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Abstract

Mechanisms underlying the negative effects of obesity on the brain are still un-
known. Obesity is associated with oxidative stress in the brain and neuro-
inflammation that promotes neurodegenerative diseases. Chronic low-grade
neuroinflammation in obesity could be associated with lower volumes of gray
matter and lower neuronal density. If neuroinflammation mediated by the expres-
sion of cytokines and chemokines leads to apoptosis, this can be assessed by
examining caspase expression. The aim of this study was to compare the expression
of caspases in the 16 brains of donors with obesity/overweight (n = 8; Body Mass
Index [BMI] = 31.6 + 4.35 kg/m?; 2 females; Age = 52.9 + 4.76 years) and normal
weight (n = 8; BMI = 21.8 & 1.5 kg/m?; 3 females; Age = 37.8 + 19.2 years). Sixteen
human brain samples were processed. Serial paraffin sections were examined by
anti-caspase immunochemistry (caspase-3, caspase-4, caspase-6, caspase-1,
caspase-8, and caspase-9 antibodies). Postmortem samples of cerebral cortex tissue
were captured as photomicrographs and the images obtained were analyzed using
Image) software to obtain the percentage of positive caspase expression.
Nonparametric Mann-Whitney U tests were performed to compare caspase
expression between samples from donors with obesity/overweight and normal
weight. Taking into consideration the immunohistochemistry results, the Search
Tool for the Retrieval of Interacting Genes was used to model molecular in-
teractions. Results showed that brain samples from individuals with obesity/over-
weight exhibited significantly greater values of positive expression for Caspase-1
(U = 16.5, p = 0.05, Cohen d = 0.89) and —8 (U = 15, p = 0.03, Cohen d = 0.99)
than those from donors with normal weight. This study contributes to the knowl-
edge about the inflammatory effects of obesity/overweight on brain, suggesting
the activation of the alternative inflammasome pathway in which interact caspase-1
and -8.
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1 | INTRODUCTION

Although the biological mechanisms underlying the damaging effects
of obesity on the brain are still not well understood, animal models and
human studies have shown that obesity is associated with increased
oxidative stress in the brain! and neuroinflammation?; both factors
are involved in the pathogenesis of neurodegenerative diseases.®

Macrophages in adipose tissue promote an increase in cytokines
and proinflammatory chemokines and initiate a mild chronic
response® which increased expression of tumor necrosis factor alpha,
plasminogen activator inhibitor-1, C-reactive protein, interleukin-1-
beta (IL-1-B) and interleukin-6 (IL-6).°> The inflammatory response
mediated by M1 cells during obesity might be analogous to the
necrotic clearance mechanisms.® The obesity-associated gut micro-
biota may also contribute to neurochemical and inflammatory
alterations.”®

Neuroinflammation can lead to apoptosis.” Dysregulation of
apoptosis plays a key role in the etiology and/or progression of a
variety of disorders.”° The process of apoptosis involves the inter-
play of a wide array of proteins and signal transducers, as well as
cascades of signaling pathways.'* Apoptosis involves the activation
of caspases, which orchestrate all morphological changes that char-
acterize this cell death process.’ Activation of initiator caspases
(Caspase-2, -8 or -10) is the first step in a regulated, irreversible, and
self-amplifying proteolytic pathway that leads to the activation of
effector caspases (Caspase-3, -6 and -7).12

Caspase-1 plays an important role in the innate immune
response.*® Pathogens, stress, and damage signals activate caspase-1,
and this process is typically mediated by proximity-induced auto-
proteolysis in multimeric protein complexes called the inflamma-
some.* In monocytes and macrophages, caspases cleave the
proinflammatory cytokine pro-interleukin (IL)-1B to an active
secreted molecule.'® Active caspase-1 is the final step in the process
of the nucleotide-binding domain and leucine-rich repeat containing
gene NOD-like receptor (NLR) family pyrin domain containing 3
(NLRP3) inflammasome, a three-protein intracellular complex
involved in inflammation and the induction of pyroptosis.'® Although
Caspase-4 activation alone is sufficient to induce pyroptosis, this
process depends on NLRP3 inflammasome activation to drive IL-1B
maturation.'”

Inflammation causes hypoperfusion and ischemia, which can lead
to apoptosis via an intrinsic route.’® This apoptosis pathway is
characterized by nonreceptor-mediated initiation and mitochondrial
regulation. In the intrinsic pathway, stimuli directly generate intra-
cellular signals that lead to biochemical changes within the cell.*?
Apoptosomes cleave procaspase-9 to yield active caspase-9, which in
turn activates the effector caspase caspase-3.12 Thus, both extrinsic
and intrinsic pathways converge at the execution phase. This phase
refers to the final apoptosis pathway.'®

Structural abnormalities in gray matter have been observed in
patients with obesity.>” Neuroimaging studies have shown consistent
reductions in gray matter in individuals with obesity, which affects

the inferior frontal gyri, right insula, the left and right precentral gyri,

the left middle frontal gyrus, the left middle temporal gyrus, the left
amygdala, and the left cerebellar hemisphere.?*=2! These structural
changes in the brains of individuals with obesity could be associated
with lower neuronal density?? and are probably derived from neu-
roinflammation that induces apoptosis mechanisms. Animal model
studies have shown that high-fat diet and diet-induced obesity are
associated with neuroinflammation and apoptosis in central nervous
system.?®-%7

In the present study, the apoptotic activity of brain tissue from
donors with obesity was evaluated by immunohistochemistry. The
mechanisms underlying the damage and therefore neuronal death in
obesity are still unknown, but the evidence suggests that chronic
systemic humoral inflammation may be associated with a reduced
volume of gray matter.24?” Thus, the aim of this study was to
compare the expression of caspases in the brains of donors with
obesity or overweight and normal weight. Therefore, it is expected
that initiator and effector caspases are more highly expressed in the

brain tissues of donors with obesity than in those of lean donors.

2 | METHODS
2.1 | Brain cases

Brain samples from the right superior frontal gyrus were taken from
the study previously published by Gémez-Apo et al.??

Eight donors with obesity or overweight (Body Mass Index [BMI]:
mean = 31.6 kg/mz; SD = 4.35; 2 females; Age: mean = 52.9 years,
SD = 4.76) and eight donors with normal weight (BMI:
mean = 21.8 kg/mz; SD = 1.5; 3 female; Age: mean = 37.8 years.o.,
SD = 19.2) were included. Donors with obesity (n = 4; BMI:
mean = 34.79 kg/m?; SD = 3.81; O female; Age: mean = 56.5 years
SD = 2.65; 2 cases with obesity Class | and 2 cases with obesity Class
1) or overweight (n = 4; BMI: mean = 28.31 kg/m?%; SD = 1.29; 2 fe-
males; Age: mean = 49.3 years.o., SD = 3.30) were studied. In Gomez-
Apo et al study,?? the acquired brain samples from the subjects with
obesity or overweight and normal weight showed no evidence of
neuropathology. Clinical record files were reviewed to rule out the
presence of diabetes mellitus or hypertension. Relatives of the
deceased donors authorized and signed all legal documents to
perform necropsy studies at the hospital.

2.2 | Immunohistochemical staining and
immunoexpression evaluation

Serial paraffin sections were stained using primary polyclonal anti-rat
antibodies against selected caspases (Caspase-3, Caspase-4,
Caspase-6 antibodies [Sino Biologicals US, Inc, PA, USA]; Caspase-1,
Caspase-8, Caspase-9 antibodies [Santa Cruz Biotechnology, Inc, CA,
USA.]). The immunohistochemical procedure was developed using the
manual immunoperoxidase technique with a BioSB ® electric pres-

sure cooker, a Sequenza® rack and a BioSB® immunohistochemistry
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kit. The 2-um paraffin sections were deparaffinized, rehydrated, and
treated with ImmunoDNA Background Blocker (BIOSD Co.) for 10
minutes. The sections were incubated for 60 minutes at room tem-
perature with the primary antibody. The sections were subsequently
incubated with a biotinylated secondary antibody at room tempera-
ture. After being rinsed with phosphate-buffered saline, the reaction
products were visualized by immersing the sections in dia-
minobenzidine. Finally, the sections were counterstained with he-
matoxylin, dehydrated and cover-slipped using Ecomount (Biocare®).

2.3 | Image acquisition

Light microscopy was performed to examine the staining with
different antibodies in the 16 cases. Sixty-four representative
nonoverlapping fields of the cerebral cortex were captured as pho-
tomicrographs in a high-power field (400X) (Olympus ® microscope
model CX-31; Olympus ® adapter E330-ADU 1.2X, Olympus ®
camera Model E-620).

The captured images were transferred to a computer for image
analysis. The evaluation was performed using ImageJ (NIH) software,
version 1.53a (National Institutes of Health, Bethesda, MD, USA). The
white balance was adjusted for each photograph. The ImmunoRatio
plugin was used, which is an ImageJ plugin, to evaluate immunohis-
tochemically stained tissue sections. This plugin determines the
percentage of cells with cytoplasmic positivity with respect to
the total number of nuclei detected. The 64 photos were placed in
the ImagelJ toolbar. The software calculated the percentage of positive
expression with respect to the number of nuclei. First, the percentage
was computed per photograph, and then an average of the 64 photos
was calculated (Figure 1). This result is the mean Caspase expression.

2.4 | Statistical analyses

Statistical Package for the Social Sciences statistics software (version
20.1; IBM Corp., Armonk, New York) was used for all statistical an-
alyses. A series of nonparametric Mann-Whitney U tests was per-
formed to compare the mean Caspase expression (Caspase-8, -9, -3, -
6, -1, -4) between groups (obesity/overweight and normal weight).
Cohen's d was also computed for each comparison.

Significant correlations between age and BMI were observed in

1.22 This bias was considered by per-

the data from Gomez-Apo et a
forming partial correlation analyses between the mean Caspase
expression and BMI by controlling for age. Nonparametric analyses
were performed again, excluding the measurements of the two

youngest individuals from the normal weight group.

2.5 | Caspase-1 and Caspase-8 interaction

Taking into consideration our Caspase expression results, the po-

tential interactions between proteins were examined with Search
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Tool for the Retrieval of Interacting Genes (STRING, version 11.5;
http://string-db.org). Search Tool for the Retrieval of Interacting
Genes is a database of known and predicted protein interactions that
includes functional and physical associations, which are taken from
previous knowledge, experiments, genomic context, and coex-
pression studies. This software evaluates protein-protein in-
teractions in 14,094 organisms, 67.6 million proteins, and more than
20 billion interactions. The protein interactions available in the
STRING database are delivered with a confidence score.

Sample size with G*Power 3.1 software (https://www.psycholo-
gie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsych
ologie/gpower) was calculated using the size effect of the difference
means of the number of neurons between donors with obesity/
overweight and the donors with normal weight from the above-
mentioned study. Based on 1.51 effect size Cohen d, 1:1 ratio be-
tween the sample sizes of the two groups, one side type | error rate
of 0.05, and power (1-B error probability) of 0.85, 8 cases and 8
controls were obtained.

Data supporting the statistical analysis described above is fully
available at https://figshare.com/s/676eb55d5153f5cc8602.

3 | RESULTS

Table 1 shows the statistical comparisons between the groups
regarding the mean Caspase expression, as determined by using
nonparametric statistics. People with obesity or overweight exhibited
significantly higher mean values for Caspase-8 and Caspase-1 than
subjects with normal weight. The effect of these differences (Cohen's
d values) was large. There were no significant differences in the other
caspases between groups.

The box-and-whisker plots in Figure 2 show the significant dif-
ferences in Caspase-8 and Caspase-1 expression between groups.
Although there was a large effect for Caspase-3 and -6 between
groups, there was a significant dispersion of the values of the normal
weight group, mainly for Caspase-3. This fact may explain why there
were no significant differences between the groups.

Since subjects with obesity or overweight had significantly higher
BMI and were older than subjects with normal weight, it was
explored whether this bias was associated with Caspase expression.
Partial correlation analyses between mean Caspase expression and
BMI while controlling for age showed a significant positive correla-
tion between Caspase-1 and BMI (r = 0.47, p = 0.03). BMI did not
correlate with the mean expression of Caspase-8 (r = 0.25, p = 0.17),
Caspase-9 (r = 0.39, p = 0.07), Caspase-3 (r = 0.14, p = 0.30),
Caspase-6 (r = —0.09, p = 0.36), or Caspase-4 (r = 0.35, p = 0.10).
Figure 3 shows the scatter plot of Caspase-1 expression and Age.
There is an important change in the regression line when data points
of the two youngest donors were removed.

Nonparametric analyses were performed after removing the
measurements of the two youngest individuals from the normal
weight group. Table 2 displays the nonparametric statistical anal-

ysis results, which showed the same pattern as the previous
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(A), A representative photograph of the original. (B), Images obtained from ImageJ software. This photograph is the image that

resulted from the ImmunoRatio plugin (diaminobenzidine/nuclear area average). The pale blue background is identified, the nuclei were
counted by the software and are shown in intense blue, and the immunohistochemical expression was determined by the software and is
shown in brown. First, the percentage of expression was computed for each photograph; at the end of this process, the mean expression of the
64 photographs was obtained

TABLE 1 Comparisons of caspase expression between obesity/overweight versus control

Type

Initiator
Initiator
Executor
Executor
Inflammatory

Inflammatory

Abbreviations: CV, Coefficient of Variation; Mdn, Median.

2Power (1—B) = 0.58.
bPower (1—B) = 0.53.

*Monte Carlo Significance (1-tailed) p = 0.03.
**Monte Carlo Significance (1-tailed) p = 0.05.

Mean of Caspase Exp

Mean of Caspase Exp

Enzyme Normal weight n = 8 Obesity/Overweight n = 8 Mann-W U test
Mdn (CV) Mdn (CV)
Caspase-8 9.30 (0.41) 13.95 (0.35) 15*
Caspase-9 5.50 (0.60) 6.75 (0.95) 27
Caspase-3 49.20 (0.39) 40.90 (0.34) 17
Caspase-6 44.15 (0.36) 38.55 (0.40) 19
Caspase-1 12.10 (0.56) 18.10 (0.28) 16.5**
Caspase-4 43.70 (0.27) 43.95 (0.21) 30
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FIGURE 2 Percentage of the mean caspase expression in the obesity/overweight and normal weight groups. Note the significantly greater
percentage of caspase-8 and -1 in the obesity/overweight group than the normal weight group. *p = 0.05, **p = 0.03

85US017 SUOLILLOD SAERID 3ot (dde 8y} Aq peueAoh 318 S3jo e YO ‘8sN JO S3IN 10} Afeiq 1 8UIIUO AS]IA UO (SUOTHPUOD-PLI-SWLSHALI0D" 3| 1M Afeiq U1 |UO//SANY) SUO IPUOD PUe SWia | 84} 835 *[£202/70/50] U0 A%1q1T8UlluO AB|1W ‘001X 8URIHO0D AQ 289 #050/200T OT/I0p/W00" A3 1M Afe.q 1 puIUO//STY Wo1y papeo|umoq ‘2 ‘€202 ‘8E225502



GOMEZ-APO ET AL

o

.é %o ®  Caspase-1

@ 30

8

x

] " X}
20 *

) ®

) ¢ .
%10 . o, e
=

<

Y]

p=

10 20 30 40 50 60 70
Age (years)

o Obesity /Overweight « Normal weight

FIGURE 3 Relationship between Caspase-1 expression and
age. Red points represent the data of the group of donors with
obesity/overweight and the blue points the donors of the group
with normal weight. The black line is the regression line when all
points are included (R? = 0.03). The purple line is the regression line
(R? = 0.04) when the data for the youngeSt donors were removed
(blue dots surrounded by a black circle)

analysis. Mann-Whitney U test analyses without the data from the
youngest individuals showed that brain samples from the obesity/
overweight group exhibited significantly greater mean expression of
Caspase-8 and Caspase-1 than samples from the normal weight

group.

3.1 | Search Tool for the Retrieval of Interacting
Genes analysis

Taking into consideration our immunohistochemical results, the
interaction of Caspase-1 and Caspase-8 with some other element
(not evaluated by immunohistochemistry) were explored using the
STRING program. Canonical and noncanonical pathways associated
with caspase-mediated apoptosis were evaluated. Additionally, the
alternative inflammasome pathway was examined.?® For this ASC-
and caspase-8-dependent apoptotic pathway, interleukin 1A was
selected to interact with Caspase -1 and -8.

3.2 | Alternative inflammasome pathway

The interaction confidence score between caspase-1 and caspase-8
was 0.91; between caspase-1 and interleukin 1A was 0.98; be-
tween caspase-1 and NLRP3 was 0.99; between caspase-8 and
interleukin-1A was 0.47; between caspase-8 and NLRP3 was 0.91;
and between interleukin-1A and NLRP3 was 0.69. The interactions
between these molecules are shown in Figure 4.

4 | DISCUSSION

The purpose of the present study was to explore the association
between caspase expression and obesity/overweight. The expres-

sion of caspases (caspase-8, -9, -3, -6, -1, and 4) in a collection of
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brains from donors who were identified as having either obesity/
overweight or normal weight were compared. It was hypothesized
that brain tissue samples from donors with BMI >25 kg/m? would
show increased expression of caspase-8 (extrinsic pathway) or
caspase-9 (intrinsic pathway) and caspase-3 for the final execution
phase. Our results partially confirmed our hypothesis because
subjects with obesity or overweight had higher expression of
caspase-8 and caspase-1 than individuals who had normal weight,
but no evidence of an increase in caspase-3 or caspase-6 (execu-
tion phase) in the group with obesity/overweight was found.
However, it is important to highlight that the observed variability
in caspase-3 expression in the normal weight group could have
blurred a potential significant effect on this variable, and the effect
sizes remained large.

The interaction between caspase-1 and caspase-8 was evaluated
in the canonical pathways of caspase-mediated apoptosis and did not
seem to be supported by our results. Instead, our results suggest
interactions between these caspases in nonclassical pathways. It is
important to emphasize that the alternative inflammasome pathway
is primarily activated through an inflammatory stimulus. With
the present study, it was impossible to determine if any of these
pathways were active since both types of stimuli (inflammatory cy-
tokines or ischemia) were present in individuals with obesity. It is also
possible that both pathways are active during apoptosis.

An alternative pathway was observed to be functional, unlike the
canonical or noncanonical pathways. This alternative NLRP3 inflam-
masome activation occurs independent of pyroptosis.?’ NLR family
pyrin domain-containing 3 (NLRP3) represents the most-studied

2830 and it is present in microglia and astro-

inflammasome sensor,
cytes in the central nervous system. Activation of the NLRP3
inflammasome by a wide range of exogenous or endogenous stimuli®!
is associated with many neurological diseases and cognitive impair-
ment via neuroinflammation.3232

The NLRP3 inflammasome is considered a key contributor to the
development of neuroinflammation.®* NLRP3 inflammasome activa-
tion triggers caspase-1 activation and IL-1f maturation through
priming and activation signals. Damage-associated molecular pattern
molecules and/or pathogen-associated molecular pattern molecules
may stimulate TLR4, leading to the activation of caspase-8 and its
receptor.3®

Receptor-interacting protein 1 (RIP1)-fatty acid synthase (FAS)-
associated death domain (FADD) may induce both canonical NLRP3
activation and transcription. Furthermore, studies revealed that
alternative inflammasome activation in monocytes (microglia and glia
in the Central Nervous System) is mediated by the Toll-like receptors
(TLR) adapter protein C-terminal Src Kinase-interacting membrane
protein, which activates caspase-8 by triggering tyrosine kinase LYN/
SYK-dependent calcium influx and the production of Reactive Oxy-
gen Species. This specific activation pathway induced by the TLR2 or
TLR4 signaling pathway without involving other secondary activators
is referred to as alternative NLRP3 inflammasome activation.2¢~4°
Among the limitations of this study, cross-sectional evaluation of

caspases in tissue represents a snapshot of a process; therefore, an
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TABLE 2 Comparisons of caspase expression between obesity/overweight versus control

Type Enzyme Normal weight n = 6
Mdn (CV)

Initiator Caspase-8 9.30 (0.39)

Initiator Caspase-9 5.50 (0.57)

Executor Caspase-3 49.20 (0.42)
Executor Caspase-6 44.15 (0.41)
Inflammatory Caspase-1 10.60 (0.31)
Inflammatory Caspase-4 39.40 (0.25)

Abbreviations: CV, Coefficient of Variation; Mdn, Median.
?Power (1—B) = 0.67.

bpower (1—B) = 0.76.

*Monte Carlo Significance (1-tailed) p = 0.02.

**Monte Carlo Significance (1-tailed) p = 0.01.

Neighborhood
—— Gene fusion

Experiments
Databases

Text mining
[Homology]

score

—— Cooccurrence
—— Coexpression

FIGURE 4 Protein interaction network of CASP1 with
CASP8, NLRP3 and IL1A using Search Tool for the Retrieval of
Interacting Genes (STRING) (https://string-db.org/). The
interactions between input proteins are color coded and represent
the type of interaction

increase in caspase-1 and caspase-8 without an increase in caspase-3
may be observed due to the dynamics of apoptosis. Another limita-
tion is undersampling. Because this type of study involves a large
amount of data, it takes relatively manageable data samples. In this
case, a small portion of the crest of the second right frontal gyrus was
taken for analysis.

The strength of this study is that it analyzed the expression of
caspases in human tissue. Most of studies are done in animals, in

Obesity/Overweight n = 8 Mann-W U test Cohen's d
Mdn

13.95 9* 1.21°
6.75 20 0.27
40.90 15 0.65
38.55 16 0.57
18.10 7 1.44°
43.95 16 0.57

which allows for greater control of variables; however, it is compli-

cated to extrapolate the results to humans.

5 | CONCLUSIONS

Our results contribute to disentangle the mechanisms underlying the
inflammatory effects of obesity on brain by suggesting an association
between the expression of caspase-1 and -8 and obesity/overweight,

likely due to the alternative inflammasome pathway.

AUTHOR CONTRIBUTIONS

Erick Gémez-Apo designed the project, collected and analyzed the
data, and wrote the manuscript; Juan Silva-Pereyra designed the
project, requested for funding, analyzed, interpreted and discussed
the data; Virgilia Soto-Abraham, Alejandra Mondragén-Maya and
Javier Sanchez-Lopez, analyzed, interpreted and discussed the
data; Javier Sanchez-Lopez wrote and edited the manuscript. All
the authors reviewed and approved the final version of the

manuscript.

ACKNOWLEDGMENTS
This paper was supported by DGAPA-UNAM IN217219.

CONFLICT OF INTEREST
The author declares that there is no conflict of interest that could be
perceived as prejudicing the impartiality of the research reported.

ORCID

Javier Sanchez-Lopez "= https://orcid.org/0000-0002-4291-0315

REFERENCES

1. Kothari V, Luo Y, Tornabene T, et al. High fat diet induces brain
insuline resistance and cognitive impairment in mice. Biochim Biophys

85U017 SUOWILIOD BAITEID) 8|qedl (dde 8y} Aq peusenob afe sejoiie VO ‘85N J0 S9N 10} A%iq18UlUO A8]1M UO (SUONIPUCD-pUR-SLUB)AL0D A8 | 1M Afe1q 1 U1 |UO//SdNY) SUORIPUOD PUe SWIB | 3U188S *[£202/#0/50] Lo ARIqiTauliuo A8|IM ‘00BN 8URI4O0D AQ 289 #dS0/Z00T OT/I0pAW0D- A8 | ImAteIq Ul UO//:SANY WO.4 pepeojumod ‘Z ‘€202 ‘88225502


https://orcid.org/0000-0002-4291-0315
https://orcid.org/0000-0002-4291-0315
https://orcid.org/0000-0002-4291-0315
https://string-db.org/

GOMEZ-APO ET AL

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Acta BBA - Mol Basis Dis. 2017;1863(2):499-508. https://doi.org/10.
1016/j.bbadis.2016.10.006

Hersey M, Woodruff J, Maxwell N, et al. High-fat diet induces
neuroinflammation and reduces the serotonergic response to esci-
talopram in the hippocampus of obese rats. Brain Behav Immun.
2021;96:63-72. https://doi.org/10.1016/j.bbi.2021.05.010
Wakabayashi T, Yamaguchi K, Matsui K, et al. Differential effects of
diet- and genetically-induced brain insulin resistance on amyloid pa-
thology in a mouse model of Alzheimer’s disease. Mol Neurodegener.
2019;14(1):15. https://doi.org/10.1186/s13024-019-0315-7

Zeyda M, Stulnig TM. Adipose tissue macrophages. Immunol Lett.
2007;112(2):61-67. https://doi.org/10.1016/j.imlet.2007.07.003
Hahm JR, Jo MH, Ullah R, Kim MW, Kim MO. Metabolic stress alters
antioxidant systems, suppresses the adiponectin receptor 1 and in-
duces Alzheimer’s like pathology in mice brain. Cells. 2020;9:249.
https://doi.org/10.3390/cells2010249

Mosser DM, Edwards JP. Exploring the full spectrum of macrophage
activation. Nat Rev Immunol. 2008;8(12):958-969. https://doi.org/10.
1038/nri2448

Agusti A, Garcia-Pardo MP, Lépez-Almela |, et al. Interplay between
the gut-brain axis, obesity and cognitive function. Front Neurosci.
2018;12:155. https://doi.org/10.3389/fnins.2018.00155

Valdes AM, Walter J, Segal E, Spector TD. Role of the gut microbiota
in nutrition and health. BMJ. 2018;361:k2179. https://doi.org/10.
1136/bmj.k2179

Fricker M, Tolkovsky AM, Borutaite V, Coleman M, Brown GC.
Neuronal cell death. Physiol Rev. 2018;98(2):813-880. https://doi.
org/10.1152/physrev.00011.2017

Xu X, Lai Y, Hua ZC. Apoptosis and apoptotic body: disease message
and therapeutic target potentials. Biosci Rep. 2019;39(1):
BSR20180992. https://doi.org/10.1042/bsr20180992

Jan R, Chaudhry GE. Understanding apoptosis and apoptotic path-
ways targeted cancer therapeutics. Adv Pharm Bull. 2019;9(2):
205-218. https://doi.org/10.15171/apbh.2019.024

Green DR, Llambi F. Cell death signaling. Cold Spring Harb Perspect
Biol. 2015;7(12):a006080. https://doi.org/10.1101/cshperspect.a0
06080

Khalifeh M, Penson PE, Banach M, Sahebkar A. Statins as anti-
pyroptotic agents. Arch Med Sci. 2021;17(5):1414-1417. https://doi.
org/10.5114/aoms/141155

Winkler S, Résen-Wolff A. Caspase-1: an integral regulator of innate
immunity. Semin Immunopathol. 2015;37(4):419-427. https://doi.org/
10.1007/s00281-015-0494-4

Denes A, Lopez-Castejon G, Brough D. Caspase 1: is IL-1 just the tip
of the ICEberg? Cell Death Dis. 2012;3(7):€338. https://doi.org/10.
1038/cddis.2012.86

Makoni NJ, Nichols MR. The intricate biophysical puzzle of caspase-
1 activation. Arch Biochem Biophys. 2021;15:108753. https://doi.org/
10.1016/j.abb.2021.108753

Schmid-Burgk JL, Gaidt MM, Schmidt T, Ebert TS, Bartok E, Hornung
V. Caspase-4 mediates non-canonical activation of the NLRP3
inflammasome in human myeloid cells. Eur J Immunol. 2015;45(10):
2911-2917. https://doi.org/10.1002/€ji.201545523

Sankari SL, Masthan KM, Babu NA, Bhattacharjee T, Elumalai M.
Apoptosis in cancer-an update. Asian Pac J Cancer Prev APJCP.
2012;13(10):4873-4878. https://doi.org/10.7314/apjcp.2012.13.10.
4873

Goémez-Apo E, Mondragéon-Maya A, Ferrari-Diaz M, Silva-Pereyra J.
Structural brain changes associated with overweight and obesity. J
Obes. 2021;2021:6613385-6613418. https://doi.org/10.1155/2021/
6613385

Herrmann MJ, Tesar A.-K, Beier J, Berg M, Warrings B. Grey matter
alterations in obesity: a meta-analysis of whole-brain studies. Obes
Rev. 2019;20(3):464-471. https://doi.org/10.1111/0br.12799

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

5 . . 143
Obesity Science and Practice IAVYT I AV ek

Garcia-Garcia |, Michaud A, Dadar M, et al. Neuroanatomical dif-
ferences in obesity: meta-analytic findings and their validation in an
independent dataset. Int J Obes. 2019;43(5):943-951. https://doi.
org/10.1038/541366-018-0164-4

Gomez-Apo E, Garcia-Sierra A, Silva-Pereyra J, et al. A postmortem
study of frontal and temporal gyri thickness and cell number in
human obesity. Obesity. 2018;26(1):94-102. https://doi.org/10.
1002/0by.22036

Hou J, Jeon B, Baek J, et al. High fat diet-induced brain damaging
effects through autophagy-mediated senescence, inflammation and
apoptosis mitigated by ginsenoside F1-enhanced mixture. Journal of
Ginseng Research. 2021;46(1):79-90. [Epub ahead of print]. https://
doi.org/10.1016/j.jgr.2021.04.002

Lyu P, Huang Z, Feng Q, et al. Unveiling the transcriptome alteration
of POMC neuron in diet-induced obesity. Exp Cell Res. 2020;
389(1):111848. https://doi.org/10.1016/j.yexcr.2020.111848
Nakandakari SC, Mufioz VR, Kuga GK, et al. Short-term high-fat diet
modulates several inflammatory, ER stress, and apoptosis markers in
the hippocampus of young mice. Brain Behav Immun. 2019;79:284-293.
https://doi.org/10.1016/j.bbi.2019.02.016. PMID:30797044

Saiyasit N, Chunchai T, Apaijai N, et al. Chronic high-fat diet con-
sumption induces an alteration in plasma/brain neurotensin
signaling, metabolic disturbance, systemic inflammation/oxidative
stress, brain apoptosis, and dendritic spine loss. Neuropeptides.
2020;82:102047. https://doi.org/10.1016/j.npep.2020.102047. PM
1D:32327191

Xu CJ, Li MQ, Li-Zhao, Chen WG, Wang JL. Short-term high-fat diet
favors the appearances of apoptosis and gliosis by activation of
ERK1/2/p38MAPK pathways in brain. Aging. 2021;13(19):23133--
23148. https://doi.org/10.18632/aging.203607

Gaidt MM, Ebert TS, Chauhan D, et al. Human monocytes engage an
alternative inflammasome pathway. Immunity. 2016;44(4):833-846.
https://doi.org/10.1016/j.immuni.2016.01.012

Russo AJ, Behl B, Banerjee |, Rathinam VAK. Emerging insights into
noncanonical inflammasome recognition of microbes. J Mol Biol.
2018;430(2):207-216. https://doi.org/10.1016/j.jmb.2017.10.003
Huang Y, Xu W, Zhou R. NLRP3 inflammasome activation and cell
death. Cell Mol Immunol. 2021;18(9):2114-2127. https://doi.org/10.
1038/s41423-021-00740-6

Zheng D, Liwinski T, Elinav E. Inflammasome activation and regula-
tion: toward a better understanding of complex mechanisms. Cell
Discov 2020;6(1):36. https://doi.org/10.1038/s41421-020-0167-x

Li D.-X, Wang C.-N, Wang Y, et al. NLRP3 inflammasome-dependent
pyroptosis and apoptosis in hippocampus neurons mediates
depressive-like behavior in diabetic mice. Behav Brain Res. 2020;391:
112684. https://doi.org/10.1016/j.bbr.2020.112684

Raneros AB, Bernet CR, Flérez AB, Suarez-Alvarez B. An epigenetic
insight into NLRP3 inflammasome activation in inflammation-related
processes. Biomedicines. 2021;9(11):1614. https://doi.org/10.3390/
biomedicines9111614

Song L, Pei L, Yao S, Wu Y, Shang Y. NLRP3 inflammasome in
neurological diseases, from functions to therapies. Front Cell Neuro-
sci. 2017;11:63. https://doi.org/10.3389/fncel.2017.00063

Kelley N, Jeltema D, Duan Y, He Y. The NLRP3 inflammasome: an
overview of mechanisms of activation and regulation. Int J Mol Sci.
2019;20(13):3328. https://doi.org/10.3390/ijms20133328
Préchnicki T, Mangan MS, Latz E. Recent insights into the molecular
mechanisms of the NLRP3 inflammasome activation. F1000 Res.
2016;5:1469. https://doi.org/10.12688/f1000research.8614.1
Swanson KV, Deng M, Ting JP.-Y. The NLRP3 inflammasome: mo-
lecular activation and regulation to therapeutics. Nat Rev Immunol.
2019;19(8):477-489. https://doi.org/10.1038/s41577-019-0165-0
Yabal M, Calleja DJ, Simpson DS, Lawlor KE. Stressing out the
mitochondria: mechanistic insights into NLRP3 inflammasome

85U017 SUOWILIOD BAITEID) 8|qedl (dde 8y} Aq peusenob afe sejoiie VO ‘85N J0 S9N 10} A%iq18UlUO A8]1M UO (SUONIPUCD-pUR-SLUB)AL0D A8 | 1M Afe1q 1 U1 |UO//SdNY) SUORIPUOD PUe SWIB | 3U188S *[£202/#0/50] Lo ARIqiTauliuo A8|IM ‘00BN 8URI4O0D AQ 289 #dS0/Z00T OT/I0pAW0D- A8 | ImAteIq Ul UO//:SANY WO.4 pepeojumod ‘Z ‘€202 ‘88225502


https://doi.org/10.1016/j.bbadis.2016.10.006
https://doi.org/10.1016/j.bbadis.2016.10.006
https://doi.org/10.1016/j.bbi.2021.05.010
https://doi.org/10.1186/s13024-019-0315-7
https://doi.org/10.1016/j.imlet.2007.07.003
https://doi.org/10.3390/cells9010249
https://doi.org/10.1038/nri2448
https://doi.org/10.1038/nri2448
https://doi.org/10.3389/fnins.2018.00155
https://doi.org/10.1136/bmj.k2179
https://doi.org/10.1136/bmj.k2179
https://doi.org/10.1152/physrev.00011.2017
https://doi.org/10.1152/physrev.00011.2017
https://doi.org/10.1042/bsr20180992
https://doi.org/10.15171/apb.2019.024
https://doi.org/10.1101/cshperspect.a006080
https://doi.org/10.1101/cshperspect.a006080
https://doi.org/10.5114/aoms/141155
https://doi.org/10.5114/aoms/141155
https://doi.org/10.1007/s00281-015-0494-4
https://doi.org/10.1007/s00281-015-0494-4
https://doi.org/10.1038/cddis.2012.86
https://doi.org/10.1038/cddis.2012.86
https://doi.org/10.1016/j.abb.2021.108753
https://doi.org/10.1016/j.abb.2021.108753
https://doi.org/10.1002/eji.201545523
https://doi.org/10.7314/apjcp.2012.13.10.4873
https://doi.org/10.7314/apjcp.2012.13.10.4873
https://doi.org/10.1155/2021/6613385
https://doi.org/10.1155/2021/6613385
https://doi.org/10.1111/obr.12799
https://doi.org/10.1038/s41366-018-0164-4
https://doi.org/10.1038/s41366-018-0164-4
https://doi.org/10.1002/oby.22036
https://doi.org/10.1002/oby.22036
https://doi.org/10.1016/j.jgr.2021.04.002
https://doi.org/10.1016/j.jgr.2021.04.002
https://doi.org/10.1016/j.yexcr.2020.111848
https://doi.org/10.1016/j.bbi.2019.02.016
https://doi.org/10.1016/j.npep.2020.102047
https://doi.org/10.18632/aging.203607
https://doi.org/10.1016/j.immuni.2016.01.012
https://doi.org/10.1016/j.jmb.2017.10.003
https://doi.org/10.1038/s41423-021-00740-6
https://doi.org/10.1038/s41423-021-00740-6
https://doi.org/10.1038/s41421-020-0167-x
https://doi.org/10.1016/j.bbr.2020.112684
https://doi.org/10.3390/biomedicines9111614
https://doi.org/10.3390/biomedicines9111614
https://doi.org/10.3389/fncel.2017.00063
https://doi.org/10.3390/ijms20133328
https://doi.org/10.12688/f1000research.8614.1
https://doi.org/10.1038/s41577-019-0165-0

144 - 2 .
" WILEY (@eEiEetresaness

39.

40.

GOMEZ-APO ET AL

activation. J Leukoc Biol. 2019;105(2):377-399. https://doi.org/10.
1002/jlb.mr0318-124r

Fusco R, Siracusa R, Genovese T, Cuzzocrea S, Di Paola R. Focus on
the role of NLRP3 inflammasome in diseases. Int J Mol Sci.
2020;21(12):4223. https://doi.org/10.3390/ijms21124223

Jiang C, Xie S, Yang G, Wang N. Spotlight on NLRP3 inflammasome:
role in pathogenesis and therapies of atherosclerosis. J Inflamm Res.
2021;14:7143-7172. https://doi.org/10.2147/jir.s344730

How to cite this article: Gdmez-Apo E, Silva-Pereyra J, Soto-
Abraham V, Mondragén-Maya A, Sanchez-Lopez J.
Immunohistochemical analysis of caspase expression in the
brains of individuals with obesity or overweight. Obes Sci Pract.
2023;9(2):137-144. https://doi.org/10.1002/0sp4.632

85US017 SUOLILLOD SAERID 3ot (dde 8y} Aq peueAoh 318 S3jo e YO ‘8sN JO S3IN 10} Afeiq 1 8UIIUO AS]IA UO (SUOTHPUOD-PLI-SWLSHALI0D" 3| 1M Afeiq U1 |UO//SANY) SUO IPUOD PUe SWia | 84} 835 *[£202/70/50] U0 A%1q1T8UlluO AB|1W ‘001X 8URIHO0D AQ 289 #050/200T OT/I0p/W00" A3 1M Afe.q 1 puIUO//STY Wo1y papeo|umoq ‘2 ‘€202 ‘8E225502


https://doi.org/10.1002/jlb.mr0318-124r
https://doi.org/10.1002/jlb.mr0318-124r
https://doi.org/10.3390/ijms21124223
https://doi.org/10.2147/jir.s344730
https://doi.org/10.1002/osp4.632

	Immunohistochemical analysis of caspase expression in the brains of individuals with obesity or overweight
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Brain cases
	2.2 | Immunohistochemical staining and immunoexpression evaluation
	2.3 | Image acquisition
	2.4 | Statistical analyses
	2.5 | Caspase‐1 and Caspase‐8 interaction

	3 | RESULTS
	3.1 | Search Tool for the Retrieval of Interacting Genes analysis
	3.2 | Alternative inflammasome pathway

	4 | DISCUSSION
	5 | CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST


