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ABSTRACT

Peroxisomicine Al (PA1) is a toxin isolated from the Karwinskia genus plants whose target organs are the liver,
kidney, and lung. In vitro studies demonstrated the induction of apoptosis by PA1 in cancer cell lines, and in vivo
in the liver. Apoptosis has a wide range of morphological features such as cell shrinkage, plasma membrane
blistering, loss of microvilli, cytoplasm, and chromatin condensation, internucleosomal DNA fragmentation, and
formation of apoptotic bodies that are phagocytized by resident macrophages or nearby cells. Early stages of
apoptosis can be detected by mitochondrial alterations. We investigated the presence of apoptosis in vivo at the
morphological, ultrastructural, and biochemical levels in two target organs of PA1: kidney and lung. Sixty CD-1
mice were divided into three groups (n = 20): untreated control (ST), vehicle control (VH), and PA1 intoxicated
group (2LD50). Five animals of each group were sacrificed at 4, 8, 12, and 24 h post-intoxication. Kidney and
lung were examined by morphometry, histopathology, ultrastructural, and DNA fragmentation analysis. Pre-
apoptotic mitochondrial alterations were present at 4 h. Apoptotic bodies were observed at 8 h and increased
over time. TUNEL positive cells were detected as early as 4 h, and the DNA ladder pattern was observed at 12 h
and 24 h. The liver showed the highest value of fragmented DNA, followed by the kidney and the lung. We
demonstrated the induction of apoptosis by a toxic dose of PA1 in the kidney and lung in vivo. These results could
be useful in understanding the mechanism of action of this compound at toxic doses in vivo.

1. Introduction

et al., 1994). Studies performed in methylotrophic yeasts showed that
T-514 causes selective and irreversible damage to peroxisomes engulfed

Peroxisomicine Al (T-514) is a toxin isolated from the endocarp of
Karwinskia humboldtiana (Dreyer et al., 1975), whose target organs are
the liver, kidney, and lung (Bermiidez et al., 1986; Bermtdez et al.,
1992). Pineyro et al. in 1994 described for the first time in vitro selective
toxicity of T-514 on human tumor cell lines of liver, lung, and colon,
suggesting the use of T-514 as a potential antineoplastic agent (Pineyro

by macropexophagy at non-lethal doses, leading to T-514 being
renamed Peroxisomicine A1 (PA1l) (Sepulveda Saavedra et al., 1992).
Recently it was demonstrated that PA1 also causes micropexophagy in
C. boidinii (Ortega-Martinez et al., 2020).

In vitro studies showed that PA1 has an apoptotic effect in human
leukemia cells (Lansiaux et al.,, 2001), HeLa cells, human breast
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adenocarcinoma, colon adenocarcinoma, and hepatoma lines (Martinez
etal., 2001). In an in vivo study, our work group demonstrated that early
intraperitoneal (i.p.) therapy, administration of PA1 (1 mg/kg), caused
necrosis of tumor TC-1 cells implanted in C57BL/6 mice without
affecting the liver, kidney, or lung (Soto-Dominguez et al., 2012).
However, in a recent in vivo study using an elevated dose of PA1 to
simulate an acute intoxication (28 mg/kg), we observed prominent cell
death in the liver, triggered by the intrinsic apoptotic pathway (Soto--
Dominguez et al., 2018).

Morphological characteristics of cell death by apoptosis differ from
the characteristics shown by necrosis (Kerr et al., 1972). In tissues, the
changes that occur in apoptosis or necrosis are different (Majno and
Joris, 1995). Necrosis causes cell death due to direct physical or
chemical damage that usually begins on the surface of the cell, followed
by swelling of the cell and pyknosis. Afterwards, early lysis occurs, and
there is an uncontrolled release of proteolytic enzymes from the cyto-
plasm, caused by the rupture of the plasmalemma, which triggers an
inflammatory process (Kerr et al., 1995). In contrast, in apoptosis cells
show shrinkage, formation of bubbles or blisters on the cell surface,
chromatin is condensed in thick masses, internucleosome segmentation
occurs, and apoptotic bodies (cell fragments surrounded by a mem-
brane) are finally produced, thus preventing the release of intracellular
contents. Within tissues, apoptotic bodies are rapidly phagocytized by
resident macrophages or by neighboring cells, including epithelial cells
(Kerr, 1994).

Ultrastructural studies have reported pre-apoptotic changes in
mitochondria before chromatin fragmentation; these changes consist of
herniation of the inner membrane through the rupture of the outer
membrane with focal swelling of the matrix and unfolding of the nearby
crests (Soto-Dominguez et al., 2018; Angermiiller et al., 1998). On the
other hand, necrosis leads to mitochondria swelling, moderate crest
reduction, and partial or total loss of the mitochondrial matrix. In this
study, we investigated the in vivo toxic effects of PA1 in kidney and lung,
additional target organs of this toxin, using the acute dose of 28 mg/kg.

2. Materials and methods
2.1. Study groups

We used 60 CD-1 male young mice (5-6 weeks old, weight: 30-35 g),
maintained with a standard laboratory diet and water ad libitum. The
mice were randomly divided into three groups (n = 20): Untreated (ST),
Vehicle (VH), and Intoxicated (PA1) with a single dose of PA1 (2LDsg =
28 mg/kg) dissolved in commercial safflower oil as the vehicle and
administered via i. p. Mice intoxicated with this dose had a 100%
mortality at 48 h post-treatment (Soto-Dominguez et al., 2018).

All experiments were performed according to the International
Guidelines on the Appropriate Use of Experimental Animals and to the
Mexican current legislation on lab animals (NOM-062-Z00-1999). PA1
was obtained from the seeds of K. parvifolia, and the isolation, purifi-
cation, and evaluation process were performed based on previously
described standards (Guerrero et al., 1987; Waksman and Ramirez,
1992).

2.2. Sample collection

Five animals from each group (ST, VH, PA1) were euthanized at 4, 8,
12, and 24 h post-treatment. Kidneys and lungs were collected and
divided into three fractions to perform morphological analysis with light
microscopy, ultrastructural analysis by transmission electron micro-
scopy (TEM), and biochemical analysis. Liver samples were also
collected for the fragmented DNA spectrophotometric quantization.
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2.3. Morphological analysis

2.3.1. Analysis by light microscopy

Lungs and kidney samples were fixed for 24 h with 4% buffered (PBS
1X, pH: 7.2-7.4) paraformaldehyde (PFA), and subsequently processed
to obtain paraffin-embedded tissue blocks. Histological sections of 5 pm
were stained with Hematoxylin and Eosin (H&E), and Masson Tri-
chrome (MT). Tissues were analyzed for distinctive morphological
findings of apoptotic processes, such as nuclear fragmentation,
condensed chromatin, and loss or condensation of the cytoplasm. Digital
high-resolution images were obtained with a Nikon Microscope Eclipse
50i with the Q-Capture Pro image analysis system. All the analyses were
evaluated by three-blinded independent experts in morphology.

2.3.2. Immunohistochemistry for chromatin fragmentation using TUNEL

TUNEL technique was performed with the TACS™ 2 TdT DAB In Situ
Apoptosis Detection kit from Trevigen® (Gaithersburg, Md; USA) in 6
pm lung and kidney histological sections. Control slices were prepared
according to the specifications of the kit: incubation with nuclease to
induce DNA fragmentation (positive control) or omitting the labeling
enzyme (negative control). The tissues were analyzed by light micro-
scopy, and microphotographs were taken with a Nikon Microscope
Eclipse 50i with the Q-Capture Pro image analysis system. A morpho-
metric analysis was performed to quantify TUNEL-positive cells/field;
this was performed in 24 random fields per group (eight fields/slide, one
slide/mouse, three mice/group). These were studied with an oil im-
mersion objective (100 x ), and quantification was performed in trip-
licate in kidneys and lungs of all the study groups.

2.3.3. Ultrastructural analysis by transmission electron microscopy

In ultrastructural analysis, samples were fixed in Karnovsky-lto so-
lution (4% PFA, 5% glutaraldehyde, and 0.05% picric acid in cacody-
lates buffer with pH: 7.2-7.4) (Ito, 1968) during 24 h at room
temperature (RT). For post-fixation we used 2% aqueous osmium te-
troxide for 1 h; samples were then treated with a 1% aqueous solution of
uranyl nitrate. After rapid dehydration with 30%-100% gradual
acetone, tissues were embedded in epoxy resin. Sectioning was done
with a diamond knife on an RMC ultramicrotome. Semithin 350 nm
thick sections were stained with 1% toluidine blue (TB) for the study of
apoptotic and/or necrotic features with a light microscope. Also,
ultra-thin (70 nm) sections were collected on 200-mesh copper grids
without a supportive substrate. Sections were counterstained with ura-
nyl acetate and lead citrate and analyzed on a Carl Zeiss EM109 electron
microscope.

2.4. Biochemical analysis

2.4.1. Detection of DNA fragmentation in agarose gels

Portions of lung and kidney collected samples were stored at —80 °C
until their biochemical evaluation of DNA fragmentation was per-
formed, with a method described by Guan et al. (2002). Samples were
thawed and kept on ice; subsequently, samples were immersed in cold
buffer (50 mmol/L phosphates, 120 mmol/L NaCl, and 10 mmol/-
LEDTA, pH7.4) in a ratio of 1:3 and were homogenized with intervals of
10 s in buffer and 5 s on ice (10 times). Then the samples were centri-
fuged at 27,000 g at 4 °C for 20 min. The supernatant was collected and
treated with RNAse (200 pg/mL) for 30 min at 37 °C and the DNA was
extracted by phenol-chloroform. DNA was resuspended in TE 1 X buffer
(10 mmol/L Tris-HCl, pH 8.0, and 1 mmol/L EDTA), and mixed with
loading buffer to analyze the samples by electrophoresis in 1.8% agarose
gel using ethidium bromide. The same amount of DNA was loaded for
each of the analyzed groups.

2.4.2. Quantization of fragmented DNA by spectrophotometry
The spectrophotometric quantization of fragmented DNA was per-
formed according to the method described by Burton (1956) and
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modified by Guan et al. (2002). Following this, the 27,000 g supernatant
(fragmented soluble DNA), and the pellet (genomic DNA) were
collected. Afterwards, perchloric acid was added to a final concentration
of 0.5 N and samples were hydrolyzed at 70 °C for 70 min; then, samples
were cooled at 4 °C for 5 min and centrifuged for 6 min (4000 g) at 4 °C
to remove the protein. The supernatant was collected, and DNA content
was determined by the diphenylamine reaction as reported previously
(Gendimenico et al., 1988). This technique was used in the kidney and

CORTEX
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lung samples of the group intoxicated with PA1 at 24 h. Additionally, we
included liver samples from our previous report to compare them with
lung and kidney samples of the current study, since this evaluation was
not performed (Soto-Dominguez et al., 2018). The quantization of
fragmented DNA by spectrophotometry was performed in triplicate, and
the data was subjected to statistical analysis with a one-way ANOVA test
to evaluate the degree of induction of apoptosis present in the studied
organs.

MEDULLA

Fig. 1. Morphological apoptotic and necrotic damage in the kidney. Non-treated group (A-D) without damage in cortex and medulla. Kidneys of PA1 intoxicated
mice at 4 h (E-H); 8 h (I-L); 12 h (M-P); 24 h (Q-T) showing nuclei with condensed chromatin (black arrows), condensed cytoplasm (yellow arrows), loss of

cytoplasm (white arrows), collagen fibers (blue arrows). Scale 10 pm.
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3. Results affected cells. To describe these changes in renal tissue, we analyzed the
histological structure of the samples treated with PA1. We found that

3.1. PA1 induces apoptotic and necrotic histological alterations in kidney kidney samples showed normal histology in the non-treated and VH
control groups: cortex and medulla structures showed tissue integrity

The histological changes that occur in apoptotic processes are usu- and structure, with neither signs of inflammation nor edema

ally variable, depending on the type of tissue, and in particular, the (Fig. 1A-D).

CORTEX MEDULLA

Fig. 2. Ultrastructural apoptotic and necrotic damage alterations in the kidney. Renal cortex of non-treated mice, cells of proximal (A) and distal convoluted (B)
tubules without alterations. C) Collector tubule of the renal medulla with its normal ultrastructure. Kidneys of PA1 intoxicated mice at 4 h (D, E, F); 8 h (G, H, I); 12h
(J, K, L); 24 h (M, N, O) showing mitochondria with pre-apoptotic alterations (white arrows): rupture of outer mitochondrial membrane (*), nuclei with condensed
chromatin (empty arrows), necrotic mitochondria with alterations like loss of mitochondrial matrix (arrow heads), pyknotic nuclei (black arrows), J and K show
apoptotic bodies. Microphotographs magnification: A, D, G, J, M: 2000x; B:2500X; C, K, N:4000X; L: 6300X, E:10000X.
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At 4 h PA1 post-intoxication, the kidney began to show interesting
alterations compatible with apoptosis such as chromatin and cytoplasm
condensation, and variable nuclei sizes in the epithelial cells of the renal
cortex (Fig. 1E and F), and medulla (Fig. 1G and H); these alterations
increased after 8 h of PA1 in both areas (Fig. 11 - L).

In the mice intoxicated with PA1 at 12 h, chromatin condensation of
the tubular epithelial cells, and generalized areas of necrosis were
observed; moreover, the presence of collagen fibers increased in the
cortex (Fig. 1M and N) and renal medulla (Fig. 10 and P). Finally, at 24 h
post-intoxication, the presence of apoptotic bodies, collagen fibers and
necrosis signs were increased. Apoptotic bodies were observed in the

Toluidine Blue
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intraglomerular mesangial cells, and in the epithelial cells of the prox-
imal convoluted tubule (PCT), distal convoluted tubule (DCT), collector
tubule (CT), and loop of Henle (LH) of the renal cortex and medulla
(Fig. 1Q-T).

3.2. PA1 induces pre-apoptotic and necrotic mitochondrial alterations in
kidney tissue

The renal cortex and medulla were analyzed by TEM to identify the
presence of mitochondrial alterations corresponding to pre-apoptotic
signs (Angermiiller et al, 1988). In the ST non-treated group,

Ultrastructure

Fig. 3. Apoptotic damage by PA1 in the lung. Lungs of the non-treated group without histological (A, B) or ultrastructural (C, D) signs of apoptosis. Lungs of mice
treated 4 h after PA1 administration (E-H), 8 h (I-L), 12 h (M-P), and 24 h (Q-T). Condensed chromatin (white arrows), condensed cytoplasm (yellow arrows),
thickening of interalveolar septa (green arrows), hemorrhage (red arrows), mitochondria with pre-apoptotic alterations (arrow heads), apoptotic bodies (empty
yellow arrows). T) is a magnification of the black box area in S. Magnifications: A, B, E, F, I, J, M, N, Q, R: Scale 10 um; C, D, G, K, O, S: 4400X; D, H, L, P, T: 6300X.
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mitochondria of the renal cortex and medulla cells show integral
morphology (Fig. 2A-C). At 4 h after treatment with PA1, the renal cells
showed mitochondria with pre-apoptotic alterations such as localized
rupture of the outer membrane, blistering of the inner membrane with
focal swelling of the matrix, and loss of cristae in the zone of the breach
of the outer membrane. At the same time, mitochondria with signs of
necrosis were observed: increase in mitochondrial size, and loss of the
matrix with unfolding of the cristae (Fig. 2D and E).

3.3. Ultrastructural characteristics of apoptosis induced by PA1 in kidney

From 8 h of PA1 intoxication onwards, we observe several apoptotic
epithelial cells with highly condensed cytoplasm and chromatin
(Fig. 2G), unfolding of inner mitochondrial membrane (Fig. 2H), and
pyknotic nuclei (Fig. 2I). Furthermore, at 12 and 24 h, the presence of
membrane-bound apoptotic bodies with well-preserved organelles in-
side was noted (Fig. 2J and K).

On the other hand, the ultrastructural evaluation also showed
necrotic morphological alterations such as mitochondrial swelling with
matrix loss, cell swelling with loss of microvilli, rupture of the plasmatic
membrane with total or partial loss of cytoplasm, and pyknotic nuclei.
These signs were observed at 8 h and increased over time (Fig. 2F, [, L,
and O).

3.4. PA1 induces apoptotic histological alterations in the lung

In the lung samples of the ST non-treated and VH control groups,
normal histology with epithelial integrity was observed: clean and well-
distended alveolar spaces, capillary vessels with erythrocytes in the
interalveolar septa, and some collagen fiber stained with H&E and MT
(Fig. 3A and B).

At 4 h of PA1 intoxication, nuclei of pneumocytes I and II presented
size variability and perinuclear chromatin condensation, some alveolar
spaces had hemorrhagic areas, and a light thickening of the interalveolar
septum was observed (Fig. 3E and F). At 8 h post-intoxication, we
observed chromatin and cytoplasm condensation of pneumocytes I and
II, as well as dense hyaline material in the alveolar spaces near the
hemorrhagic zones (Fig. 3I and J). At 12 h post-intoxication, lung sec-
tions showed increased damage: inflammatory infiltrates composed of
polymorphonuclear cells (PMN) and lymphocytes, as well as extensive
hemorrhagic zones encompassing the alveolar spaces (Fig. 3M and N).

Finally, at 24 h post-intoxication, apoptotic bodies in pneumocytes I
and II (Fig. 3R and S) and hemorrhagic zones with abundant lympho-
cytes and PMN in the alveolar spaces were observed. At the same time,
thickening of the interalveolar septum, fibrosis, exudate, and cellular
edema were present.

3.5. PA1 induces ultrastructural alterations of mitochondria in pre-
apoptotic and apoptotic pneumocytes

To determine if pre-apoptotic alterations in the lung were present in
the short term after treatment, we investigated by TEM the mitochon-
drial ultrastructure of the pneumocytes. At 4 h, mitochondrial outer
membrane rupture and loss of cristae were found in pneumocytes I and
11, including hemorrhagic zones in the alveolar spaces and slight thick-
ening of the interalveolar septum with edema in the pneumocyte type I
(Fig. 3G and H).

In ultrastructural analysis, we observed that the lungs of the ST
group had clean and distended alveolar spaces and the epithelium
showed normal morphology: flat cells with flattened nuclei and few
organelles in the cytoplasm. The rounded type II pneumocytes had a
round nucleus, lamellar bodies, and numerous mitochondria (Fig. 3C
and D).

In contrast, in PAl treated groups at 4, 8, 12, and 24 h post-
treatment, thickening of the interalveolar septum of the lungs
(Fig. 3G, H, and K), and abundant mitochondrial alterations were
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observed. (Fig. 3K, L, O and P). Damage to the alveolar-capillary barrier
and apoptotic bodies in pneumocytes I and II was also noted (Fig. 3S and
T).

3.6. PA1 induces fragmentation of DNA in kidney and lung

An important step in the apoptosis process is the fragmentation of
chromatin controlled by endonucleases, which cleave approximately
every 200 base pairs (bp) (Guan et al., 2002). To identify these ruptures,
we first performed the TUNEL test, which adds modified nitrogen bases
to the ends of the fragmented DNA, revealing the affected cells.

In the histological sections of the kidney of intoxicated mice with
PA1, positively stained nuclei were observed after 4 h of treatment
(Fig. 4D and E) and were increasing over time (Fig. 4G, H, J, and K). At
24 h, the kidney cortex showed positivity in the epithelial cells of the
PCT, DCT, CT as well as in the epithelial cells of the parietal layer of
Bowman’s capsule and intraglomerular mesangial cells (Fig. 5M). In the
medulla, the nuclei of the epithelial cells of the TDT and LH were pos-
itive (Fig. 5N). Samples of the non-treated group showed negative re-
sults: nuclei stained only with methyl green as a counterstain (Fig. 4A
and B). Quantitative analysis of TUNEL-positive cells showed that the
cortex of the kidney is most affected at 24 h post-intoxication, when the
number of cells is highest (42 + 7). The other times and quantities were:
12h (33 £ 5),8h (17 & 4), and 4 h (12 + 3). We did not observe
positive cells in ST and VH control groups. The results reached statistical
significance (P < 0.05, one-way ANOVA) among PAl treated groups
compared to ST control group (Fig. 5C). In the renal medulla, we
observed similar results: at 24 h (37 = 4), 12h (28 & 5), 8 h (11 £ 6),
and 4 h (7 + 4). PA1 intoxicated groups showed statistical significance
when compared to the ST control group (P < 0.05, one-way ANOVA)
(Fig. 5D).

Likewise, lung samples of the PA1 intoxicated groups at 4, 8, 12, and
24 h of treatment showed positive nuclei in the parenchyma and
endothelial cells (Fig. 4F, I, L, and O). It should be noted that numerous
nuclei of type I and II pneumocytes, as well as blood cells within
capillary vessels, were positive to chromatin fragmentation at 24 h of
exposure (Fig. 40). The histological lung sections of the control groups
showed negative results for this technique (Fig. 4C). In quantization of
positive cells in lung, we observed at 24 h (18 +4),12h (12 +4),8h (8
+ 3), and 4 h (6 + 2). PA1 intoxicated groups showed statistical sig-
nificance when compared with the ST control group (P < 0.05, one-way
ANOVA) (Fig. 5E).

As we mentioned previously, among the alterations of cells in
apoptosis, the activation of endogenous nucleases cleaves the nuclear
DNA at the linkage between nucleosomes, resulting in the production of
oligonucleosomal fragments of approximately 200 bp that are identified
as an electrophoretic ladder pattern. In our study, we observed that PA1
intoxication induced apoptotic internucleosomal DNA fragmentation in
both evaluated organs. DNA ladder pattern was observed at 12 and 24 h,
but not at 4 and 8 h post-intoxication in kidney (Fig. 5A). Interestingly,
in the kidney, PA1 also caused degradation of genomic DNA. This was
observed as a smear pattern that is characteristic of necrotic cell DNA
(Fig. 5A). In lung, the electrophoretic ladder pattern was observed only
at 24 h post-intoxication (Fig. 5B).

3.7. PA1I induces more DNA fragmentation in the liver than in the kidney
and the lung

Finally, we evaluated through spectrophotometry the amount of
fragmented DNA in the PA1 target organs at 24 h of treatment. Previ-
ously, we demonstrated DNA fragmentation in the liver (Soto-Do-
minguez et al., 2018); consequently, we compared the induction of
apoptosis in all the target organs. Quantitative analysis of fragmented
DNA showed that the liver is the most affected organ with the highest
percentage (32.8% =+ 1.2), followed by the kidney (27.2% =+ 0.7), and
finally the lung (12.0% =+ 1.9). These differences were statistically
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Fig. 5. Identification of fragmented DNA in the kid-
ney and lung by PAl. (A, B) Lane 1-M: Molecular
weight marker (DNA ladder); Lane 2-ST: Non-treated
group, Lane 3-VH: Safflower oil, Lane 4-PA1 24 h;
Lane 5-PA1 12 h; Lane 6-PA1 8 h and Lane 7-PAl 4
h. Observe the ladder patter. Quantization of TUNEL-
positive cells in Cortex (C) and Medulla (D) of the
kidney, as well as in lung (E). Statistical significance
was reached among PA1 treated groups vs ST control
group (*p < 0.05). F) Quantization of fragmented
DNA in liver, kidney, and lung of the group intoxi-
cated with PA1, 24 h of exposure, statistical signifi-
cance was reached among PA1 treated groups vs ST
control group (*p < 0.0001).
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(Fig. 5F).

4. Discussion

This study describes for the first time the induction of apoptotic and
necrotic alterations in the kidney and lung of mice treated with a toxic

dose of PA1. These findings correlate with previous studies performed in
the liver in vivo (Soto-Dominguez et al., 2018), and with studies that
describe that target organs of this toxin are the liver, kidney, and lung
(Bermudez et al., 1986, Bermtdez et al., 1992). In Table 1 we mention
some of the studies whose findings correlate with those found in our
study.

As apoptosis is a complex process with different proteins and signals
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Table 1
Comparative studies with other toxic agents and their effects in vivo.
Compound (s) Organ Findings Reference
)/
Model

Galactosamine (700 Liver of Apoptotic death of Angermiiller et al.,
mg/kg) i.p. and BALB/c hepatocytes in 1998
TNF (10 pg/kg) mice galactosamine-
into the tail vein sensitized mouse liver

after 5 h (TUNEL
assay and TEM)

Aminoglycosides in Kidney of  Apoptotic changes El Mouedden et al.,
doses of 10-40 Wistar (TUNEL assay) were 2000
mg/kg for 4-10 rats detectable after 4 days
days of treatment

Amphotericin B i.p. Kidney of  Significant increase Varlam et al., 2001
at5,10and 15mg/  Sprague and pronounced
kg/day for 5 Dawley apoptosis and necrosis
consecutive days rats in tubular epithelial

and mesangial cells
(necrotic and
apoptotic index),
TUNEL and Annexin V
assays

D-galactosamine (D- Liver of Hepatocyte apoptosis Wu et al., 2014
GalN)/ male ICR by histopathological
lipopolysaccharide mice analysis, TUNEL
(LPS) detection, flow

cytometry and TEM at
8 h after
administering D-
GalN/LPS

PA1 single dose Liver of Apoptosis by Soto-Dominguez
(2LDsp = 28 mg/ CD-1 activating the etal., 2018
kg) albino intrinsic

mice mitochondrial
apoptotic pathway at
4,8,12and 24 h
Cisplatin (15 mg/kg)  Kidney of  Tubular cell apoptosis ~ Kim et al., 2019
C57BL/6 in kidney cells
N mice (TUNEL)

Aroclor 1254 (10 Kidney of  Necrosis and hyaline Zeybek et al., 2020
mg/kg/day) for 15  male cast in the tubules,
days Sprague apoptotic mesangial

Dawley and endothelial cells
rats (TEM, TUNEL)

Adenine (0.2% w/w Kidney Lung with Nemmar A et al.,
in feed for 4 weeks)  and lung polymorphonuclear 2017

mice leukocytes
infiltration, injury,
and fibrosis. Lipid
peroxidation and ROS
and decreased of
catalase. DNA damage
(COMET assay),
apoptosis by cleaved
caspase-3.

Mature fruit of Kidney of Blood vessel Garcia-Garza et al.,
K. humboldtiana Wistar congestion, tubular 2013
(3.5g/kgin5 rats necrosis and fibrosis
doses on days 0, 3, of renal capsule.

7, 10 and 14) Thickening of the
filtration barrier and
of renal capsule.

Cooper sulfate Aorta Vascular damage in Fernandez-Rodarte
(CuS0O,4) in and lung the aorta. Active- et al., 2022
drinking water at of Wistar ~ Caspase-3, and

100 ppm or 300
ppm during 180 or
300 days.

rats

expression of eNOS in
the aortic
endothelium and
endothelium of the
capillaries and
arterioles of the lung.
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involved in its development, to date there is no determining test for the
detection of apoptosis. Therefore, a series of analyzes should be per-
formed to ensure that the apoptotic process is active or induced. In this
study, we used morphological methods for the detection of pre-
apoptotic mitochondrial alterations, and the presence of apoptotic
bodies within the cells. Also, we applied molecular methods to evaluate
the fragmentation of the DNA, and to observe the characteristic ladder
DNA pattern of apoptosis.

The mitochondrial alterations reported by Angermiiller et al. (1998),
appear before the fragmentation of chromatin, and they represent an
early marker of the apoptosis process. In the present study, we observed
these mitochondrial alterations at 4 h post-intoxication, and we noted an
increase over time of chromatin fragmentation and multiple apoptotic
bodies. For this reason, it could be considered that the apoptosis process
can start quickly, and this may likely be related to the amount of toxin
administered in this model.

In the histological and ultrastructural analysis of kidneys in PA1
treated groups, apoptotic mitochondrial alterations and apoptotic
bodies were found. However, generalized damage was also observed on
the epithelium of the renal tubules with loss of integrity of the basement
membrane, loss of the microvilli, pyknotic nuclei, and mitochondria
with the loss of the matrix in the epithelial cells after intoxication. These
morphological alterations have been reported as markers of necrosis
(Searle, 1982).

The kidneys regulate body fluids like urine and participate in the
excretion of chemical or toxic products from the bloodstream such as
antibiotics, antifungals, antipyretics, or analgesics (Rocha et al., 2001).
Some of these compounds and/or their metabolites have been described
to cause both apoptosis (El Mouedden et al., 2000; Varlam et al., 2001)
and necrosis in the renal parenchyma (Mingeot-Leclercq and Tulkens,
1999), having an important initial effect mainly on the filtration barrier
in the glomerulus, intraglomerular mesangial cells, and proximal tubule
epithelium. Due to this function, the results obtained in our study sug-
gest a direct effect of the toxin PA1 over the cells of the renal cortex and
medulla, resulting in simultaneous activation of apoptosis and necrosis
by PAL.

Furthermore, the simultaneous presence of apoptosis and necrosis in
renal parenchyma as a response to a single dose of chemical or toxic
products in the bloodstream has been reported (Raffray, 1997; El
Mouedden et al., 2000; Rocha et al., 2001; Varlam et al., 2001). In our
study, we observed both phenomena induced by a single dose of PA1
over the kidney structures.

Likewise, pneumocytes I and II showed mitochondrial pre-apoptotic
alterations after 4 h post-intoxication and, subsequently, apoptosis signs
and apoptotic bodies. Afterwards, we observed lung edema, abundant
cellular infiltrate (mainly PMN and lymphocytes), damage in the
alveolus-capillary barrier, and exudate with hemorrhage in the alveolar
space. These potent inflammatory effects are most likely associated with
necrosis caused by PA1, since pneumocytes II can secrete TNF-a, among
other cytokines (Liu et al., 2002), which promote PMN activation and
migration, which generate a lesion in the alveolar-capillary barrier
(Zimmerman et al., 1983; Sandborg and Smolen, 1988; Chollet-Martin
et al., 1994). Also, it has been demonstrated that TNF-a can induce
apoptosis by triggering an intracellular cascade that importantly causes
mitochondrial changes and the formation of apoptotic bodies (Ding and
Yin, 2004); because of these reasons, we suggest that liberation of TNF-a
could be involved in the activation of PAl-induced apoptosis in lung
parenchyma and blood cells. In our work team it has been described that
PA1 causes lung injury characterized by accumulation of PMN cells and
lymphocytes trapped in the alveolar capillaries associated with damage
to the capillary alveolus barrier, alveolar macrophages, hyaline mem-
brane, and alveolar hemorrhage. Also, an increase in TNF-a in serum
and lung at initial times (less than 5 h post-intoxication) was detected,
which is correlated with the greater number of PMN cells found in lung
injury (Ballesteros-Elizondo, 2000).

The evaluation of DNA fragmentation, visualized as a ladder pattern,
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was observed in both organs at 12 and 24 h. Moreover, at 24 h post-
treatment a “sweeping” effect was also observed in the kidney, which
indicates random DNA degradation attributed to the liberation of lyso-
somal hydrolytic enzymes in the necrotic process (Ding and Yin, 2004).

The results of the fragmented DNA quantization by spectrophotom-
etry showed that PA1 has a greater effect in the induction of apoptosis in
the liver, subsequently in the kidney, and finally in the lung. The in-
duction of apoptosis by PA1 in a higher proportion in the liver could be
due to the metabolic effect of this organ on numerous lipophilic com-
pounds (Gyamlani and Parikh, 2002). Furthermore, aromatic toxic
compounds and olefinic terpenoids like antracenons can be metabolized
to epoxides that induce apoptosis in hepatic cells (Argiriadi et al., 1999;
Chen et al., 2001). Previously, we have described that PA1 induces cell
death of hepatocytes in vivo by triggering the intrinsic apoptotic
pathway (Soto-Dominguez et al., 2018). The apoptotic effect could be
due to the fact that PA1 is a dimeric anthracenone (Dreyer et al., 1975;
Ortega-Martinez et al., 2020), and can be metabolized in the liver to
form toxic compounds. These toxic compounds can be sent to the kidney
for their excretion, causing damage to this organ, in addition to being in
the bloodstream, which can affect the lung.

In conclusion, we demonstrate for the first time that PA1 induces an
apoptotic effect in its other target organs: kidney and lung. Although,
this effect has a variable intensity between target organs, and kidney
necrosis is also activated later. These results can help in the under-
standing of the mechanism of action of this compound at toxic doses in
vivo.
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