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o-mangostin preserves hepatic microvascular
architecture in fibrotic rats as shown by scanning
electron microscopy of vascular corrosion casts
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Abstract. Liver fibrosis is a dynamic condition caused by
wound-healing in which scar tissue replaces the liver paren-
chyma following repetitive injuries. It is hypothesized that
o-mangostin (AM), the major constituent of the xanthone frac-
tion in extracts of Garcinia mangostana L., may protect the
hepatic microvascular bed from thioacetamide (TAA)-induced
fibrosis. In the present study, rats were divided into 4 groups:
Control rats received no treatment; TAA-treated rats
received 150 mg/kg TAA 3 times per week intraperitoneally;
AM-treated rats received 75 mg/kg AM twice per week intra-
peritoneally; and TAA+AM-treated rats received both TAA
and AM as described above. Rat livers were processed either
for light microscopy or for vascular corrosion casting after 30
and 60 days of treatment. Vascular parameters were measured
by 3D morphometry analysis of scanning electron micro-
graphs. AM attenuated hepatocellular injuries and delayed
both periportal and pericentral fibrosis in the TAA-treated
rats. The comparison of findings at day 30 and 60 showed
that TAA-induced fibrotic changes were progressive in time,
and that the beneficial effects of AM only became apparent
after prolonged treatment. The livers of rats treated with both
TAA and AM had less space surrounding the portal vessels,
improved preservation of the hepatic microvascular pattern,
and minimally altered sinusoidal patterns with few signs of
terminal portal venule remodeling. AM therefore partially
protected the liver against hepatotoxin-induced fibrosis and
the associated microvascular changes. The mechanism of the
protective effect of AM on the liver remains to be investigated.
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Introduction

Liver fibrosis is a dynamic wound-healing process in which
scar tissue replaces liver parenchyma as a result of repetitive
liver injuries (1). Persisting liver injury due to various factors,
such as chronic inflammation and progressive fibrogenesis,
may lead to cirrhosis (2). The liver is supplied by poorly
oxygenated venous blood via the portal vein, whereas the well
oxygenated blood is supplied by the hepatic artery (3). Hepatic
microvascular structures consist of two types of vessels: The
larger vessels (such as the hepatic portal venule and hepatic
arterioles) are lined by continuous endothelium, whereas the
smaller sinusoids are lined by fenestrated endothelium. The
central venules drain the sinusoids and, in turn, combine to
form the hepatic veins (4). Fibrous tissue hinders the flow of
blood through the liver, which in turn results in abnormal liver
function (5-7).

Angiogenesis is the process of formation of new blood
vessels from pre-existing vessels. Vessel formation can occur
by sprouting angiogenesis or a process of vessel splitting
known as intussusceptive angiogenesis (IA) (8). Angiogenesis
is crucial in both normal development and pathological condi-
tions, such as wound healing (9).

Cirrhosis is one of the most common diseases in
humans (10,11) and animals, such as dogs (12-14) and
horses (15). This disease is not yet curable, and treatments
are usually focused on preventing its progress (16). Only few
established antifibrotic drugs are available, which are primarily
used for fibrosis in the lungs or skin (17). Some natural prod-
ucts may however possess hepatoprotective effects. The bark
of Butea monosperma can at least partially reverse changes
in markers associated with fibrosis to normal and inhibit
thioacetamide (TAA)-induced expression of phosphorylated
PI3K, Akt and mTOR in hepatocytes (18). Justicia tranque-
bariesis extract enhances the activities of antioxidant enzymes
in TAA-induced liver fibrosis in rats (19). Curcumin extract
attenuates fibrosis and decreases inflammation in rats (20).

Extracts of purple mangosteen (Garcinia mangostana L.)
are rich in xanthones, which inhibit some of the CytP450
isoenzymes and possess antifungal activity (21,22).
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Furthermore, such extracts inhibit tumor growth in vitro (23).
Previously, a-mangostin [1,3,6-trihydroxy-7-methoxy-2,8-bis
(3-methyl-2-butenyl)-9H-xanthen-9-one; C,,H,Oq; AM],
which is the major constituent in the polyphenolic xanthone
fractions of Garcinia mangostana L. extracts, have been
investigated in vitro for its antioxidant (24-27), anti-bacte-
rial (28,29), anti-inflammatory (30-32), anti-fibrotic (33),
anti-cancer (34-40) and anti-angiogenic activitie (41). Whether
AM has beneficial effects in vivo on fibrotic livers has not yet
been investigated.

The focus of the present study was to establish whether AM
possessed protective effects on the hepatic micro-angio-archi-
tecture in TAA-induced fibrosis in rats in vivo. Hepatic
histomorphology and micro-angio-architecture were assessed
both qualitatively and quantitatively in vascular corrosion
casts (VCCs) using a scanning electron microscope (SEM)
and 3D morphometry of the VCCs. It was hypothesized that
AM treatment would prevent or mitigate the appearance of
pathological changes in the hepatic micro-angio-architecture
of the TAA-treated rats.

Materials and methods

Animals and reagents. A total of 40 male Wistar rats, aged
between 4-5 weeks and weighing between 130-160 grams,
were purchased from the National Laboratory Animal Center,
Mahidol University, Thailand. Rats were provided ad libitum
access to water and commercial food pellets, and were housed
in ordinary cages at room temperature (25°C), with a relative
humidity of 50%, and a 12 h light/dark cycle. Rats were treated
in accordance with the guidelines described in the Guide for
the Care and Use of Laboratory Animals (42). All of the exper-
iments were approved by the Institutional Animal Care and
Use Committee at the Faculty of Veterinary Medicine, Chiang
Mai University (approval no. A.20/2555). Animal behavior and
welfare were monitored weekly, and this included: i) Behavior
(feeding, grooming and responsive reactions); ii) rat grimace
scale for assessing the occurrence or severity of pain; and
iii) weekly weight loss percentage.

AM (96% pure) was received from Dr Primchanien
Moongkarndi, Department of Microbiology, Faculty of
Pharmacy, Mahidol University. Mangosteen fruits, Garcinia
mangostana L. (Clusiaceae), were harvested in the Chanthaburi
Province, Thailand. The plant was authenticated by Dr Omboon
Vallisuta, Department of Pharmacognosy, Mahidol University,
Thailand (voucher specimen no. WGMO0615). Preparation,
extraction and purification of AM were performed as described
previously (43,44). TAA (299.0% pure) was purchased from
Sigma-Aldrich; Merck KGaA; cat. no. 163678).

Experimental design. After 1 week of acclimatization, rats
were randomly divided into 4 groups (n=10 per group; Fig. 1):
The control group (Ctrl) was injected intraperitoneally with
0.9% normal saline solution (NSS) 3 times per week. The TAA
group was injected with 150 mg TAA/kg body weight (BW)
intraperitoneally 3 times per week to induce liver fibrosis (45).
The AM group was injected with 75 mg AM/kg BW intraperi-
toneally twice per week. The TAA+AM group was injected
with 150 mg TAA/kg BW intraperitoneally 3 times per week
plus 75 mg AM/kg BW intraperitoneally twice per week. A

total of 5 rats per a group were treated for 30 days and the
other 5 were treated for 60 days. In each subgroup, 2 rats were
processed for light microscopy analysis and 3 rats for VCC.
The treatment regimen was adopted from Poonkhum ez al (46),
but the dosage of TAA and AM was 75% of that administered
by Poonkhum et al.

VCCs. Rats underwent non-recovery anesthesia by intra-
peritoneal injection of 60 mg pentobarbital sodium/kg BW
(NEMBUTAL® Sodium Solution for injection). VCC was
performed as described previously (47). Briefly, after opening
the thoracic wall, a blunt needle (18 G) was inserted into the
thoracic aorta and fixed, then the blood samples were collected.
After opening the right atrium, circulating blood was rinsed out
by perfusion with 200 ml NSS containing heparin (5,000 IU/I).
Rats died shortly after when a clear reflux emerged from the
opened right atrium. Vital signs were re-evaluated and death
was confirmed by lack of vital signs observed (no response to
withdrawal reflex in all limbs, no deep pain and lack of heart
beat, heart rate and breathing). Next, 20 ml Mercox-CI-2B
(cat. no. 21246; Ladd Research, Inc.) mixed with 0.4 g
Benzoyl Peroxide (catalyst for Mercox; cat. no. 21246A; Ladd
Research, Inc.) was injected at a constant flow rate of 4 ml/min
via an auto-syringe pump (Terumo model TE 311; Terumo
Corporation). After keeping the specimens for at least 30 min
at room temperature to allow polymerization, animals were
transferred into a water bath at 60°C for 12 h to further harden
the cast. Thereafter, animals were transferred into a solution of
1.34 mol/l KOH for at least 12 h (40°C), rinsed in up to three
passages of distilled water, and then submerged in a solution of
1.33 mol/l formic acid (CH,0,; 5-10 min at room temperature)
to remove any tissue remnants adhering to the cast surfaces.
Finally, VCCs were rinsed in several passages of distilled
water, and air-dried. Dissected dry specimens comprising most
of the liver were mounted on copper stubs, using the conductive
bridge method (48), and coated with evaporated carbon (using
the electric arc method) and gold (by resistive heating under a
high vacuum of a minimum of 1x10** mbar) using a vacuum
evaporator (EPA 100; Leybold-Hereaus). Coated specimens
were assessed using a SEM (Phillips ESEM X130 FEI; Philips
Medical Systems B.V.) at an accelerating voltage of 10 kV, and
images were captured using Orion version 6.60.4 (E.L.I.s.p.r.l.)
at magnifications of x150, x251, x1,000 and x1,500. Specimens
were repeatedly trimmed manually using micro-dissection
forceps and scissors to expose interesting vascular territories.

Tissue preparation for histomorphology. Preparatory steps
and blood sample collection were performed as described in
the VCCs section above. Vascular perfusions from the thoracic
aorta were performed once the perfusate from the opened right
atrium did not contain erythrocytes. Then, 20 ml 4% formal-
dehyde in PBS was injected with an infusion pump (40 ml/h).
After fixing for 1 h at 25°C, the abdominal cavity was opened,
the liver was excised and fixed for a further 12-24 h in fresh
fixative at 4°C. The entire liver was then dehydrated in an
ascending series of graded ethanol solutions and embedded in
paraplast (Surgipath™ Paraplast™; Leica Microsystems, Inc.).
The embedded livers were sectioned into 7 ym thick sections,
which were stained with hematoxylin and eosin (H&E).
Tissues were first stained in hematoxylin solution for 6 min
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Figure 1. Schematic diagram of the experimental design. AM, a-mangostin; TAA, thioacetamide; SEM, scanning electron microscopy; Histo. Histological
staining with hematoxylin and eosin or Sirius red. ‘Rats treated for 30 days; “Rats treated for 60 days.

then counterstained in eosin solution for 1 min at 25°C. The
presence of collagen fibers (fibrosis) was visualized by staining
with Sirius red for 1 h at 25°C (Direct Red 80; cat. no. 365548;
Sigma-Aldrich; Merck KGaA). The Ishak scoring system
was used to measure activity and fibrosis, rating the different
elements of activity as either present or absent, ranging from 0
to 6, with a higher score reflecting increased scarring (49), by
consensus between 2 experts.

All slides were scanned with a digital slide scanner
(Panoramic SCAN II; 3DHISTECH, Ltd.). Micrographs
were captured and exported to CaseViewer version 2.4.
(3DHISTECH, Ltd.)

Liver enzyme markers. Following induction of deep anesthesia,
blood samples collected from the thoracic aorta during VCCs
and tissue preparation for histomorphology steps at day 30
and day 60 were submitted to the Animal Health Diagnostic
Laboratory, Faculty of Veterinary Medicine, Chiang Mai
University. Serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) activities were assessed
using optimized UV-tests (50,51), alkaline phosphatase (ALP)

activities were assessed using a kinetic photometric test (52)
as described by the International Federation of Clinical
Chemistry and Laboratory Medicine.

Microstructure description and quantitative analyses.
Differencesinthe microstructure of the liver between groups were
analyzed in adescriptive manner by consensus between 2 experts.
Information regarding dimensional changes of the hepatic micro-
vascular network, including diameters of venous vessels and
hepatic sinusoids, and branching angles of venous vessels and
sinusoids were measured from stereo-paired SEM-micrographs
of VCC of the liver by 3D-morphometry (53,54) using the M3
software (Microstructure Morphometry Measurement Tool
version 2.2 (ComServ). The geometry of microvascular trees
in terms of spatial coordinates and derived distance, as well as
angular measurements in 3D space were calculated from two
sets of planar coordinates obtained from the stereopairs using
the parallax and considering the type of projection in the SEM
by trigonometric vector equation-based algorithms; for further
details on dimensional and angular measurement calculations
please see Minnich ef al (54).
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Figure 2. Vascular corrosion casts of the livers of the treated Wistar rats. Surface view after 30 days of treatment. Asterisks mark terminal hepatic venules,
whereas arrowheads mark space surrounding portal venules (denoted by P) and sinusoids (denoted by S). Scale bar, 200 ym. (A) Overview of the hepatic
microvascular architecture in the control rats. (B) AM treatment did not change the microvascular architecture. (C) TAA treatment modified the microvascular
architecture, as observed by the increased space (arrowheads) around the portal vessels. (D) Addition of a-mangostin to thioacetamide treatment reveals portal
venules, terminal hepatic venules and microvascular changes similar to panel C. AM, a-mangostin; TAA, thioacetamide.

Statistical analysis. Quantitative data (diameters of venous
vessels and hepatic sinusoids, and branching angles of
venous vessels and sinusoids) were analyzed using a one-way
ANOVA. A two-way ANOVA was used to analyze the differ-
ences between the different groups (control, AM, TAA, and
TAA+AM) and time period (at day 30 and day 60), including
the interaction between the different groups and time periods.
Post hoc analyses were performed following one and two-way
ANOVA using Bonferroni corrections. Data were analyzed
using SPSS version 26.0 (IBM Corp.). P<0.05 was considered
to indicate a statistically significant difference.

Results

Body weight. Differences in body weight were observed. After
30 days of exposure, there was a decreased body weight in
the AM, TAA and TAA+AM-treated rats compared with the
control rats and an increase in the liver-to-body weight ratio
in the TAA-treated rats. After 60 days of exposure, there was
a decrease in body weight in the TAA and TAA+AM-treated
rats compared with the control rats. There was a statistically
significant difference in the mean body weight between day
30 and day 60 in all treatment groups (Table I). All rats
behaved normally and showed no noticeable undesired effects
following the TAA or AM treatment.

Liver enzyme markers. The serum transaminases levels were
similar in the control and AM-treated rats, except for an
increased ALP concentration in the AM-treated rats after
60 days of treatment compared with the control rats. The

serum levels of AST, ALT and ALP in the TAA-treated
rats after 60 days of treatment were significantly increased
compared with the control rats, but additional treatment with
AM (TAA+AM-treated rats) normalized these values after
both 30 and 60 days of treatment (Table II).

VVCs. After 30 days of treatment, the surface of the VCCs of the
control rats (Fig. 2A) revealed a normal hepatic microvascular
architecture. The sinusoids (denoted with an S) were arranged
in a distinct continuous pattern, had a constant diameter, and
were typically arranged into lobular units. The sinusoidal
blood drained into central veins (denoted with asterisks). The
sinusoidal network of AM-treated rats (Fig. 2B) resembled that
of the control rats. The livers of the TA A-treated rats (Fig. 2C)
displayed a modified sinusoidal arrangement, with replacement
of the lobular structures with acinar structures and consider-
able space (arrowhead) around the portal vessels (denoted with
a P). The livers of the TAA+AM-treated rats showed changes
in the portal vessels and sinusoidal patterns that resembled
that of the TA A-treated rats (Fig. 2D).

After 60 days of treatment, the superficial microvascular
pattern in the control rats (Fig. 3A) was similar to that of
the controls after 30 days. Portal vessels were well devel-
oped in the livers of AM-treated rats and the microvascular
architecture changed only slightly (Fig. 3B). Significant and
progressive changes in the sinusoidal patterns were found
in the liver of the TAA-treated rats, with substantial space
around the portal vessels (arrowheads; Fig. 3C). Pericentral
sinusoids were smaller and more closely packed, which led
to micro-nodule formation (denoted with an N). In addition,
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Table I. Body weight, liver weight and liver-to-body weight ratio in the control in the treated rats®.

A, Day 30

Groups
Parameter Control AM TAA TAA+AM
Body weight, g 487.5+15.54 427.7+13.55¢ 401.0+6.83° 401.8+6.37¢
Liver weight, g 20.1+0.8 19.5+0.4 18.7+0.6 18.0+0.70
Liver-to-body weight ratio, % 3.99+0.03 4.29+0.09 4.58+0.08° 4.34+0.06
B, Day 60

Groups
Parameter Control AM TAA TAA+AM
Body weight, g 581.1x1.2¢ 578.2+1.0° 456.0+£9.7¢¢ 501.1x13.14¢¢
Liver weight, g 23.0+0.07 23.1+0.25¢ 25.0+0.7¢ 21.2+0.3¢
Liver-to-body weight ratio, % 4.10+0.01 4.47+0.48 5.25+0.07 4.13+0.03

“Data are presented as the mean =+ standard deviation; "P<0.001 and °P<0.0001 vs. respective Control group; “P<0.001 vs. respective TAA
control group; °P<0.001, significant difference between day 30 and day 60 according to 2-way ANOVA with Bonferroni's corrections.

AM, a-mangostin; TAA, thioacetamide.

Table II. Serum concentrations of AST, ALT and ALP in the treated rats®.

A, Day 30

Groups
Parameter Control AM TAA TAA+AM
AST, U/l 100.50+4.50 115.50+20.50 207.50+10.50 121.50+5.50
ALT, U/ 40.00+2.00 26.00+43.00 39.00+14.00 28.50+2.50
ALP, U/l 74.50x11.50 83.50+1.50 160.00+3.00¢ 104.50+5.50°¢
B, Day 60

Groups
Parameter Control AM TAA TAA+AM
AST, U/l 117.50+22.50 191.50+5.50 364.00+53.00° 154.50+6.36°
ALT, U/l 41.00+12.00 32.00+50.50 198.50+6.0° 31.00+12.00°
ALP, U/l 80.00+5.00 153.50+12.50¢ 233.00+9.00¢ 105.50+10.50f

“Data are presented as the mean +

standard deviation; °P<0.01, ‘P<0.001 and “P<0.0001 vs. respective Control group; °P<0.01 and

P<0.001 vs. respective TAA group using a 2-way ANOVA with Bonferroni's corrections. AST, aspartate transaminase; ALT, alanine transami-
nase; ALP, alkaline phosphatase; AM, a-mangostin; TAA, thioacetamide.

tiny holes in the terminal portal venules near their branching
point were observed. In contrast, the livers of rats treated with
both TAA and AM had less space surrounding the portal
vessels (Fig. 3D), improved preserved hepatic microvascular
patterns, and minimally changed sinusoidal patterns with few
signs of terminal portal venule remodeling. Thus, TAA and

AM treatment partially preserved the hepatic microvascular
architecture. The terminal portal venules of the TAA and
TAA+AM-treated rats after 30 (Fig. 2C and D), and those
in the AM, TAA and TAA+AM-treated rats after 60 days
of treatment (Fig. 3B-D) could be followed over a long
distance, whereas those in the control and AM-treated rats at
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Figure 3. Surface view of the vascular corrosion casts of livers of the treated Wistar rats after 60 days of treatment. Asterisks mark terminal hepatic venules,
whereas arrowheads mark the space surrounding portal venules (denoted by P), nodules (denoted by N), and sinusoids. (denoted by S). Scale bar, 200 gm.
(A) Overview of the hepatic microvascular architecture of control rats. (B) AM treatment slightly altered the microvascular architecture. (C) TAA treatment for
60 days resulted in further changes in the microvascular architecture compared with 30 days of treatment, with several large spaces present around the portal
vessels. Hepatic nodules are recognizable by their condensed sinusoids and deformed hepatic microvascular architecture. (D) TAA and AM treatment halted
further deterioration of the hepatic microvascular architecture compared with 30 days of the combined treatment. AM, a-mangostin; TAA, thioacetamide.

day 30 (Fig. 2A and B) and control rats after day 60 (Fig. 3A)
were covered entirely by sinusoids.

At higher magnifications, the VCCs clearly revealed that
new vessels formed from the original vessel by splitting,
which is termed IA. IA was visible as smooth-edged tiny
holes with a diameter of <5 ym in the VCCs. Tiny holes were
frequently observed in the pericentral area in the control
rats (arrows; Fig. 4A) and rats treated with AM for 30 days
(arrows; Fig. 4B), which suggested ongoing sinusoidal forma-
tion. In addition, tiny holes arranged in a row were seen on
portal venules of TAA-treated rats after 30 days (arrows;
Fig. 4C), which indicated that the vascular pruning process
subsequently finally led to splitting of an existing blood vessel.
IA at the branching angle of portal venules and sinusoids in
the TAA+AM treated livers (arrows; Fig. 4D). After 60 days,
IA was also observed in the periportal sinusoids of the control
and AM-treated rats (Fig. 4E and F). Tiny holes in the terminal
portal venules near their branching points suggested that an
active branching and remodeling process eventually modified
the branching angle and resulted in sinusoidal hemodynamic
changes (Fig. 4G and H). The comparison of findings after 30
and 60 days of treatment revealed that TAA-induced fibrotic
changes were progressive in time, and that the beneficial
effects of AM only became visible after prolonged treatment,
as is shown by comparison of Figs. 2D and 3D.

Histomorphology. Fig. 5A shows an H&E-stained section of
control liver parenchyma, which exhibited a normal lobular
architecture containing central or terminal hepatic venules
(denoted by asterisks) and portal tracts. The livers of the
AM-treated rats (Fig. 5B) did not differ from the control livers,

with normal hepatic cords and intact portal structures. Livers
of the TAA-treated rats showed acute hepatocellular injury,
lobular necrosis with minimal to absent necroinflammatory
changes (Fig. 5C). Cellular injury and inflammatory changes in
zones 2 and 3, but preserved portal structures were observed in
the livers of the TAA+AM-treated rats (Fig. 5D). Fig. 5SE and F
show higher magnifications of the portal tract, with a hepatic
artery (denoted by A), a bile duct (denoted by Bd), a lymph
vessel (denoted by Lv) and a portal venule (denoted by P) in
a control and an AM-treated animal. The periportal area of
the TAA-treated rats (Fig. 5G) showed hepatocyte destruc-
tion, whereas various degrees of hydropic changes were also
seen in several hepatocytes. Fig. 5H showed only minimal
periportal hepatocyte injury in the TAA+AM-treated rats.
Fibrosis was noticeable in periportal and perivenular areas of
the TA A-treated rats (Fig. 6C), but was markedly attenuated in
the TAA+AM-treated rats (Fig. 6D).

Liver parenchyma of the control rats at 60 days (Fig. 7A)
was similar to that of the control rats at 30 days.
AM-treatment (Fig. 7B) did not affect liver morphology and
showed normal hepatic plates and portal structures. TAA
treatment for 60 days caused fibrotic hepatocellular necroin-
flammatory changes (Fig. 7C). By comparison, the livers of
the TAA+AM-treated rats revealed only mild hepatocellular
injury (Fig. 7D). At higher magnifications, the portal tract of the
control and AM-treated rats (Fig. 7E and F) showed a normal
configuration. Fibrosis with prominent periportal and periven-
ular inflammatory activity and hepatocytes with microvesicular
steatosis and cholestasis (arrowhead; Fig. 7G) was present in
the livers of rats treated with TAA for 60 days. Additionally,
there was no evidence of steatosis or cholestasis, but perivenular
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Figure 4. Higher magnifications of vascular corrosion casts of the liver.
Terminal hepatic venules are denoted by asterisks, tiny holes in vessels
are denoted by arrows, imprints of endothelial cell nuclei are denoted by
arrowheads, portal venules are denoted by a P and sinusoids are denoted by
an S. (A-D) Higher magnification images of the casts shown in Fig. 2A-D
(30 days of treatment). (E-H) Higher magnification images of the casts shown
in Fig. 3A-D (60 days of treatment). Scale bar, 10 ym. (A) IA in control rats
manifests as tiny holes (arrows) in the pericentral sinusoids. (B) Sinusoidal
IA is present in the AM treated livers (arrows). (C) TAA treatment reveals
rows of tiny holes in the portal vessels near their branching point (thin
arrow). (D) IA at the branching angle of portal venules and sinusoids of
the TAA+AM treated livers. (E) Tiny holes at branching points between
the portal venules and sinusoids in the control liver. (F) Sinusoidal 1A is
also present in AM treated livers. (G) TAA treatment reveals the subsequent
remodeling of the branching pattern of portal vessels. (H) At the branching
angle of portal venules and sinusoids of the TAA+AM treated livers, IA
was also observed. Endothelial cell nuclei imprints (arrowheads) are clearly
visible in panels A-F. IA, intussusceptive angiogenesis; AM, a-mangostin;
TAA, thioacetamide.

fibrosis was prevalent (Fig. 7H). Fibrous tissue formation
in the periportal areas differed from that in the perivenular
areas (Fig. 8C). This finding is consistent with the spaces that
were observed around the terminal portal venules in the VCCs
of the livers of rats treated with TAA for 60 days. The periportal
structures and perivenular areas in the livers of rats treated with
TAA+AM for 60 days were better preserved and contained less
fibrotic tissue than livers treated with TAA only (Fig. 8D).
After both day 30 and day 60, there was no fibrosis in the
control and AM-treated rats. In rats treated with TAA for
30 days, collagen fibers had expanded into several portal areas,
whereas distinct bridging fibrosis (portal to portal or portal to
central area) had developed after 60 days of TAA treatment.
Fibrosis was significantly decreased in TAA+AM-treated rats

Table III. Ishak scores of liver sections in the treated rats®.

Groups
Ishak score Control AM TAA TAA+AM
Day 30 0.0+00 0.0+0.00 3.0+0.0° 1.25+0.25¢
Day 60 0.0+£00 0.0+£0.00 4.25+0.25>¢ 1.75+0.25¢

“Data are presented as the mean =+ standard deviation;
"P<0.0001 vs. respective Control group; “P<0.001 vs. respective
TAA group; ‘P<0.001, significant difference between day 30 and
day 60 according to 2-way ANOVA with Bonferroni's corrections.
AM, a-mangostin; TAA, thioacetamide.

compared with the TA A-treated rats after 30 and 60 days of
treatment (Table III).

3D morphometry. At day 30 of the experiment, the terminal
portal venules and the pericentral sinusoids did not differ
between the controls and any of the experimental groups.
However, the diameter of the periportal sinusoids was signifi-
cantly smaller in the TA A+AM-treated rats compared with the
control or AM-treated rats (Fig. 9).

At day 60 of the experiment, none of the treatments
had affected the diameter of the portal venules. However,
TAA-treatment decreased the diameter of the periportal sinu-
soids and increased the diameter of the pericentral sinusoids
significantly. Although AM treatment itself did not affect the
diameter of the pericentral or periportal sinusoids, it tended to
restore the diameter of the periportal venules to control values
when added to the TAA treatment, although this effect was
not significant. The TAA+AM treatment did however, further
increase the diameter of the pericentral sinusoids (Fig. 10). At
day 30 of the experiment, the branching angles between portal
venules and sinusoids were acute and similar in all groups.
At day 60 of the experiment, the branching angles between
the hepatic portal venules and sinusoids were significantly
different between the AM-treated groups compared with the
TAA or TAA+AM-treated groups (Fig. 11). The representa-
tive anaglyphic red-green images of 3D morphometry of
the branching angle between portal venules and sinusoids at
day 30 and 60 in each treatment group are displayed in Fig. 12.

In summary, 3D morphometry confirmed that terminal
portal venules were not affected in any of the groups.
Pericentral sinusoids became wider in the TAA-treated rats
during the second month of toxin administration, particularly
if AM was added to the TAA treatment. Periportal sinusoids,
by contrast, became smaller in the second month of toxin
treatment. This effect was already visible after 1 month if AM
was present in the treatment mix.

Discussion

In the present study, it was demonstrated that AM preserved
sinusoidal microvascular architecture and ameliorated
TA A-induced hepatocellular injuries at day 60, but the effects
were not significant after 30 days of treatment. The cause of
this beneficial effect was likely the inhibition of fibrosis, which
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Control

Figure 5. Histomorphology of rat livers after 30 days of treatment. Asterisks mark terminal hepatic venules. (A) Control and (B) AM-treated rats, with hepatic
cords and intact portal structures. (C) Acute hepatocellular injury with periportal and perivenular inflammation was observed in the TA A-treated rats.
(D) perivenular hepatocyte injury and intact portal structures in the TA A+AM-treated rats. Scale bar, 100 um. An intact portal tract structure was observed in
the (E) control and (F) AM-treated rats. (G) Periportal and perivenular hepatocyte injury was observed in the TA A-treated rats. (H) Attenuation of periportal
hepatocyte injury in the TAA and AM-treated rats. Panels E-H are higher magnifications of panels A-D, respectively. Scale bar, 50 ym. A, hepatic arteries;
Bd, bile ducts; Lv, lymphatic vessels; P, portal venules; AM, a-mangostin; TAA, thioacetamide.

TR

Figure 6. Collagen content and distribution in the rat livers after 30 days of treatment. Asterisks mark the terminal hepatic venules, and portal venules are
defined by a P. Scale bar, 200 ym. The red color indicates the presence of collagen fibers, and the intensity of staining reflects the density of collagen fibers.
(A) Control and (B) AM-treated rats exhibited hepatic cords and intact portal structures. (C) Acute hepatocellular injury with noticeable periportal and
perivenular fibrosis was observed in the TA A-treated rats. (D) Addition of AM to the TAA treatment preserved portal structures and limited hepatocyte injury
and inflammatory changes. AM, a-mangostin; TAA, thioacetamide.
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A
Control
Day 60

Day 60

Figure 7. Histomorphology of the rat livers after 60 days of treatment. Terminal hepatic venules are marked by asterisks, whereas the arrowheads mark steatosis
and cholestasis. (A, B, E and F) Show normal hepatic cords and intact portal structures in the control and AM-treated rats. (C) Periportal fibrosis and perivenular
formation of fibrous tissue (arrow) was observed in the TA A-treated rats. (D) Perivenular fibrosis was also observed in the rats treated with both TAA and AM.
Scale bar, 100 ym. (G) Periportal microvesicular steatosis, cholestasis and fibrosis, and necroinflammatory was observed in the TA A-treated rats. (H) Attenuation
of the perivenular fibrosis, as well as absent steatosis and cholestasis was observed in the rats treated with both TAA and AM. Panels E-H are higher magnifications
of panels A-D, respectively. Scale bar, 50 pm. A, hepatic arteries; Bd, bile ducts; LV, lymphatic vessels; P, portal venules; AM, a-mangostin; TAA, thioacetamide.

Figure 8. Sirius red staining of rat livers after 60 days of treatment. Asterisks mark terminal hepatic venules, and portal venules are denoted by a P. Scale
bar, 20 ym. (A and B) Normal hepatic cords and intact portal structures were observed in the control and AM-treated rats. (C) Periportal and perivenular
fibrosis was observed in the TAA-treated rats. (D) Compared with TAA treatment alone, additional treatment with AM reduced the development of fibrous
tissue and preserved the architecture of the periportal and perivenular areas. AM, a-mangostin; TAA, thioacetamide.
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Figure 9. Diameter (in ym) of hepatic vessels after 30 days of treatment, as calculated by 3D morphometry. Diameters are expressed as boxplots, with the
median, lower and upper quartiles, and minimum and maximum values shown. "‘P<0.05. TAA, thioacetamide; AM, o-mangostin.
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Figure 10. Diameter (in ym) of hepatic vessels after 60 days of treatment, as calculated by 3D morphometry. Diameters are expressed as boxplots, with the
median, lower and upper quartiles, and minimum and maximum values shown. "P<0.05. TAA, thioacetamide; AM, o-mangostin.

lead to preservation of periportal structures and a delay in the AM may induce morbidity and mortality in animals with
formation of periportal and pericentral fibrosis. increased dosages (55-57). AM induced mortality after 72 h of
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Figure 11. Branching angles of hepatic vessels after 30 (left) or 60 days of treatment (right), as calculated by 3D morphometry. Diameters are expressed as
boxplots, with the median, lower and upper quartiles, and minimum and maximum values shown. ‘P<0.05. TAA, thioacetamide; AM, a-mangostin.
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Figure 12. Representative anaglyphic red-green images of the 3D morphometry of the branching angle between portal venules and sinusoids. (A) Control,
(B) AM, (C) TAA and (D) TAA+AM-treated rats after 30 days of treatment. (E) Control, (F) AM, (G) TAA and (H) TAA+AM-treated rats after 60 days of
treatment. Red/green 3D glasses are required to view the 3D images. AM, a-mangostin; TAA, thioacetamide.

intraperitoneal administration with a 50% lethal concentration
of 150 mg/kg in a mouse model (57). To minimize the use and
potentially adverse effects of AM, a dosage of TAA and AM
that was 75% of that administered by Poonkhum ez al (46)
was used. In this previous study, TAA was administered at
200 mg/kg BW and AM at 100 mg/kg BW (intraperitone-
ally), where the AM dose was 20x higher than in a study by
Rodniem et al (45), where TAA was also administered at
200 mg/kg BW, but AM was administered only at 5 mg/kg BW
intraperitoneally. Thus, a 15-fold higher AM concentration was
used comparted with the study by Rodniem ez al (45). In a pilot
study, it was observed that treatment with AM intraperitone-
ally at 75 mg/kg BW did improve the blood vessel architecture
in fibrotic liver without visible effects (data not shown). AM
was clearly effective when 75 mg/kg BW was administered
twice weekly. The primary effect of AM appeared to be an
anti-fibrotic effect, as it showed anti-fibrogenic action in
histological sections. Anti-fibrotic effects of AM preserved
the vascular architecture under pro-oxidative conditions, such

as TAA treatment. These findings underscore earlier studies
that demonstrated that AM lowers the liver area occupied by
type I collagen (46). At a dose of 100 mg/kg BW twice weekly,
AM also reduced the risk of liver fibrosis through a decrease
in p53 expression when examining induction of cirrhosis by
TAA (58). Even a low dose of AM (5 mg/kg BW) prevented
TAA from inducing hepatocyte damage based on the circu-
lating hepatic enzyme concentrations and fibrotic changes in
the liver (45). Relatively little information exists regarding the
pharmacokinetics and pharmacodynamics of AM in rats, as
only a few dosages and routes or intervals of administration
have been studied previously (45,59-62). Further experiments
along these lines are therefore warranted to determine the
optimal anti-fibrogenic and anti-angiogenetic outcomes.

In the present study, it was shown that TAA-induced
fibrosis at 150 mg/kg BW when administered 3 times weekly,
and this caused tissue damage in the liver. In support of these
findings, a previous study demonstrated that liver sinusoidal
endothelial cell differentiation activated hepatic stellate cells
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and the associated fibrotic processes (63), which resulted
in perivascular fibrosis (such as periportal and perivenular
fibrosis), and this finally led to cirrhosis. A short-term low dose
of TAA (50 mg/kg BW) can induce inflammation (64). TAA
is metabolized by cytochrome P4502El into thioacetamides
sulfoxide and thioacetamide-S, S-dioxide (65). These metabo-
lites, whether they are further oxidized or not, form species
that are toxic to hepatocytes (66,67).

IA is a relatively more recently discovered novel means
of blood vessel formation and provides a mechanism for the
expansion of an existing microvascular network and vascular
branch remodeling in both normal and pathological condi-
tions (68). The presence of tiny holes with a diameter of 2-5 ym,
which indicate signs of IA, are identifiable by microvascular
corrosion casting and SEM. Fibrotic livers exhibit growth of
numerous vessels through IA. The corrosion casts confirmed
these data, showing the presence of numerous tiny holes
within the hepatic vessels of fibrotic livers. It is speculated that
the greater degree of fibrosis may contribute to the relative
frequency of IA observed. Thus, microvascular alterations by
IA may be a pivotal pathogenetic mechanisms in the progres-
sion of fibrosis. Interestingly, a recent study showed that TA
was observed in the lungs of patients with COVID-19 and also
in the lungs of patients with influenza (69). It would therefore
be tempting to speculate that AM may exert anti-angiogenetic
activity on continuous endothelium lined intrahepatic vessels,
and this may be the result of diminished IA processes.

The progression of hepatocyte injuries is associated with
intrahepatic angiogenesis and fibrosis, which ultimately leads
to cirrhosis. The results showing that AM preserves the hepatic
microvascular pattern, periportal structure and perivenular
sinusoids underscores the hepatoprotective effect of AM on
liver fibrosis. AM extracts, therefore, appear to exert a miti-
gating effect on liver fibrosis and angiogenesis. Further studies
should address the mechanism underlying the anti-angiogenic
and anti-fibrogenic effects of AM on intrahepatic vessels and
sinusoids.
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