardiovascular events. However, FDA-approved humanized PCSK9 mAbs
are cost-ineffective and are only administered as subcutaneous injections once or twice a
month. Thus, several small-molecule orally active PCSK9 inhibitors are being discovered
and developed as feasible alternatives to treat atherosclerosis.

There are concerns about the possible negative consequences of very low serum
cholesterol on brain health [2-4]. PCSK9 inhibitors have been scrutinized since their
public launch over a decade ago for their ability to reduce LDL-C levels far below any
statin. However, it has been demonstrated that average LDL-C levels of approximately
120-140 mg/dL could be safely reduced to 30-60 mg/dL [2,3]. One of the main issues
raised is the connection between low lipoprotein levels and neurocognitive decline [4].
Dysregulation of brain cholesterol metabolism has been tied to many neurodegenerative
malignancies. This led to concerns that PCSK9-targeting entities that lower lipids might
negatively affect neuronal function or development. However, cholesterol homeostasis in
the brain is thought to be independent of the rest of the body as lipoproteins do not cross
the blood brain barrier [4]. Circulating PCSK9 mAbs are unable to cross the blood-brain
barrier, and thus, potential therapeutic mAbs that reduce PCSK9 are not expected to directly
reduce PCSK9 expression levels in the brain [5]. So far, there is no enough evidence to link
PCSK9 mADb inhibitors to serious adverse events [6].

It is estimated that marine species comprise 25% of the total species on the planet [7].
In response to their extremely difficult and harsh environments, marine organisms pro-
duce potent secondary metabolites with unique chemical structures and bioactivity. These
secondary metabolites derived from the abundance of marine species represent a funda-
mentally untapped resource for drug discovery [8]. Even though discoveries of potential
marine-derived therapeutics have been steadily increasing since the advent of SCUBA div-
ing gear in the 1950’s, the number of marine natural products that are under development
or marketed as approved drugs are rather few. This can mainly be attributed to difficulties
in collecting source organisms, challenges for large-scale production of marine natural
products, high potential toxicity of numerous marine compounds, and the lack of scal-
able extraction procedures resulting in limited quantities insufficient for high-throughput
bioassays and subsequent developments [9].

Pseurotin A (PsA) is a spiroheterocyclic y-lactam alkaloid (Scheme 1, Supplementary
Materials: Figures S1 and S2) first isolated as a fermentation product from Pseudeurotium
ovalis (strain 52269 /F) and later reported in numerous marine and terrestrial Aspergillus
and Penicillium species [10]. PsA competitively inhibited fungal chitin synthase, induced
pheochromocytoma PC12 cells differentiation, and was patented as apomorphine antag-
onist and bacteriostatic food preservative [11]. PsA also showed anti-inflammatory and
weak cytotoxic activities. PsA inhibited IgE production and showed anti-seizure activity
in animal models. PsA also inhibited osteoclasts and prevented osteoporosis [11]. This
novel natural product has been recently reported as a dual inhibitor of PCSK9 secretion
and PCSK9 LDLR protein—protein interaction (PPI) [11]. PsA possesses a rare oxygenated
1-oxa-7-azaspiro[4.4]non-2-ene-4,6-dione structural skeleton that is highly substituted with
5 chiral centers [12]. The unique PsA molecular structure mimics a drug-like high selectiv-
ity profile at its possible molecular target(s), which was consistent with results of virtual
ADMET studies [11,12].
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One of the key risk factors for the development of atherosclerosis is elevated LDL lev-
els. The persistent elevation of LDL cholesterol (LDL-C) is a major cause for atherosclerotic
cardiovascular disease, and several studies have linked increased serum cholesterol levels
with a higher risk of developing cancers [13,14]. However, there are also observations
that suggest no association exists between cancer progression and cholesterol [15,16]. This
discrepancy reveals that the relationship between cholesterol and cancer might not be a
simple two-factor association, and that hypercholesterolemia may only be a contributing
factor in some types of cancers but not all. Prostate cancer and breast cancer are two types
of cancer with a plethora of clinical analyses and animal experiments that support the
relationship between serum cholesterol levels and higher risk of cancer progression and re-
currence [17-21]. A meta-analysis highlighted that a non-linear relationship exists between
higher dietary cholesterol intake and increased risk of developing breast cancer [22]. Nude
mice fed on a high-fat diet (11% fat) developed several-fold higher breast and prostate
cancer volumes [11,23]. Studies have revealed PsA’s ability to suppress the progression of
hormone dependent BT-474 breast cancer cells in a nude mouse xenograft model [11]. PsA
has also been proven in vivo to suppress the progression and recurrence of prostate cancer
using a xenograft nude mice model [23].

Scheme 1. The chemical structure of pseurotin A (PsA).

To the best of our knowledge, the present study is the first to investigate the potential
acute toxicity of orally-administered pseurotin A in vivo before it can be validated for
efficacy and safety in human clinical trials. Marketed PCSK9 mAb inhibitors evolocumab
and alirocumab are currently being used for the treatment of homozygous familial hyperc-
holesterolemia proving the therapeutic potential of targeting PCSK9 [24-26]. This study
shed light on the safety thresholds and animal exposure limits of PsA, the recently uncov-
ered PCSK9-LDLR axis modulator, which will aid its subsequent validity as a novel orally
active small molecule prostate and breast cancer recurrence modulatory entity. This study
investigated the in vitro cytotoxicity and acute influence of purified orally-administered
PsA treatments on multiple biochemical, hematological, and histopathological parameters
in Swiss albino mice.

2. Results
2.1. In Vitro Cytotoxicity of Pseurotin A
2.1.1. The Effect of PsA on the Viability of Human Non-Tumorigenic Prostate and Colon
Cells Using MTT-Based Cell Cytotoxicity

The treatment of human non-tumorigenic prostatic epithelial cells RWPE-1 with dif-
ferent concentrations of PsA induced a dose-dependent cellular death at extremely high
concentrations (Figure 1). PsA concentrations ranging from 0.005-0.75 mM did not affect
the viability of the treated cells detected by the MTT-based mitochondrial dehydrogenase
metabolic activity; meanwhile, 1 and 2 mM concentrations significantly resulted in a 52
and 82% reduction of cell viability, respectively. Moreover, microscopic monitoring of
PsA-treated cells revealed a distinct change in cell morphology, including cell rounding
and cytoplasmic shrinkage (Figure 1), which is frequently associated with apoptotic cellular
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death. On the other hand, treatment of human non-tumorigenic colon CCD 841 CoN
epithelial cells with different concentrations of PsA showed a similar toxicity pattern to
RWPE-1 cells, although colon cells seemed to be more sensitive to PsA treatments (Figure 2).
For instance, PsA showed a significant cell toxicity starting at 0.5 mM in CCD 841 CoN cells,
while cytotoxicity was observed starting from 0.75 mM in RWPE-1 cells. Moreover, 1 and
2 mM of PsA reduced the cell viability by 65 and 90%, respectively (Figure 2), compared to
a 52 and 82% viability in RWPE-1 cells at the same concentrations (Figure 1). Furthermore,
the reduction in cell viability was accompanied by cell rounding and shrinking of the
cytoplasm, which suggests the likelihood of apoptotic cells death.
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Figure 1. The effect of PsA treatment on the viability of the human immortalized RWPE-1 prostate
epithelial cells determined by the standard MTT protocol. (a) Bar graph shows dose response of
cytotoxic effect of PsA after 24 h treatment. (b) Representative images (scale bar embedded) of human
immortalized RWPE-1 prostate cells. (i) DMSO treated control cells. (ii) Cells treated with PsA
at 1 mM concentration. (iii) Cells treated with PsA at 2 mM level. Data shown as mean + SD of
triplicate wells. **** indicates a statistical significance at p < 0.0001 for specified concentrations versus
vehicle-treated control cells. ns indicates non-statistical significance at p < 0.05.
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Figure 2. The effect of PsA treatment on the viability of the human CCD 841 CoN non-tumorigenic
colon cells determined by the standard MTT protocol. (a) Bar graph shows the dose response of
cytotoxic effect of PsA over 24 h treatment period. (b) Representative images (scale bar embedded)
of human CCD 841 CoN non-tumorigenic colon cells over 24 h treatment period. (i) Vehicle-treated
control cells. (ii) Cells treated with PsA at 1 mM concentration. (iii) Cells treated with PsA at 2 mM
concentration. Data shown as mean =+ SD of triplicate wells. ** indicates a statistical significance
at p < 0.01, while *** indicates a statistical significance at p < 0.0001, at specified concentrations vs.
DMSO-treated control cells. ns indicates non-statistical significance at p < 0.05.

2.1.2. The Effect of PsA on Mitochondrial Functionality in Human Normal Prostatic
RWPE-1 Cells

To test for the effect of PsA on mitochondrial functionality, this assay, after inducing
cell lysis, used a luciferase tag that binds to ATP in the presence of Mg?* to generate a
luminescent signal (RLU) that is proportional to the amount of intracellular ATP present
in the cell. Treatment of the RWPE-1 normal human cells with PsA at 8, 4, 2, and 1 mM
resulted in significantly reduced ATP upon cell lysis. The 8 mM and 4 mM concentrations
were toxic to the cells with a % intracellular ATP of 1.75% and 3.03%, compared to the
vehicle control (Figure 3). The 2 mM, 1 mM, and 0.5 mM treatments displayed good
dose response with 25.53%, 44.71%, and 91.84% cell viability, respectively, versus vehicle
control (Figure 1).
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Figure 3. Effect of PsA treatments on the intracellular ATP levels of RWPE-1 cells. Bar graph
shows the dose response of mitochondrial functionality of PsA after 24 h treatment. Data shown as
A% 1

mean + SEM of triplicate wells. *** indicates a statistical significance at p < 0.001.

2.1.3. The Effect of PsA on the Apoptotic Signaling Pathway in Human Normal Prostatic
RWPE-1 Cells

Treatment of the RWPE-1 normal human cells with PsA at 1 and 2 mM for 24 h induced
a significant downregulation of the antiapoptotic Bcl-2 protein (Figure 4). For instance,
1 mM PsA decreased the expression level of Bcl-2 by more than two-fold, while 2 mM re-
duced Bcl-2 expression by five-fold when compared to untreated control cells. Furthermore,
PsA treatments induced the expression levels of the pro-apoptotic Bax in a dose-dependent
manner (Figure 4). For example, 1 mM PsA upregulated the Bax expression level by 42%,
while 2 mM induced Bax expression by more than 100% (Figure 4) in comparison to Bax
level in the untreated control cells. Moreover, proteolytic caspases 3 and 7 were upregulated
upon treatment with PsA in a concentration-dependent manner (Figure 4). The expression
level of cleaved caspase-3 was increased by 1.5-fold and 4-fold in response to treatments
by 1 and 2 mM PsA, respectively (Figure 4). Meanwhile, the expression level of cleaved
caspase-7 was doubled in response to PsA treatment at 1 mM and quadrupled at 2 mM
concentration (Figure 4).
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Figure 4. The effect of PsA treatment on apoptotic markers in the human RWPE-1 non-tumorigenic
prostate epithelial cells. (a) Immunoblots of Bcl-2, Bax, caspase-3 and caspase-7, and p3-tubulin from
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the cell lysate in control, and PsA-treated cells at 1 and 2 mM. (b) Densitometric analysis of apoptotic
markers protein bands relative to tubulin in each band for B-cell lymphoma 2 (Bcl-2), Bcl-2 associated
X-protein (Bax), caspase-3, and caspase-7. * indicates a statistical significance at p < 0.05, *** indicates a
statistical significance at p < 0.001, and **** indicates a statistical significance at p < 0.0001 at specified
concentrations vs. control.

2.2. Determination of LDsg of Pseurotin A

The LDsj of PsA orally administered was determined to be > 550 mg/kg. A total of four
Swiss albino mice (two male and two female) were utilized in this experiment. The first mouse
was administered an oral dose of PsA at 175 mg/kg in accordance with the Organization of
Economic Co-operation and Development (OECD) guideline 425 [27] suggestion for the starting
dose. No behavior, neuromuscular, nor autonomic changes observed at any time points. No
animal morbidity was observed over 48 h. Each of the other three mice administered PsA
550 mg/kg oral dose. No morbidity over 48 h nor any changes in behavior, neuromuscular,
autonomic responses observed at any time point. Limits of PsA solubility prevented increasing
the dose to 2000 mg/kg, which is the upper limit of the Up-and-Down procedure [27].

2.3. 14-Day Acute Toxicity Assay of Pseurotin A
2.3.1. PsA Effects on Mouse Body Weight

Following a single oral administration of PsA, the bodyweight of the treatment groups
for the male mice did not show any significant changes over the five time points measured.
The 10 mg/kg and 250 mg/kg PsA treatment groups lost weight over 11 days but a reversal of
that trend was observed and the mice gained weight from day 11 to 14. The 500 mg/kg group
was the only group that lost notable weight over the entire 14 days (Figure 5). The 500 mg/kg
treatment group for the female mice showed a drastic decrease in body weight in the first four
days, which continued to decline at each time point measured until the day of sacrifice (Figure 5).
The female mice body weight of the 10 mg/kg and 250 mg/kg treatment groups remained
constant and did not differ from the control group. This extreme loss in body weight from the
female group could be attributed to the PsA’s PCSK9 inhibitory effect that has been shown to
lower the amount of LDL cholesterol by a significant margin [11,23].
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Figure 5. Single oral dose PsA treatment effects on the body weight of male and female Swiss albino
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mice. Weight was recorded at 1, 4, 8, 11, and 14 d for treatment and control groups. Data shown as
mean + SEM for n = 5/sex/group.

2.3.2. The Effects of PsA Treatments on Swiss Albino Mice Behavior

The oral administration of PsA for all dosing groups did not negatively affect mice be-
havior responses (grooming, vocalization, alertness, anti-social), neuromuscular responses
(startle response, tonic/clonic convulsions, body posture, gait, righting reflex), nor au-
tonomic responses (diarrhea, cyanosis, piloerection, respiratory rate) at any of the time
points observed past the second hour. During the first hour, a few of the mice in the male
500 mg/kg group showed signs of grimace that were measured using the mouse grimace
scale [28]. However, after the first 2 h, all mice showed no abnormal behavior nor signs of
pain over the remainder of the acute toxicity study.

2.3.3. Evaluation of Relative Animal Organ Weight

Fourteen days after the oral administration of PsA, the mice were sacrificed and their
vital organs such as the liver, kidneys, spleen, lungs, heart, and brain were collected and
weighed. The kidneys and lungs were both weighed together. The results showed no
significant change in weight for treatment groups compared to the control group (Tables 1
and 2, Dunnett’s test, p > 0.05).

Table 1. Relative organ weight (mean & SD) of PsA versus control-treated male Swiss albino mice.
After being excised, intact organs were dabbed with a cloth to remove excess blood and immediately
weighed. Kidneys and lungs were weighed together. Data shown as mean =+ SD for n = 5/sex/group.

Parameters Control 10 mg/kg 250 mg/kg 500 mg/kg

Liver 1819 + 107.3 1968 + 330.1 1705 + 196.9 1664 + 306.5
Kidneys 858.4 +57.3 730.8 &+ 106.4 714.6 + 444 756.0 = 148.3
Spleen 133.4 +20.4 1244 +74 1172 +13.2 1413 + 324
Lungs 263.0 £ 40.0 350.2 4+ 80.1 278.8 £ 57.8 341.5 +62.8
Heart 2234492 285.8 + 86.2 220.6 +18.4 2953 +254
Brain 346.5 £ 68.9 405.2 + 63.1 3978 £72.2 458.0 £ 24.2

Table 2. Relative organ weight (mean + SD) of PsA versus control-treated female Swiss albino mice.
After being excised, intact organs were dabbed with a cloth to remove excess blood and immediately
weighed. Kidneys and lungs were weighed together. Data shown as mean £ SD for n = 5/sex/group.

Parameters Control 10 mg/kg 250 mg/kg 500 mg/kg

Liver 1150 £ 90.6 1157 £119.0 1227 +18.0 1145 £ 2404
Kidneys 435.6 £47.9 408.5 + 33.1 4372 +28.4 391.8 +50.9
Spleen 107.0 £ 28.2 123.0 £ 114 1184 £ 6.1 104.4 £+ 22.6
Lungs 2584 £79.8 233.3 £39.1 2482 +£734 209.0 £51.6
Heart 165.4 £ 245 171.0 £51.2 184.4 £29.6 180.4 £+ 26.8
Brain 443.6 +50.9 392.0+12.7 428.0 £72.7 378.8 +33.5

2.3.4. Analysis of Mice Hematological Biochemical Parameters after PsA Single Oral Dose

The results demonstrated that the hematological biochemical parameters aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) of the female mice 250 mg/kg
dosing group were significantly higher than the parameters of the control mice (Figure 6).
The same trend of increased ALT and AST and decreased in ALP was observed in the
male 250 mg/kg group (Figure 6) but was not statistically significant (p > 0.05). The ALP
of the female 250 mg/kg dosed group was significantly lower when compared with the
control group. The glucose levels of the 10 mg/kg male group were significantly elevated
as compared with vehicle control (Figure 7). None of the other treatment groups, male
or female, saw significant changes in glucose levels as compared with that of the control
(p > 0.05). In addition, these findings showed no changes in renal toxicity markers blood
urea nitrogen (BUN) and creatinine from PsA. The creatinine levels remained <0.2 mg/dL
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for all groups and the BUN of the treatment groups did not significantly differ compared to
the control (p > 0.05) as displayed in Tables 3 and 4.
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Figure 6. Comparison of the plasma liver enzymes levels in PsA versus vehicle control-treated Swiss
albino mice. (a) AST and ALT in plasma of male mice. (b) AST and ALT in plasma of female mice.
Data shown as mean + SEM for n = 5/sex/group. * indicates a statistical significance at p < 0.05.
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Figure 7. Comparison of the plasma ALP and glucose levels in PsA versus vehicle control-treated
Swiss albino mice. (a) Plasma ALP levels of female Swiss albino mice treated with PsA. (b) Plasma
glucose levels of male Swiss albino mice treated with PsA. Data shown as mean + SEM for

n =5/sex/group. ** indicates a statistical significance at p < 0.01.
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Table 3. Comparison of PsA versus vehicle control-treated hematological biochemical parameters
glucose (GLU), aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phos-
phatase (ALP), blood urea nitrogen (BUN), and creatinine (CREAT) in male Swiss albino mice. Data
shown as mean & SEM for n = 5/sex/group.

Parameters Control 10 mg/kg 250 mg/kg 500 mg/kg
GLU (mg/dL) 2240+ 438 294.0 £ 15.8 2343 +11.8 236.8 £ 7.7
AST (U/L) 93.0 £10.2 1150+ 17.3 153.8 + 8.8 105.8 +19.7
ALT (U/L) 31.8 £0.8 31.5£29 41.8+27 293 £1.2
ALP (U/L) 748+ 1.4 70.8 £5.0 795 +4.1 768 +£9.1
BUN (mg/dL) 243 +£0.2 21.0 £ 1.6 228 +£1.5 20.3£0.5
CREAT (mg/dL) 0.2£0.0 0.2£0.0 <0.2+£0.0 0.2£0.0

Table 4. Comparison of PsA versus vehicle control-treated hematological biochemical parameters
glucose (GLU), aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phos-
phatase (ALP), blood urea nitrogen (BUN), and creatinine (CREAT) in female Swiss albino mice. Data
shown as mean + SEM for n = 5/sex/group.

Parameters Control 10 mg/kg 250 mg/kg 500 mg/kg
GLU (mg/dL) 198.5 +17.2 2225 £20.5 221.5+6.3 191.7 £ 4.0
AST (U/L) 78.0 £28.1 90.5+ 59 241.0 £35.0 158.3 £ 4.5
ALT (U/L) 28.5+3.6 295+1.5 495+ 41 40.5 £ 2.5
ALP (U/L) 111.0 £ 8.0 95.0 £ 5.2 68.5 +4.7 87.0£85
BUN (mg/dL) 175 +£1.2 193+ 14 23.0+£13 21.7 £ 0.5
CREAT (mg/dL) <0.2+0.0 02100 <02£00 <0.2+0.0

2.3.5. Analysis of Hematological Parameters after Single Oral Dose PsA Treatment

The effects of up to 500 mg/kg PsA on the hematological parameters of mice following
single oral administration are illustrated in Tables 5 and 6. The red blood cell count (RBC),
hemoglobin count (HGB), hematocrit (HCT), mean corpuscular volume (MCV), and mean
corpuscular hemoglobin concentration (MCHC) did not show any significant difference
versus vehicle control treatment (p > 0.05). The white blood cell count (WBC) was lower
but non-statistically significant in the 500 mg/kg treatment group compared to control in
both mouse genders (p > 0.05). The only significant finding amongst the hematological
parameters was the increased platelet count (PLT) in the 250 mg/kg male treatment group
as compared to vehicle control (Figure 8).

Table 5. Comparison of PsA versus vehicle control-treated hematological parameters white blood
cell count (WBC), red blood cell count (RBC), hemoglobin count (HGB), hematocrit (HCT), mean
corpuscular volume (MCV), mean corpuscular hemoglobin concentration (MCHC), and platelet
count (PLT) in male Swiss albino mice. Data shown as mean + SEM for n = 5/sex/group.

Parameters Control 10 mg/kg 250 mg/kg 500 mg/kg
WBC (103/uL) 53+12 6.0 £ 0.8 63+ 19 41416

RBC (10°%/uL) 9.0£0.7 89+04 9.0£0.9 8.6£34

HGB (g/dL) 132+ 05 132 £ 0.6 132+ 0.7 128 £1.2
HCT (%) 443 + 4.8 451 +3.1 447 £53 413+ 4.6
MCYV (fL) 49.1+21 50.5+27 49.6 £2.8 48.0 £ 2.6
MCHC (g/dL) 30.0£23 293 +21 29.7 £23 309 £22

PLT (103/uL) 537.8 £117.6 679.7 £139.7 768.5 £ 133.2 547.3 £159.9
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Table 6. Comparison of PsA versus vehicle control-treated hematological parameters white blood
cell count (WBC), red blood cell count (RBC), hemoglobin count (HGB), hematocrit (HCT), mean
corpuscular volume (MCV), mean corpuscular hemoglobin concentration (MCHC), and platelet
count (PLT) in female Swiss albino mice. Data shown as mean + SEM for n = 5/sex/group.

Parameters Control 10 mg/kg 250 mg/kg 500 mg/kg
WBC (10%/uL) 41+12 46408 52+19 31+11
RBC (10°/uL) 91+07 91+04 9.5+09 10.0 £0.3
HGB (g/dL) 135+ 05 134+ 0.6 141+ 0.7 150+ 05
HCT (%) 473 £4.38 450+ 3.1 46.3 £5.3 50.7 £2.8
MCV (fL) 51.8+21 495427 48.7 £28 50.6 +1.3
MCHC (g/dL) 28.7+23 30.0 £2.1 30.5+£23 29.6 £0.9
PLT (103/uL) 514.0 £ 117.6 587.5 £ 139.7 635.0 £133.2 409.0 £129.7
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Figure 8. Effects of PsA treatments on male Swiss albino mice platelet count (PLT). Data shown as
mean + SEM for n = 5/group. * indicates a statistical significance at p < 0.05.

2.3.6. Single Oral Dose PsA Effects on Swiss Albino Mouse Organs Histopathology

After 14 days, PsA and vehicle control-treated animals’ liver, lung, kidney, heart, and
brain were subjected to a histopathological examination. Animal organs were analyzed
for any signs of gross toxicity including signs of necrosis, apoptosis, tissue lesions, and
other organ-specific abnormalities. The results of all five organs up to the highest dose of
500 mg/kg showed no pathological nor morphological changes compared to the vehicle
control-treated mice (Figure 9). Greater emphasis was placed on observing the liver and
heart. The reasoning behind this is that the liver is the primary xenobiotics detoxifying
organ with the highest PCSK9 expression level [29]. It has also been reported that PCSK9
deficiency can potentially impact cardiac lipid metabolism, contributing to the plausible
development of heart failure [30]. The results of the histopathological examination with no
obvious abnormalities were inconsistent with those of the liver biochemical parameters,
specifically, high AST and ALT levels especially in the female 250 mg/kg dosing group.
Higher levels of liver transaminases are indicative of potential organ toxicity. This may
suggest that the single PsA high dose was not enough to cause histopathological insults.

The structural features of the mouse hepatocytes consisted of large round nuclei (occa-
sionally binucleated), were prominent in the tissue sections, and remained physically intact.
The portal veins, bile ducts, and hepatic arteries also remained structurally uncompromised
with no signs of sloughed off tissue from neighboring cells found inside (Figure 9). Healthy
Kupffer cells were found lining the sinusoids but were not overexpressed in the treatment
groups compared to the control group. Coagulation necrosis, characterized by pyknosis in
the eosinophilic cytoplasm, was not present in any of the treatment groups. Early signals
of inflammation associated with hepatocyte necrosis; cell infiltration, microgranulomas,
and granulomas were not present in any of the mice liver sections [31].
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Control

10 mg/kg 250 mg/kg 500 mg/kg

Figure 9. Histopathological examination of Swiss albino female mice organs treated with PsA single
oral doses. (a) H&E-stained liver sections. (b) H&E-stained bronchiolar sections. (c¢) H&E-stained
renal cortex sections. (d) H&E-stained cardiac muscle sections. (e) H&E-stained hippocampal sections.
All section images taken at 400 x magnification.

The lung tissues were examined for any altercation in the trachea, bronchioles, and
alveoli. Special attention was given to the respiratory bronchiole whose lumen presents a
thick wall with small pockets of alveoli. The entire alveolus is lined by type I pneumocytes
(which perform the gas exchange and make up the majority of alveolar cells), sprinkled
with type II pneumocytes (provide surfactant), Clara cells, and resident macrophages
(known as dust cells). Any damage to the cells of the alveoli is of particular concern as it is
in these alveoli that gas exchange occurs [32]. For the control and each treatment group,
the epithelium of the alveolar ducts and alveolar sacs were morphologically intact, and
both were free of cellular debris or red blood cell infiltration. The trachea and esophagus
were also structurally intact with normal cartilaginous C-rings present in the lumen of the
trachea. No injury nor morphological changes observed in the columnar epithelium of the
trachea, the lamina propria, seromucous glands, nor perichondrium neither in PsA-treated
nor vehicle control groups (Figure 9b).

The kidney tissues were examined for any pathological alteration of the glomerulus,
proximal and distal convoluted tubule cells, collecting ducts, and loops of Henle. Healthy
tubules were intact with standard cellular shapes. Necrotic tubules will present a com-
promised monolayer, reduced cell number, and degradation of cell morphology. Injured
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tubules will lose their circular structure, contain less nuclei, and a thinner monolayer [33].
The glomerulus was structurally homogeneous with an uncompromised Bowman'’s capsule.
The surrounding proximal and distal tubular cells were assorted circularly with large round
nuclei in the correct amount without any morphological changes. The brush border of the
proximal convoluted tubule, microvilli on the luminal surface of the epithelial cells, was
clearly visible in each treatment group. The collecting ducts were structurally intact and free
of sloughed tissue or abundance of red blood cells. There was no observable desquamation,
injury, or necrosis of the tubular epithelial cells of either the distal or proximal convoluted
tubules. Nor were there signs of regenerative epithelial cells (Figure 9¢c). These results
are in alignment with the biochemical parameters (blood urea and creatinine) results that
showed no difference between the PsA treatment group versus vehicle control.

Examined mice hearts showed no morphological changes in the cardiac muscle of
the atrium and ventricles. The large oval nuclei of the muscle cells were morphologically
normal and centrally located. The intercalated discs, intercellular junctions that connect
adjacent cardiac muscle cells, were clearly outlined (Figure 9d). Cardiac muscle demon-
strates polygon shaped areas of cardiac muscle fibers (CMF) with easily noticed blood
vessels in large intercellular spaces [33]. The CMF were firmly attached with no evidence of
muscle fiber derangement, focal lesions, or confluent lesions. No subendocardial necrosis,
ventricular wall necrosis, intramyofiber edema, or extensive infiltration of leukocytes were
present in the control nor treatment groups [34].

The specific CNS targets of PsA are currently unknown. Thus, we evaluated PsA
effects on the commonly CNS-targeted sites including cerebral cortex, cerebellum, and
hippocampus [35]. The hippocampus section was given special attention as it is a primary
site for neurotoxicity and looking at a hemi-coronal section of the hippocampus through
the widest part of the brain can help ensure common CNS target sites will not be over-
looked [35]. The H&E stain of the mouse hippocampus demonstrated an evenly arranged
and size uniform pyramidal neuronal layer (Figure 9¢). Almost all neurons presented a
rounded central nucleus with a prominent nucleolus. Healthy glial cells were observed in
the molecular layer.

2.3.7. The Effect of PsA on the Apoptotic Signaling Pathway in Liver Tissues of Swiss
Albino Mice

The liver is the organ with the highest level of PCSK9 expression in the body [29],
qualifying it as a primary target for assessing PsA toxicity. Western blot analyses of
hepatic tissue lysates from different treatment groups in both animal sexes revealed the
downregulation of the antiapoptotic Bcl-2, concomitantly with upregulation of the apoptotic
regulator Bax (Figure 10). In male liver tissues, the expression level of Bcl-2 remained
unaffected at 10 and 250 mg/kg single oral doses of PsA versus the vehicle-treated mice
(Figure 10). Meanwhile, the Bcl-2 expression level was statistically significantly (p < 0.05)
lower in liver lysates from mice treated with 500 mg/kg PsA in comparison to lysates
from vehicle control (Figure 10). Furthermore, the densitometric analysis of protein blots
revealed an approximately 6.2% decrease in Bcl-2 expression level in liver lysates from
male mice treated with 500 mg/kg (Figure 10). On the other side, Bax level remained
unchanged at doses 10 and 250 mg/kg, while it was upregulated at 500 mg/kg by 9%
with respect to vehicle control. Similar patterns observed in liver lysates from female
mice, where the reduction in the expression level of Bcl-2 was also statistically significant
(p < 0.05) at 500 mg/kg and reduction was 7.1% when compared to the expression level
in the vehicle-treated control group (Figure 10). Likewise, Bax remained unchanged in
liver lysates at doses 10 and 250 mg/kg, and then showed a significant upregulation at
500 mg/kg (Figure 10). The expression levels of executioner apoptotic caspases 3 and 7
remained unaffected at 10 mg/kg dose level, while the 250 and 500 mg/kg treatments
induced upregulation of the caspase-3 in both animal genders (Figure 10). Furthermore,
the expression level of caspase-7 was significantly overexpressed at 500 mg/kg PsA, while
it remained unaffected at 250 mg/kg PsA in both animal genders (Figure 10).
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Figure 10. The effect of PsA treatments on the apoptotic markers in Swiss albino mice liver tissue lysates.
(a) Immunoblots of Bcl-2, Bax, caspase-3, and caspase-7 protein expression 14 days post oral treatments
of PsA and vehicle control in male and female mice. (b) Densitometric analysis of proteins expression
normalized to 3-tubulin 14 days post oral treatment of PsA and vehicle control in male and female mice.
Data shown as mean =+ SD of triplicate wells. * indicates a statistical significance at p < 0.05.

3. Discussion

Lipid-lowering therapies, such as statins, continue to be at the forefront of treatment
and prevention of cardiovascular events; however, patient’s resistance to continued therapy
as well as statin-associated muscle symptoms (SAMS) [36] have spurred the discovery
of novel molecular targets and molecules. PCSK9 inhibitors traditionally used to control
hypercholesterolemia by reducing LDL-C. PCSK9 proved playing oncogenic driving role
in gastric, lung, colon, breast, liver, ovarian, and skin cancers, validating it as a novel
molecular target in cancer [11,23]. The marine and terrestrial fermentation product PsA
was recently reported as the first small molecule dual inhibitor of PCSK9 expression and
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PPI [11,23]. Though expectations are high, there are valid concerns over possible adverse
side effects of new PCSK9 inhibitors, especially on liver, the main PCSK9 biosynthesizing
machinery in the human body. This study, to the best of our knowledge, is the first to
analyze and report the acute safety profile in vivo of PsA, the novel PCSK9-LDLR axis
modulator. The objectives of this study were to gauge potential toxic effects of PsA through
in vitro testing as well as single oral administration in Swiss albino mice; therefore, it
preliminarily assessed its prospective safety profile for subsequent developmental stages.

Biosafety appraisal of pharmacologically-validated hits and leads is a critical endpoint
at the early stages of the drug development pipeline. In vitro cytotoxicity assays are
routinely deployed in cell cultures by assessing cellular death response to tested molecules.
Current cellular assays mostly rely on assessing the cell viability as a function of either
membrane integrity, mitochondrial functionality, oxidative stress, or cell death [37]. Herein,
we adopted three of these approaches to assess the cytotoxic effects of PsA on two non-
tumorigenic human epithelial cell lines: the RWPE-1 prostatic and the CCD 841 CoN colon
cells. We have previously reported the recurrence suppressing effects of PsA on prostate
cancer in animal models [23]. Therefore, the immortalized RWPE-1 human prostatic
cells were chosen to mimic the target human prostatic gland. Moreover, the CCD 841
CoN human colon cells also chosen to mimic the GIT cells, since PsA was the first oral
small molecule modulator of the PCSK9-LDLR axis [11,23]. Previous in vitro results on
prostate cancer cells showed relatively low cytotoxicity, 100-150 uM, but was impressive in
suppressing breast and prostate cancers motility and recurrences [11,23]. Thus, we chose
doses at effective and relatively higher concentrations to determine the selective effects of
PsA (cancer versus immortalized human cells) and to monitor its cytotoxicity at higher
concentrations for subsequent preclinical studies. PsA showed no significant effects on
the viability of RWPE-1 cells from the concentration range of 0.005 to 0.75 mM (Figure 1),
which indicated that PsA lacks cytotoxicity to normal prostate cells at reported anticancer
concentrations. Meanwhile, high concentrations at 1 and 2 mM induced significant cell
death, indicated by the reduction of cell viability to 49% and 19%, respectively. Moreover,
RWPE-1 cells morphological changes were detected at 1 and 2 mM PsA, including cell
rounding and cytoplasmic shrinkage (Figure 2), which suggests apoptosis as the main
mechanism of cellular death. Furthermore, the viability of CCD 841 CoN colon cells was
not much affected when treated with PsA up to 100 uM. PsA 500 uM treatment showed
a slight decrease in cell viability (12.3%). Additionally, 1 and 2 mM of PsA induced a
significant toxic effect indicated by 38 and 9% cell viability, respectively, at these treatment
concentrations. Taken together, this data highlights the broad safety profile of PsA at the
cellular level in different human non-tumorigenic cell lines.

To access for changes in mitochondrial functionality induced by PsA, a biolumines-
cence assay that measures intracellular ATP was utilized. Adenosine triphosphate is the
main source of energy for all life on the planet. In cells, the hydrolysis of ATP to ADP
releases energy that gets transferred to other molecules. Cellular response to stress can
drastically change intracellular ATP, and ATP biosynthesis will be completely halted fol-
lowing cell death. This makes the measuring of intracellular ATP a primary indicator of
cell viability. There are multiple validated methods to measure ATP concentration; how-
ever, bioluminescence ATP assays are seen as the most rapid, sensitive, and selective [38].
Intracellular ATP levels were significantly downregulated in PsA-treated RWPE-1 cells
compared to control cells (Figure 3). This was especially evident in the 4 mM and 8 mM
concentrations with a percent intracellular ATP concentration of only 1.75% and 3.03%, re-
spectively, compared to the control. Cells treated with 1 mM PsA showed more pronounced
levels of intracellular ATP (44.71%) versus the control, while the 0.5 mM PsA treatment
measured ATP 91.84% of the control cells (Figure 3). This data highlights the relative safety
of PsA to mitochondrial integrity and function at concentrations below 1 mM.

To determine if apoptotic death is induced by PsA, molecular signaling pathways
regulating apoptosis were investigated by a Western blot analysis. It is well documented
that the Bcl-2 family of prosurvival proteins regulates apoptosis by controlling the release
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of cytochrome-c from the inner mitochondrial membrane, which will activate several
adaptor proteins such as APAF-1 to form apoptosomes. Bcl-2 was downregulated in
PsA-treated cells in comparison to its expression level in control cells indicating an active
process of apoptosis at indicated concentrations (Figure 4a). In the same sense, the Bax is
recognized for its pro-apoptotic function via opening the voltage-dependent anion channel
(VDAC), and thus increasing the permeability of the mitochondrial inner membrane to
release cytochrome-c. Immunoblot results of lysates pooled from treated cells revealed
the significant upregulation of Bax protein at 1 and 2 mM of PsA when compared to the
control cells, proving a dynamic apoptotic response at indicated concentrations of PsA
(Figure 4). Furthermore, the expression level of caspases 3 and 7 were monitored in the
cell lysate of PsA-treated and control cells. Caspases 3 and 7 are highly specific proteases
involved in execution phase of cell apoptosis through proteolytic cleavage of target proteins
involved in DNA fragmentation, chromatin condensation, and cytoskeletal damage. Our
results revealed the significant upregulation of both caspases in a concentration-dependent
manner (Figure 4), which emphasizes the apoptotic toxicity of PsA at indicated high doses.
However, it is important to point out that the apoptotic effect of PsA on RWPE-1 prostatic
cells is seen at approximately 10 and 20-fold its effective anticancer concentrations, signaling
the broad safety profile of PsA at a cellular level [23].

The Up-and-Down procedure determined the LDsy for PsA to be greater than
550 mg/kg. This procedure was also utilized as a range finder to help determine which
concentrations would be used in the 14-day single dose acute study. Complications with
solubility prevented testing lethality of PsA at 2000 mg/kg. However, the therapeutic
dose for prevention of tumor recurrence was determined to be 10 mg/kg body weight in a
previous study [23], so the concentration chosen as the highest dose for this acute study
was 50 x higher, indicating a good safety. Both sexes of mice were implemented into this
study as well as the 14-day acute toxicity study. This is in conjunction with the National
Institutes of Health (NIH) guidelines (NOT-OD-16-006) that require the use of both sexes in
screening of acute organ toxicity unless it is well justified. Gender-based differences in the
toxicity of pharmaceuticals is a question that must be addressed to establish an accurate
safety profile for all novel therapeutics.

The first noticeable indicators of possible toxicity in any mammalian safety assessment
are changes in behavioral, autonomic, or neurological responses. Though slight hunching,
reduced mobility, and anti-social behavior was noted within the first 1-2 h observation in
a few of the male 500 mg/kg mice, only 3 h after dosing, the mice’s behavior returned to
normal and remained healthy over the remainder of the 14-day experimental period. The
assessment of animal welfare in safety studies often lacks experience and objectivity. Thus,
there is the need for well-defined and implemented systems for recording animal indicators
of distress [39-41]. To account for this, the mouse grimace scale was implemented to
quantify pain and discomfort more reliably [28]. A senior toxicologist with over 20 years
of animal testing supervised the initial 1-2 h observation after PsA dosing to monitor for
changes in response.

A significant finding of the study was the extreme body weight loss of the female
Swiss albino mice in the 500 mg/kg group over the 14-day safety study. Loss of body
weight is widely accepted as a potential early marker for organ toxicity, and research
shows a high empirical association between the loss of body weight and pathological
findings [41]. Although many scientists define a body-weight reduction greater than 20%
as a potential parameter for humane sacrifice, other recent studies strongly suggest a more
flexible implementation of weight loss as a humane endpoint criteria that stresses using
additional criteria for evaluating pain and puts more emphasis on the unique differences in
experimental design [42]. In accordance with directive 2010/63/EU [43], which promotes
the 3R’s (replacement, reduction, and refinement), the female mice 500 mg/kg group were
closely monitored for the remainder of the study for behavior responses, neuromuscular
responses, and autonomic responses. This group of female mice displayed no signs of pain
and no changes in behavior from the time of initial dosing to the day of sacrifice. This
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guided the decision not to humanely sacrifice the mice after the weighing on day four
showed >20% decrease in weight observed across all the animals in the group. Weight loss
is an expected therapeutic outcome for PCSK9-targeting drugs. The phase IV clinical trial
of the FDA-approved humanized mAb Repatha observed notable weight loss for people
who have been taking the drug for 6-12 months, with the weight loss being especially
prominent in females [44]. Another observation of note was that upon dissection, the PsA
250 mg/kg and 500 mg/kg treatment groups had no observable fat surrounding their G.I.
tract, while the 10 mg/kg and control groups showed noticeable white fat surrounding
their G.I. tract. This clearly indicates effective PsA PCSK9 axis-targeting outcomes at single
high doses.

The AST and ALT are among the most reliable markers of liver cell injury /necrosis.
The liver transaminases AST and ALT were both significantly increased in the female
250 mg/kg group compared to the control. The same increase was seen in the males but
not to a significant degree. ALT is seen as the more specific marker for hepatotoxicity due to
its high expression in hepatocytes and low expression in other cells of the body. In contrast,
AST has mitochondrial and cytosolic forms present in the tissues of the kidneys, pancreas,
lungs, brain, heart, skeletal muscle, and liver. AST and ALT levels can be elevated to levels
exceeding 2000 U/L in cases of major hepatocyte injury or necrosis; however, increases
not exceeding 5-fold the normal ranges are much more commonly seen in primary care
medicine [45]. One study stated that serum ALT reference intervals for healthy Swiss albino
mice are 46.15 & 5.62 U/L for males and 59.03 & 9.58 U/L for females [46]. Another study
that measured the clinical markers for over 5000 healthy mice of different breeds found
the average ALT for males to be 30 U/L and females to be 26 U/L, which are very close
to the values observed in the control groups [47]. The average level of serum ALT for the
250 mg/kg female group was 49.5 & 4.1. This was less than a two-fold increase over the
serum ALT of the female control group (28.5 £ 3.6) and lower than the healthy reference
level of 59.03 4= 9.58 U/L. Meanwhile, a cross-sectional study found an association between
low LDL-C levels and elevated serum transaminases [48]. The histopathology of the liver
tissue sections showed no signs of steatosis, necrosis, cirrhosis, inflammation, or other signs
of toxicity to the hepatocytes. This leads to the belief that the increase in AST and ALT are
not due to overt hepatocyte injury /necrosis.

Significantly lower levels of serum alkaline phosphatase (ALP) were observed in the
female 250 mg/kg group. ALP is a hydrolase enzyme that is highly expressed in the
liver, bone, and kidney. Elevated serum levels have commonly been used as a marker
for hepatotoxicity. Lower ALP levels are not seen as a marker for hepatotoxicity but,
instead, may indicate protein deficiency, malnutrition, or insufficient number of vitamins
or minerals. The serum ALP levels of the female 250 mg/kg mice were not considered to
be at very low levels (<30 U/L).

Liver is regarded as the organ with the highest levels of PCSK9 expression in the
body [29], making it a primary target for testing PsA cytotoxicity on hepatocytes. The
prosurvival Bcl-2 protein was slightly downregulated for the 500 mg/kg dose group in
both animal genders, while it remained unchanged for the lower doses. On the other
hand, the proapoptotic Bax remained unaffected at 10 and 250 mg/kg dose levels, while
being upregulated at 500 mg/kg dose in both sexes (Figure 8). Taken together, the data
strongly suggest that PsA could induce apoptosis in mouse liver tissues at very high doses
relative to its previously reported therapeutically recommended dose of 10 mg/kg in nude
mice [11,23]. In a similar fashion, the executioner caspases 3 and 7 were upregulated at the
500 mg/kg dose, while being unchanged for the 10 and 250 mg/kg doses of PsA (Figure 10).
These results propose a broad biosafety margin for the PCSK9 axis-targeting PsA as a
prostate cancer recurrence suppressor, with hepatocyte cell death observed only at 50-fold
the recommended anticancer therapeutic dose [11,23].

Another sensitive indicator of potential drug toxicity is its effect on relative organ
weight [49]. No significant changes (p > 0.05) on the relative liver, kidneys, spleen, lungs,
heart, and brain weights were observed for the treatment and control groups of both mouse
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sexes. Similarly, no organ variations in the size, color, or overall appearance noticed in each
treated group versus vehicle control.

Hematological parameters continue to be important markers in the detection of injury
or disease in animals and humans. It has been reported that deleterious hematological
results in animals have one of the highest concordances with negative results in humans [50].
The average RBC-C, HGB, HCT, MCV, and MCHC was unchanged amongst the treatment
and control groups, indicating no signs of aplastic or hemolytic anemia. The platelet
count increased in a step-wise manner in the 10 mg/kg and 250 mg/kg treatment groups,
for both genders, versus vehicle control before falling slightly below the control levels
in the 500 mg/kg treatment group. The PLT levels in the 500 mg/kg dosing group were
too high to be considered thrombocytopenia [51]. The only significant finding among
the hematological data was the increase in platelet count for the male 250 mg/kg group
(p > 0.05). PsA treatment is causing thrombocytosis, an increase in platelet count, up to a
certain dose; however, a high platelet count is not very indicative of serious injury and most
times does not cause any symptoms. Possible causes of thrombocytosis are inflammation,
anemia, or cancer [52].

The results of this 14-day acute toxicity study, when viewed together, strongly suggest
that acute doses up to 500 mg/kg of PsA present no major toxicity to the organs analyzed.
The decrease in body weight for the female 500 mg/kg group was the most significant find-
ing and signaled potential organ toxicity. However, the relative organ weight saw no change
compared to the control and the results of the histopathological examination revealed no
signs of damage to the liver, kidney, heart, brain, and lungs. The weight loss effect of PsA
is expected in PCSK9-targeting entities. The hematological and biochemical parameters
tested also showed miniscule change compared to the control, with the exception of the
liver transaminases in the female 250 mg/kg dosing group. Future repeated dose studies
will test the sub-acute and sub-chronic effects associated with PsA dosing. Moreover,
HPLC detection of PsA in Swiss albino mouse sera inevitably confirmed systemic effects
(Figure S3). The novel marine natural product PsA is a prospective entity appropriate for
subsequent preclinical development of prostate and breast cancer recurrence controls.

4. Materials and Methods
4.1. Cell Lines and Culture Conditions

Non-tumorigenic human prostatic cells RWPE-1 and colon CCD 841 CoN epithelial
cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA,
USA). RWPE-1 cells were maintained in Gibco keratinocyte serum-free basal medium
(Thermo Scientific, Rockford, IL, USA) supplemented with 5 ng/mL bovine pituitary
extract (BPE), and 5 ng/mL recombinant human EGE. CCD 841 CoN cells were cultured
in EMEM (ATCC, Manassas, VA, USA) supplemented with 10% fetal bovine serum (R&D
Systems, Inc, Minneapolis, MN, USA). Cells were regularly sub-cultured upon confluency
using trypsin EDTA (Corning, Glendale, AZ, USA) and fresh growth media. Cells were
maintained in a humidified incubator kept at 37 °C with 5% COs.

4.2. In Vitro Cytotoxicity of Pseurotin A
4.2.1. MTT-Based Cell Cytotoxicity Assay

RWPE-1 cells were plated in a 96-well microplate at a density of 3 x 10 cells per well.
Cells were allowed to recover and attach for 24 h post seeding, while CCD 841 CoN were
plated at a cell density of 2 x 10* per well and allowed 12 h to adhere. Upon attaching,
media were removed, and serum-free media containing different treatment concentration
of PsA (from a stock solution of 100 mM in sterile DMSO) were added to each well. Cells
were then incubated with treatment concentrations for 24 h, and then media were gently
removed, and 100 pL of MTT solution (0.5 mg/mL final concentration) were added for
each well. Plates were then incubated for 3 h and monitored for the formation of formazan
crystals. After the incubation period, media were gently removed, and crystals were
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solubilized in 100 uL. DMSO before measuring the optical absorbance at 570 nm using a
Synergy 2 microplate reader (Bio Tek Instruments Inc., Winooski, VT, USA).

4.2.2. ATP-Based Cell Cytotoxicity Assay

RWPE-1 cells were plated in a 96-well microplate at a density of 3 x 10 cells per well.
Cells were allowed to recover and attach for 24 h post seeding and 3 replicates/groups
were utilized. Upon attaching, media were removed, and serum-free media containing
different treatment concentration of PsA (from a stock solution of 500 mM in sterile DMSO)
added to each well. Cells were then incubated with treatment concentrations for 24 h
after which ATP release was determined using a Promega CellTiter-Glo® 2.0 Assay kit
(Promega Corporation, Madison, WI, USA). An amount of 95 uL of CellTiter-Glo® 2.0
Reagent (equal to the volume of cell culture media resent in each well) was added to
each well containing cells. After 2 min on an orbital shaker followed by another 10 min
incubation at rt, the luminescence of each well was measured using a Synergy H1 hybrid
reader (BioTek Instruments Inc., Winooski, VT, USA).

4.2.3. Western Blot Analysis

Cells treated with different concentrations of PsA and liver tissues isolated from
animals of different treatment and control groups were lysed using RIPA buffer (Thermo
Scientific, Rockford, IL, USA) supplemented with a mammalian protease inhibitor cocktail
(G-Biosciences, St. Louis, MO, USA). Protein concentrations in cell and tissue lysates were
determined by Pierce BCA assay (Thermo Scientific, Rockford, IL, USA) as per manufacturer
protocol. Lysates were mixed with equal volumes of 2X Laemmli buffer (Bio-Rad, Hercules,
CA, USA) containing 5% {3-mercaptoethanol before heat blocking in a water bath at 90 °C
for 5 min. About 30 ug of cell and tissue lysates were resolved on 10 and 12% SDS-PAGE
using Tris/Glycine/SDS as resolving buffer. Resolved protein bands were then transferred
to PVDF membranes using Tris/Glycine buffer in 20% methanol /water at 4 °C overnight.
Membranes were then blocked by rocking in 5% BSA /TBST for 2 h. Blocked membranes
were then incubated overnight with different primary antibodies at 4 °C. Tubulin, Bax, Bcl-2
antibodies were purchased from Cell Signaling (Danvers, MA, USA) and caspases 3 and 7
were obtained from ProteinTech (Rosemont, IL, USA). Primary antibodies were used per
vendor recommended dilutions in 5% BSA /TBST. Membranes were then washed 3—4 times
with TBST before incubating with Cell Signaling HRP-linked antirabbit secondary antibody
for an additional 2 h. Finally, membranes were washed 3—4 times with TBST before adding
Super Signal West Femto prior to the imaging with ChemiDoc Touch Imaging System
(Bio-Rad, Hercules, CA, USA). Densitometric analyses accomplished using the Image |
software (NIH, Bethesda, MD, USA). Photographed protein blots were then normalized to
B-tubulin for a quantitative comparison relative to untreated control cells and tissues.

4.3. Experimental Animals

Twenty male and twenty female Swiss albino mice, 4-5 weeks old, were purchased
from Envigo (Indianapolis, IN, USA). The animals were given a 2-week acclimatization
period and maintained under clean room conditions with a relative humidity of 55-65%, a
temperature of 22 + 2 °C, a 12:12 h light/dark cycle, Alpha-Dri bedding, and free access to
drinking water and pelleted rodent chow (no. 7012, Envigo/Teklad, Madison, WI, USA).
Animals were housed in group cages (male; n = 5 and female; n = 5) and kept in the same
environmental conditions. All animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC), University of Louisiana at Monroe, and were
conducted in strict accordance with good animal practice as defined by NIH guidelines
(Protocol # 21DEC-KES-03).

4.4. Up-and-Down Procedure

The procedure for determination of an LDs5y was performed following the Organization
of Economic Co-operation and Development (OECD) guideline 425 [27] for the testing of
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chemicals. Animals were given a 2-week acclimatization period. The starting dose for the
procedure was 175 mg/kg per guideline 425 suggestion for the testing small molecules. The
dosing progression was 175-550 mg/kg and was halted there due to limited PsA solubility
at higher concentrations. Initially, mice were randomly selected and treated with a single
PsA oral dose via oral gavage feeding syringe. After administering the dose, the mice were
observed for mortality /morbidity and behavioral signs of pain/toxicity at 1, 2, 4, 6, 12,
and 24 h and then once daily for a total of 14 days. If no mortality was observed after 24 h,
another animal would receive a 3.2 x increased dose, in a step wise manner, until stopping
criteria was met (the upper limit of 550 mg/kg was reached). Toxicity was observed for
14 days unless clear signs of grimace and pain were present. In that case, the animal was
euthanized in accordance with the 3R’s of toxicity testing. Rats were anesthetized using
Isoflurane (2-5%).

4.5. 14-Day Single Oral Dose PsA Acute Toxicity Study Design

For the single oral dose 14-day acute toxicity study, healthy 8-week-old male and
female Swiss albino mice were randomly selected and placed in 8 groups (n =5/sex/group).
Graded doses of PsA (10, 250, 500 mg/kg body weight) were administered to the mice for-
mulated in <5% DMSO/0.2% Tween 80 at a volume not exceeding 200 uL by flexible plastic
oral gavage (2 mm diameter with stainless steel bite protector, 18-gauge, 3.81 cm long).
The mice were observed for mortality, morbidity, and behavioral signs of pain/toxicity
at1,2,4,6,12, and 24 h and then once daily for a total of 14 days. The body weights of
the mice were weighed in grams using a Scout™ Pro (Ohaus Corp., Pine Brook, NJ, USA)
on day 0, 4, 8, 11, 14 after initial treatment. On day 14, all mice were anesthetized using
isoflurane (USP-vaporizer method, Matrix VIP-3000, exposure of animals in anesthesia
chamber at 3% isoflurane vaporization rate. Exposure time 3 min). Mice were then euth-
anized by cervical dislocation according to AVMA Guidelines on Euthanasia (2013) and
dissected. Mice organs (brain, liver, kidney, heart, lungs, spleen) were excised and weighed
for histopathological examination. The organs were stored in 10% formalin for 24 h then
transferred to 70% ethanol. This study was performed following the OECD guideline 423
for the testing of chemicals [53].

4.6. Hematological and Biochemical Evaluation

Sacrificed mice were decapitated and the blood was quickly collected into a green
topped Sodium Heparin 3.6 mg blood collection tube (BD Vacutainer REF# 368771) as well
as a purple topped K2 EDTA (K2E) 3.6 mg blood collection tube (BD Vacutainer REF#
367841) to ensure that all blood samples were free of clots. The Sodium Heparin samples
were immediately centrifuged at 13,000x g for 10 min and the plasma was collected for
biochemical analysis. Samples were analyzed and glucose, AST, ALT, ALP, BUN, and crea-
tinine levels were determined with the Beckman AU680 clinical chemistry analyzer system
(Beckman Coulter, Atlanta, GA, USA). The EDTA samples were analyzed for hematological
parameters and WBC, RBC, Hgb, Hct, MCV, MCHC, and PLT were determined using the
Siemens Advia 120 hematology analyzer (Siemens Healthcare Diagnostics Inc., Tarrytown,
NY, USA). All blood samples were analyzed at the LSU School of Veterinary Medicine
(SVM) Clinical Pathology Laboratory at Baton Rouge, Louisiana.

4.7. Data Analysis

Results for the hematological and biochemical parameters were analyzed separately by
a one-way Analysis of Variance (ANOVA) followed by multiple comparison with Dunnett’s
test. All statistical analysis was performed using GraphPad Prism version 8 software (San
Diego, CA, USA). Data in this study was expressed as a mean + SD (standard deviation)
and mean + SEM (standard error of mean). A probability value of <0.05 was considered
statistically significant (* p < 0.05; ** p < 0.01; *** p < 0.001; and **** p < 0.0001).
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4.8. Paraffin Embedding and Staining

The mouse organs were carefully removed and quickly fixed in 10% neutral buffered
formalin for 24 h before transfer to 70% ethanol. Organs were then embedded in paraffin
before sectioning and staining by hematoxylin and eosin (H&E). All sectioning and staining
were done at the AML Laboratories (Jacksonville, FL, USA). The paraffin-embedded tissues
were sliced into 5 um-thick sections before being mounted on a positively charged slide.
The 5 um-thick sections were then dewaxed using xylene, rinsed using 80-95% ethanol, and
rehydrated using H,O. Afterwards they were stained with H&E before being dehydrated
again using 95-80% ethanol to xylene.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /molecules28031460/s1, Figure S1: NMR spectra data for isolated
pseurotin A. (a) IH NMR spectrum of PsA in CDClj recorded at 400 MHz. (b) 13C NMR spectrum of
PsA in CDClj recorded at 100 MHz. Figure S2: High-performance liquid chromatography (HPLC)
chromatogram-aided purity assessment of isolated PsA A. Figure S3: High-performance liquid
chromatography (HPLC) chromatogram evidencing the first detection of PsA in Swiss albino mice
serum. Instrument: SHIMADZU; column: COSMOSIL C-18 (4.6 ID x 250 mm); mobile phase: 0.1%
HCOOH in water: acetonitrile (60:40) isocratic; UV detection: A = 254 nm.
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