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High-fat diet (HFD)-induced inflammation is characterized by widespread
infiltration of inflammatory cells across multiple organs. Celastrol, an emerging drug
derived from Tripterygium wilfordii, has demonstrated anti-inflammatory effects in multiple
models, including ApoE-knockout mice. However, quantitative evaluation of multi-organ
histopathological inflammation and its association with systemic inflammatory response
remains to be determined. This study aimed to evaluate anti-inflammatory effects of celastrol in
multi-organ via Hematoxylin and Eosin (H&E)-stained tissues and its association with systemic
inflammation through circulating TNF-o levels in HFD-fed ApoE-knockout mice. Male ApoE-
knockout mice were divided into five groups (n=6/group). Four groups were fed an HFD for
12 weeks, while the control group received a normal diet. During the last 4 weeks, three HFD
groups received intraperitoneal celastrol (1.5, 2, and 2.5 mg/kg/day), while controls received
2% DMSO/day. At the end of the treatment, the heart, lungs, liver, and kidneys were harvested
for H&E staining, and inflammatory cell infiltration was quantified using NDP.view 2. Plasma
TNF-o levels were measured using ELISA. The 2.5mg celastrol-treated group showed a significant
reduction in the area of inflammatory cell infiltration across all organs compared to the HFD
group (heart, p<0.01; lung, p<0.001; liver, p<0.05; kidney, p<0.01). Additionally, 2 and 2.5
mg of celastrol were reported to significantly decrease plasma TNF-o levels (p<0.05). Celastrol
attenuates multi-organ histopathological inflammation and reduces circulating TNF-o. levels
in HFD-fed ApoE-knockout mice, supporting its potential as a multi-target anti-inflammatory
agent. Further studies are required to elucidate the underlying mechanisms.
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Inflammation is a biological immune
system response triggered by various factors
such as pathogen invasion, physical injury,
chemical irritants, toxins, autoimmune reactions,
or metabolic disturbances. It represents the
body’s natural defense mechanism aimed at
eliminating harmful stimuli, initiating tissue
repair, and restoring homeostasis. However, it
can also potentially lead to tissue damage or
disease progression. Triggering factors include
free radicals, damaged cells, oxidative stress, or
foreign pathogens. Chronic inflammation is a major
contributor to global morbidity and mortality, as it
has been remarked that 3 out of 5 people die from
chronic inflammatory diseases.! The World Health
Organization (WHO) has declared that chronic
diseases are the greatest threat to human health,
driven by the prevalence of inflammation and the
rising number of cases over the years.'

Inflammatory cell infiltration is a key
hallmark of inflammation, as immune cells move
to the injury site to support healing. These cells
include neutrophils, macrophages, lymphocytes,
eosinophils, and mast cells, each with a specific
role pathologically. However, an excessive
accumulation of inflammatory cells and a sustained
inflammatory response can lead to a chronic state
rather than an acute, self-limited reaction. Persistent
inflammation results in ongoing tissue injury and
impaired healing, as the balance between pro-
inflammatory and reparative mechanisms becomes
dysregulated, ultimately causing structural and
functional damage.® In metabolic conditions
such as high-fat-diet (HFD)-induced disorders,
systemic inflammation is often accompanied by
widespread tissue infiltration of inflammatory cells
across multiple organs, contributing to multi-organ
dysfunction.

Celastrol, a quinone methide triterpene
naturally present in Tripterygium wilfordii, is a
potent antioxidant and anti-inflammatory agent,
underscoring its role in modulating inflammatory
responses.? Celastrol has been proven to induce
various anti-inflammatory cytokines and target
multiple signaling pathways, which underlie its
mechanism of action in inflamed organs or tissues.
For instance, celastrol has been shown to inhibit
macrophage-mediated inflammation and reduce the
expression of pro-inflammatory cytokines, such
as TNF-o, in HFD-fed models,>® highlighting its
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therapeutic anti-inflammatory effects in metabolic
and inflammatory diseases.

The animal model is a crucial backbone
in medical research for studying pathogenesis and
uncovering therapeutic strategies. In the past few
years, gene-knockout methodologies in mice have
provided opportunities to genetically exhaust the
different leukocytic lineages, individually or in
combination, to scrutinize their function within
the wound-healing circuit.” One of these gene
knockout models is ApoE-knockout mice, which
disrupts cholesterol transportation, specifically in
the circulation. After feeding an HFD, these mice
develop systemic inflammation and multi-organ
pathological changes, making them an ideal model
for anti-inflammatory therapy research.®’

Histopathological evaluation remains a
fundamental approach for assessing tissue-level
inflammation. Hematoxylin and Eosin (H&E)
staining is widely used among the various staining
methods available for frozen sections to study
inflammatory cell infiltration in organs, either
by classifying the degree of inflammation or by
calculating the area of inflammation.'®!" It is due to
its practicality, inexpensive materials, and relatively
simple procedure. Although H&E staining provides
an overall assessment of inflammatory cell
infiltration, it does not distinguish specific immune
cell subtypes or molecular pathways. Apart from
that, TNF-c, an inflammatory cytokine, reflects
systemic inflammatory responses when measured
in plasma and reflects the overall inflammatory
status of organs.

Celastrol has shown anti-inflammatory
properties in various inflammatory lesions across
different organs, such as the heart,'? lung,' liver,’
and kidney,'" due to its capacity to inhibit pro-
inflammatory signaling pathways and cytokine
release. Despite this, most studies have examined
its effects in single-organ models or in specific
disease models. Nevertheless, to date, no research
has quantitatively evaluated the impact of celastrol
on inflammatory cell infiltration across multiple
organs (heart, lung, liver, and kidney) and its
association with systemic circulating TNF-a levels
in the ApoE-knockout mouse model.

Thus, this study aimed to evaluate the
histopathological anti-inflammatory effects of
celastrol across multiple organs and to examine
its association with systemic inflammation
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through circulating TNF-a levels in HFD-fed
ApoE-knockout mice. By combining quantitative
histological evaluation with systemic biomarker
analysis, this study provides insight into the
coordinated local and systemic effects of celastrol
in diet-induced inflammation.

MATERIAL AND METHODS

Materials and Animals

The high-fat diet (RD Western diet,
D12079B) was purchased from Research Diets
Inc., while the normal diet (1342) was purchased
from Altromin Spezialfutter GmbH & Co. KG. The
HFD comprises 21% fat and 0.21% cholesterol,
whereas the ND is composed of 24% protein and
11% fat. Absolute dimethyl sulfoxide (D2650-
100ML) and celastrol (C0869-10MG) were
obtained from Sigma-Aldrich. The H&E Staining
Kit, Hematoxylin and Eosin (H&E) kit (ab245880)
was acquired from Abcam Limited.

A total of 30 male ApoE-knockout
mice were used, with 6 mice included per group.
Male gender was specifically chosen as females
have estrogen that profoundly interferes with the
immune system and inflammatory responses. The
neutral-territory introduction method is the safest
way for mice to get acquainted, with each sniffing
the other before moving into their permanent home.
Mice were grouped into strata based on traits,
i.e., body weight and blood glucose readings, and
then randomly distributed so that each group had
a similar average baseline profile. Animals were
maintained at a standard relative humidity, a 12-
hour light/dark cycle, and a temperature of 20-24°C
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with access to food and water ad libitum. Three
mice were allocated per cage (dimensions: 290 x
220 x 140 mm). All procedures were approved by
the UiTM Research Ethics Committee for Animal
Ethics. All institutional and national guidelines
for the care and use of laboratory animals were
followed during the experiments. No mortality rate
is recorded during the experiment.
Experimental Design and Drug Intervention

Male ApoE-knockout mice (8 weeks old)
were fed either an HFD or an ND for 12 weeks
according to sub-group allocation. (Figure 1). Age
of mice is the criterion in this animal experiment to
ensure a mature, fully developed immune system
to begin with. Mice were randomly assigned to be
subdivided into five subgroups (n = 6 per group)
and treated as shown in Figure 2. The ApoE-
knockout mice on HFD were treated with celastrol
in DMSO at doses of 1.5, 2, and 2.5 mg/kg/day,
respectively. At the same time, control groups
received 2% DMSO/day during the last 4 weeks of
diet via intraperitoneal (i.p) injection. At the end of
the treatment, blood was collected before the mice
were sacrificed at 20 weeks. Heart, lung, liver, and
kidney tissues were harvested for analysis.
Sample Preparation

At the end of the experiment, the collected
tissues were washed in 1x PBS to remove any
unwanted or residual blood. Tissues were then
embedded in an optimal cutting temperature
compound and rapidly frozen using a stepwise
method. Tissues were then cryosectioned at 7 um,
and blood samples were centrifuged for 15 minutes
within 30 minutes of collection.

16 b 03 20

Weeksl

Induction of inflammation by HFD

8 Qs
wa?

Treatment ’ I\

16 \ bri-‘-' 20

Weeksl

Induction of inflammation by ND

Treatment ” i\ ‘

Fig. 1. Project timeline of animal work
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Histopathological Analysis

H&E is widely used among the various
staining methods available in frozen sections to
study inflammatory cell infiltration by classifying
the degree of inflammation or by calculating the
area of inflammation, a lesser-known method.!*!!
It is due to its practicality, inexpensive materials,
and relatively simple procedure. Therefore, this
study employed a specific staining method to
investigate the effectiveness of celastrol treatment
in mitigating inflammatory cell infiltration in the
tissues of the heart, lung, liver, and kidney of ApoE-
knockout mice fed with an HFD.

The tissue sections were stained with
Mayer’s hematoxylin, followed by a bluing
reagent. Excess absolute alcohol was removed
by dipping and blotting, and an adequate eosin
Y solution was applied. The slides were rinsed
in two changes of distilled water between each

applied chemical, then dehydrated and mounted to
seal the sections to transparency. The summary of
the standardised protocol of Haematoxylin-eosin
staining is depicted below (Table 1).
Evaluation of Inflammatory Cell Infiltration in
H&E Staining

The NDP.view 2 software was used to
view the digital images of the slides and quantify
the area of inflammatory cell infiltration in tissue
sections (3 sections per organ per mouse). Tissue
normalization, or preprocessing of image data,
was performed beforehand to correct staining
variability and scanner inconsistencies using
digital color normalization. Regions of cellular
infiltration within each organ were independently
and manually delineated using the freehand region
selection tool under blind conditions, where the
researcher was unaware of group allocation. The
necrotic areas were avoided to ensure the accuracy

30 male ApoE -/- mice were tagged

ApoE on a high-fat diet

F & divided systematically _‘

ApoE on a normal diet

Treatment during the last 4 weeks of HFD

Treatment during the last 4 weeks of ND

Group 2:
Celastrol i.p.
1.5 mg/kg/day in
DMSO (n=6 male)

Group 4:
Celastrol i.p.
2.5mg/kg/day in
DMSQO (nh=6 male)

Group 1: (vehicle Group 3: Celastrol Group 5: (diet
control) i.p. 2 control)
DMSO i.p. /day mg/kg/day in DMSO i.p. /day
(n=6 male) DMSO (n=6 male) (n=6 male)

‘ At 20 weeks of age, mice were euthanized ‘

‘ Tissues (heart, lung, liver and kidney) were harvested ‘

Fig. 2. Study flowchart of animal work
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ofthe calculation. For the heart, cell infiltration was
examined in the myocardium (the middle muscle
layer) and the endocardium (the inner lining), while
the lung focused on the expanded interstitium and
alveoli. Aside from that, the portal triad and lobules
were commonly infiltrated with inflammatory cells,
while glomeruli and tubules were observed in the
kidney. The total infiltrated area was quantified
by summing all selected regions and normalizing
to the total tissue area. All measurements were
automatically expressed in mm? by the software."
The results were independently reviewed and
validated by a histopathologist to ensure analytical
reliability. Quantitative data for each organ were
subsequently analyzed using GraphPad Prism
software.
Enzyme-Linked Immunosorbent Assay (ELISA)
A double-antibody sandwich ELISA was
performed using plasma samples to measure the
inflammatory cytokine marker TNF-o, as per the
FineTest ELISA kit for Mouse TNF-o. (EM0183)
manufacturer’s instructions (Table 2). Plasma
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samples were diluted to the appropriate dilution
factor and loaded onto plate wells (96 wells)
together with a serial standard solution. The biotin-
labeled antibody solution was loaded to capture
the targeted antibodies in the sample. The SABC
solution was then added, followed by treatment
with the TMB substrate solution. Each step was
incubated at 37°C and adequately washed. The
reaction was stopped with the stop solution after
the standard wells showed the desired TMB color.
At the end of the procedure, the plate was promptly
read at 450 nm, and the standard curve and protein
concentrations were calculated.
Statistical Analysis

All the data were expressed as mean +
standard error of the mean (SEM) together with
multiple comparison correction (Bonferroni)
which protect dataset against any false positive.
The Kruskal-Wallis test was used to compare
differences among the five groups (n=6 mice
per group) using GraphPad Prism 10 along with
a post hoc test (Dunn). The normality of the

Table 1. Histological reagents and time of H&E staining for frozen tissue

section

Step Chemical/Reagent Time
Thaw - 15 minutes
Nuclear stain Mayer’s hematoxylin 5 minutes
Washing Distilled water 2 changes
Bluing Bluing reagent 10 seconds
Washing Distilled water 2 changes
Differentiation Alcohol Dip once
Counterstain Eosin Y solution 1 minute
Dehydration Absolute alcohol 3 changes

Clearing and mounting

Permanent mounting (resin) -

Table 2. Assay loading solutions and time of ELISA procedure for
plasma samples

Step Loading solution Time
Coating Standard or sample 90 minutes
Washing Wash buffer Wash 2X
Binding Biotin-labeled antibody 60 minutes
Washing Wash buffer Wash 3X
Binding SABC 30 minutes
Washing Wash buffer Wash 5X
Detection TMB substrate 20 minutes
Termination Stop solution -
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data distribution was not assumed; therefore, cells in tissues and around blood vessels under a
a nonparametric test was applied. The mean  microscope. In this study, mice treated with 2.5

difference is considered significant at P<0.05. mg/kg celastrol showed much less infiltration in
their heart tissue (0.11 mm? affected, P<0.01)
RESULTS than the HFD group. The ND group showed even

less infiltration into the heart tissue (0.09 mm?,
Inflammatory cell infiltration is  P<0.0001), resulting in slower infiltration than
characterized by a clustered accumulation of in the HFD group (Figures 3 and 4). In the lungs,

INFLAMMATORY CELL INFILTRATION

(HEART)
0.25+
0.20-
°E 0.15-
— * %
%k ok %k 1
% 0.10 1
0.05-
0.00-

HFD ND 15mg 2mg 2.5mg
GROUPS

Fig. 3. Quantitative analysis of inflammatory cell infiltration in heart tissue. Data are presented as mean + SEM
of cell infiltration in the heart region (**P<0.01, ****P<(0.0001 compared with HFD group, Kruskal-Wallis test)

a) CONTROL HFD b) NORMAL DIET

e

¢) CELASTROL 1.5 mg d) CELASTROL 2 mg €) CELASTROL 2.5 mg

Fig. 4. Representative images of inflammatory cell infiltration in heart tissue with Hematoxylin and Eosin (H&E,
10X), stained with hematoxylin (bluish purple) and counterstained with eosin (light pink). Cell infiltration is
marked with a black arrow.
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celastrol treatment also reduced infiltration to 0.32
mm? (P<0.001), compared to 1.51 mm? in the
HFD group. Mice on the ND also had a significant
reduction, with 0.27 mm? (P<0.0001) of affected
lung tissue (Figures 5 and 6).

In liver tissue, mice treated with 2.5 mg/
kg celastrol had approximately half the total area
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of inflammatory cell infiltration compared to the
HFD control group (0.30 mm?, P<0.05). Mice on an
ND also showed a significant reduction, with only
0.21 mm? (P<0.001) affected (Figures 7 and 8). In
the kidney, celastrol treatment reduced infiltration
to 0.47 mm? (P<0.01), which is much less than the
1.57 mm? observed in the HFD group. The ND

INFLAMMATORY CELL INFILTRATION
(LUNG)

2.0~
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é 1.0+
0.5- * ok okok
1
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HFD ND

1.5mg 2mg 2.5mg

GROUPS

Fig. 5. Quantitative analysis of inflammatory cell infiltration in lung tissue. Data are presented as mean = SEM of
cell infiltration in the lung region (¥***P< 0.001, ****P<0.0001 compared with the HFD group, Kruskal-Wallis
test)

a) CONTROL HF
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c) CELASTROL 1.5 mg

d) CELASTROL 2 mg

b) NORMAL DIET

e) CELASTROL 2.5 mg

Fig. 6. Representative images of inflammatory cell infiltration in lung tissue with Hematoxylin and Eosin (H&E,
10X), stained with hematoxylin (bluish purple) and counterstained with eosin (light pink). Cell infiltration is
marked with a black arrow.
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group also had less infiltration, with a difference of ~ across all examined organs following celastrol
0.70 mm? (P<0.0001) compared to the HFD group  treatments. This reduction in tissue-level
(Figures 9 and 10). inflammatory infiltration was accompanied by

Overall, a consistent reduction in the changes in systemic inflammatory marker, i.e.,
infiltration of inflammatory cells was observed  circulating TNF-a levels.

INFLAMMATORY CELL INFILTRATION
(LIVER)

HFD ND 15mg 2mg 2.5mg
GROUPS

Fig. 7. Quantitative analysis of inflammatory cell infiltration in liver tissue. Data are presented as mean + SEM
of cell infiltration in the liver region (¥P < 0.05, ***P < 0.001 compared with the HFD group, Kruskal-Wallis
test)

a) CONTROL HFD b) NORMAL DIET

d) CELASTROL 2 mg e) CELASTROL 2.5 mg

¢) CELASTROL 1.5 mg

Fig. 8. Representative images of inflammatory cell infiltration in liver tissue with Hematoxylin and Eosin (H&E,
10X), stained with hematoxylin (bluish purple) and counterstained with eosin (light pink). Cell infiltration is
marked with a black arrow.
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INFLAMMATORY CELL INFILTRATION
(KIDNEY)

2.04

HFD ND 15mg 2mg 2.5mg
GROUPS

Fig. 9. Quantitative analysis of inflammatory cell infiltration in kidney tissue. Data are presented as mean + SEM
of cell infiltration in the kidney region (¥**P < 0.01, ****P < (0.0001 compared with the HFD group, Kruskal-
Wallis test)

¢) CELASTROL 1.5 mg d) CELASTROL 2 mg e) CELASTROL 2.5 mg

Fig. 10. Representative images of inflammatory cell infiltration in kidney tissue with Hematoxylin and Eosin
(H&E, 10X), stained with hematoxylin (bluish purple) and counterstained with eosin (light pink). Cell infiltration
is marked with a black arrow
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TNF-a LEVELS IN PLASMA
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Fig. 11. TNF-a expression in plasma of control and treatment groups. Data are presented as mean + SEM of
TNF-a reactivity in plasma samples. All groups were compared with the HFD group using the Kruskal-Wallis
test (*P < 0.05)

Figure 11 shows that HFD-fed mice had
high TNF-a levels at 29.36 pg/mL. Celastrol-
treated mice had lower TNF-a levels, especially at
doses of 2 mg/kg (p<0.05) and 2.5 mg/kg (p<0.05).
Mice on an ND had the lowest TNF-a level at 9.49
pg/mL, which suggests less inflammation in their
blood.

DISCUSSION

One of the most commonly utilized
histological methods of assessing inflammatory
cell infiltration in tissue sections is H&E staining.
H&E staining provides an overall assessment of
inflammatory cell infiltration; however, it does
not allow identification of specific immune cell
subtypes or molecular pathways. Assessment of
inflammatory cell infiltration in tissue sections
using H&E staining was performed in the current
study, focusing on four major organs that play
significant roles in systemic physiology. The
findings showed a consistent pattern of celastrol
in reducing inflammatory-cell infiltration across

all organs, with the most pronounced changes
observed at 2.5 mg/kg. The morphological
changes in organs, including their cellularity, are
also notable in the context of inflammation. In
addition, this study demonstrates morphological
changes, including alterations in cellularity and
tissue architecture, indicating a mitigating effect of
celastrol on inflammation. Importantly, the present
findings are based on histopathological evaluation
using H&E staining, reflecting morphological
changes rather than cell-specific or molecular
level-mechanisms.

In the current study, a decreased pattern
of inflammatory-cell infiltration of the heart was
observed following celastrol treatment, as indicated
by H&E analysis. This result aligns with the study
by Tong et al'®> which showed that pretreatment with
celastrol, as assessed by H&E staining of cardiac
sections, led to less inflammatory cell infiltration,
less edema, less hemorrhage, and less disruption
of myocardial fibers in the myocardial ischemia/
reperfusion injury rat model." The general cardiac
structure was more organized, and myocardial
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alignment was maintained, consistent with
celastrol’s protective histological effects on cardiac
tissue remodeling. The mechanism of celastrol
behind this study was attributed to celastrol’s
ability to activate the PI3K/Akt signaling pathway
and inhibit HMGA expression, thereby alleviating
myocardial inflammation, apoptosis, and oxidative
stress.'s

In lung tissues treated with celastrol,
we observed that the alveolar septa were less
thickened and had fewer infiltrates, although
mild alveolar hyperinflation persisted. Although
we analyzed the effects of celastrol on alveolar
structures, similar results were reported by Li et
al'é in a monocrotaline-induced pulmonary arterial
hypertension model, demonstrating celastrol’s
ability to reduce pulmonary vascular wall
thickening and macrophage infiltration, indicating
overall attenuation of lung inflammation and
remodeling. These findings indicate that celastrol
reduces structural and inflammatory changes in
lung tissue, and the reported mechanism of celastrol
in this study is the inhibition of the TGF-p1
and NF-«B signaling pathways.'® Moreover,
another study found that celastrol helps alleviate
structural changes in alveoli that contribute to
hyperinflation, and the reported mechanism is
inhibiting the NLRP3 inflammasome, thereby
reducing inflammation and preventing alveolar
damage."”

In the liver tissues of the present study
and our previous study,'® celastrol treatment
appeared to reduce the size of the portal triad
and alleviate congested sinusoids associated
with inflammatory cell infiltration. This finding
coincides with the study by Zhao et al'® which
showed that celastrol attenuates hepatic cellular
infiltration, reduces hepatic congestion, and
prevents necrosis in a-naphthyl isothiocyanate
(ANIT)- and thioacetamide (TAA)-induced
hepatocellular injury models in mice. Those
protective effects of celastrol in that study were
linked to activation of the SIRT1/FXR signaling
pathway and inhibition of NF-xB-mediated
inflammation, suggesting that celastrol maintains
hepatic architecture and function through both
anti-inflammatory and cytoprotective actions."

In the kidney tissues of the celastrol-
treated mice in the current study, fewer congested
glomerular and tubular structures were observed,
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with moderate cell infiltration. This is consistent
with the findings of Younis and Ghanim* who
reported that H&E-stained sections of renal
tissue in a rat renal ischemia-reperfusion injury
model showed restoration of normal glomerular
and tubular morphology and decreased necrotic
changes following celastrol administration. In
this study, these effects of celastrol have been
reported to be mediated by activation of the Nrf2/
HO-1 pathway, which reduced oxidative stress and
promoted antioxidant responses.” In a separate
study on kidney injury and glomerular podocytes,
celastrol was reported to inhibit the TGF-31/Smad3
signaling pathway, which is part of the mechanisms
underlying renal fibrosis and inflammation.?'
Overall, the consistent pattern of reducing
morphological cellular infiltration across multiple
organs supports a coordinated histopathological
anti-inflammatory effect of celastrol.

Besides, the current study provides new
insights into the relationship between tissue type
and the extent of inflammatory cell infiltration,
which was significantly mitigated by 2.5 mg/kg
of celastrol. A visible difference of approximately
0.3 mm? was observed in the heart compared to
the lung, liver, and kidney. This situation may be
caused by anatomical and physiological factors
inherent to each organ, especially microvascular
structure. The microvasculature is sensitive to
inflammatory stimuli, leading to dysfunction
characterized by increased permeability and
altered leukocyte recruitment.?> Moreover,
inflammatory processes can induce morphological
changes in microvessels, which may exacerbate or
mitigate the effects of therapeutic agents such as
celastrol. Thus, understanding the microvascular
environment is crucial for optimizing celastrol’s
therapeutic potential in inflamed organs. Hyde and
Simon® clarified that the lung microvasculature
accommodates a rapid leukocyte response, with
specific hemodynamic properties that facilitate
efficient neutrophil migration during inflammation.
In contrast, the heart is less permissive and limits
inflammatory cell infiltration. The kidney and liver
also exhibit dynamic microvascular structures
that facilitate inflammatory cell infiltration, like
those in the lung. Their specialized microvascular-
like structures, such as glomeruli and sinusoids,
allow for distinct leukocyte recruitment that
supports the inflammatory process.** In addition,
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the pathophysiological interaction between the
kidney and liver demonstrates that one organ can
influence the other; for example, the acute phase
of kidney injury can lead to lung complications.?
Taken together, these findings suggest that the anti-
inflammatory effects of celastrol can be tailored
by organ-specific microvascular properties. These
variations imply that the anti-inflammatory effect
of celastrol is organ-specific and is not solely
dependent on dosage but also on tissue-specific
vascular properties.

Interestingly, the maintained patterns
below 1.0 mm? of all tissue areas infiltrated by
inflammatory cells are displayed in the ND group.
These results build on existing evidence that a
standard chow diet does not lead to the same level
of immune cell infiltration and inflammatory
cytokine expression as an HFD, but does exhibit
a noticeable level of inflammation, highlighting
its inflammatory nature.?® Another study by Zeeni
et al?’ also showed that the effect of inflammatory
cell infiltration in mice fed an ND is significantly
lower in organs than in those fed cafeteria or
HFD. Even though an ND is generally considered
healthier, inflammation still progresses slowly
over time. Thus, it marked the dietary impacts on
inflammation and organ health.

Apart from celastrol’s attenuation of
inflammatory cell infiltration across organs,
celastrol also effectively reduces plasma levels of
systemic inflammatory cytokines. The reduction
in TNF-a levels suggests an association between
celastrol treatment and modulation of systemic
inflammation. Mechanistically, chronic low-
grade systemic inflammation can arise without
prior localization, driven by obesity or metabolic
syndrome.”® ApoE-knockout mice fed an HFD,
which fits this scenario, suggest that the treatment
modulates plasma inflammation. Fain®® has stated
that adipose tissue potentially elevates the release
of pro-inflammatory cytokines, e.g., TNF-a and
IL-6, into the bloodstream after being enhanced
by the obesity factor. Moreover, a previous study
on lipopolysaccharide-induced inflammation in
rats showed a high TNF-a concentration, whereas
the celastrol-treated group showed a significantly
reduced TNF-o concentration.*

Besides, the statistically significant
effects of celastrol at 2.5 mg/kg, plasma (*P<
0.05) and tissue levels (**P<0.01) are a good
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indicator of its systemic anti-inflammatory
effect. These data suggest that the reduction in
tissue inflammation may be associated with the
amelioration of systemic inflammation, especially
after intraperitoneal administration of the drug,
suggesting a strong integration of systemic and
local responses to inflammation.>’ However, the
present findings are opposite to those of Turner
et al** who reported that local tissue inflammation
can occur without systemic signs of inflammation.
In fact, local inflammation may be mediated by
specific cytokines or chemokines not indicated in
plasma. Nevertheless, the attenuated inflammatory
response observed in the current study supports
the potential of celastrol as a dual-acting anti-
inflammatory agent, both systemically and locally.

A limitation of this study is that
histopathological analysis using H&E staining does
not allow identification of specific inflammatory
cell types or molecular pathways, and only a single
systemic marker (TNF-o) was assessed. Another
limitation of the present study is that it did not
investigate the molecular mechanisms underlying
celastrol’s anti-inflammatory effects; however, the
reduced inflammatory cell infiltration observed in
H&E-stained tissues provides histopathological
evidence of its anti-inflammatory activity. These
findings are consistent with previously cited
studies showing that celastrol modulates key
inflammatory signaling pathways and cytokine
production. While mechanistic conclusions cannot
be drawn from the current data, the observed
histological improvements support the biological
plausibility of these reported mechanisms and
provide a foundation for future studies exploring
the molecular pathways involved.

This study provides additional insight
into the diverse roles of celastrol across multiple
organs and models. It will also be important in
advancing celastrol to the clinical trial (CTR) stage.
Even though our animal model and diet holistically
represent humans, the generalizability of the
results driven by celastrol is limited. Therefore,
further research on human tissues is also needed
to evaluate their safety and efficacy. Further
studies are warranted to elucidate the underlying
mechanisms through which celastrol attenuates
inflammatory cell infiltration in individual organs
and modulates systemic inflammatory responses.
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CONCLUSION

In conclusion, celastrol attenuates
histopathological inflammation across multiple
organs; heart, lung, liver, and kidney, and reduces
circulating TNF-a levels in high-fat diet-fed
ApoE-knockout mice. These findings suggest
that celastrol demonstrates coordinated anti-
inflammatory effects at both tissue and systemic
levels. However, further studies incorporating
molecular and cell-specific analyses are required
to elucidate the underlying mechanisms.
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