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The paradigm of mast cells in type 2 diabetes is changing. Although they were first
considered deleterious inflammatory cells, now they seem to be important players driving
adipose tissue homeostasis. Here we have employed a flow cytometry-based approach
for measuring the surface expression of 4 proteins (CD45, CD117, CD203c, and FcϵRI) on
mast cells of omental (o-WAT) and subcutaneous white adipose tissue (s-WAT) in a cohort
of 96 patients with morbid obesity. The cohort was split into three groups: non-T2D, pre-
T2D, and T2D. Noteworthy, patients with T2D have a mild condition (HbA1c <7%). In o-
WAT, mast cells of patients with T2D have a decrease in the surface expression of CD45
(p=0.0013), CD117 (p=0.0066), CD203c (p=0.0025), and FcϵRI (p=0.043). Besides, in s-
WAT, the decrease was seen only in CD117 (p=0.046). These results indicate that T2D
affects more to mast cells in o-WAT than in s-WAT. The decrease in these four proteins
has serious effects on mast cell function. CD117 is critical for mast cell survival, while
CD45 and FcϵRI are important for mast cell activation. Additionally, CD203c is only
present on the cell surface after granule release. Taking together these observations, we
suggest that mast cells in o-WAT of patients with T2D have a decreased survival,
activation capacity, and secretory function.
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INTRODUCTION

Type 2 diabetes (T2D) accounts for 90% of all diabetes cases.
This condition is growing its incidence because of poor dietary
habits and a sedentary lifestyle and is the ninth death cause
worldwide (1). Moreover, T2D will affect 693 million people in
2045 (2). Uncontrolled T2D can lead to severe chronic
conditions, including micro and macrovascular diseases (3, 4).
Thus, causing enormous pressure on healthcare systems.

Adipose tissue stores the positive caloric imbalance mainly in
the form of neutral lipids. However, if this is sustained over time,
adipose tissue has to expand to deal with the demands (5).
Interestingly, different depot locations of adipose tissue have
different expression and secretory profiles (6). Omental white
adipose tissue (o-WAT) has a reduced adipogenic capacity
compared to subcutaneous white adipose tissue (s-WAT).
Consequently, when adipose tissue expands, in o-WAT the
amount of free fatty acids is higher than in s-WAT. Besides,
this accumulation of free fatty acids causes lipotoxicity and
inflammation (7, 8). Thus, o-WAT expansion is a risk factor
for cardiometabolic diseases and T2D (9).

Classically, adipocytes and macrophages were considered the
main cell types involved in adipose tissue expansion. Nevertheless,
recent works from different authors suggest that mast cells are also
pivotal in this process. Adipocytes are the cells in charge of energy
storage. They uptake carbohydrates (mainly mono- and
disaccharides) and lipids and store them in the form of
triacylglycerides (5). To cope with the positive caloric imbalance
and increase the storage capacity of adipocytes, adipose tissue must
expand. Such can be achieved by adipocyte hypertrophy or
hyperplasia (10, 11). Although both pathways can coexist, generally
onepredominates over the other. The choice between these pathways
depends on the tissue microenvironment. Nevertheless, these
pathways have different metabolic consequences. During adipocyte
hyperplasia, the number of adipocytes, insulin sensitivity, and
adiponectin secretion increase. Besides, the production of pro-
inflammatory cytokines decreases. In this process, angiogenesis is
crucial to avoidhypoxic conditions. Inversely, adipocytehypertrophy
increases the sizeofadipocytes and the secretionofpro-inflammatory
cytokines. Furthermore, insulin sensitivity and adiponectin secretion
decrease. In adipocyte hypertrophy angiogenesis is impaired, leading
to adipocyte necrotic death by hypoxia. This triggers more tissue
inflammation and the release of free fatty acids (10, 11). In short,
adipose tissue expansion can be performed in ametabolically healthy
(adipocyte hyperplasia with efficient angiogenesis) or an unhealthy
way (adipocyte hypertrophy with impaired angiogenesis).

Adipose tissue-resident macrophages clean senescent
adipocytes and lipoproteins. When they ingest enough lipids,
they form intracellular droplets and differentiate into foam cells
(12). These foam cells can interchange lipids with adipocytes and
prevent the accumulation of toxic free fatty acids in the
extracellular space (12, 13). Moreover, under physiological
conditions, foam cells have an M2 phenotype that contributes
to adipose tissue homeostasis (13). When adipocytes become
apoptotic, foam cells phagocyte them to prevent the release of
free fatty acids and thus restoring the homeostasis of the
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microenvironment (12). Nevertheless, when adipose tissue
expands too much via adipocyte hypertrophy, the insufficient
vascularization causes hypoxic death of adipocytes. Notably, the
hypoxic death of adipocytes occurs via necrosis instead of
apoptosis. This releases pro-inflammatory mediators that
recruit peripheral monocytes and polarize them to M1
macrophages (10, 11). Additionally, in this context, foam cells
also switch to an M1 phenotype (13). When this adipocyte
hypertrophy is maintained over time, the hypoxic areas
become greater (10, 11). Besides, when foam cells reach their
storage capacity they undergo necrosis and release a vast amount
of proinflammatory cytokines and free fatty acids (12). As a
result, dead adipocytes are not optimally cleaned and free fatty
acids accumulate in the extracellular space driving tissue
malfunction (10–13). In o-WAT, free fatty acids reach the
portal system and liver, causing hepatic toxicity and sometimes
fatty liver disease and hepatic steatosis (8, 14, 15).

Asmentionedbefore,while adipocyte hyperplasia contributes to
insulin sensitivity and homeostasis, adipocyte hypertrophy
promotes insulin resistance and tissue deterioration. One
important checkpoint to determine which pathway will be
employed is the angiogenic capacity of the tissue (10, 11).
Noteworthy, angiogenesis is impaired in adipose tissue of patients
with T2D (16). Although angiogenesis is a multicellular process,
mast cells are crucial players. They release proteases to generate the
physical space for the vessel, pro-angiogenic factors (VEGF, bFGF,
TGF-beta), histamine to increase vascular permeability, and
heparin (17).

Apart from their role in angiogenesis, mast cells have a plethora
of receptors to interactwith theirmicroenvironment (18, 19). Todo
so, mast cells store intracellularly a vast amount of granules with
different cargo (19, 20). These granules contain different
membrane-bound proteoglycans that denote the internal cargo
(21). Therefore, the activation of different receptors on mast cells
can promote the release of different granules or vesicles. This
differential release can modulate the microenvironment directly
or by interactions with other cell types (19).

The paradigm of mast cells is changing. They were first
identified as inflammatory cells because of their role in allergy.
Additionally, since adipose tissue inflammation is a hallmark of
T2D, it was thought that they play a deleterious role in adipose
tissue (18). However, recently, it has been observed that mast
cells have an important physiologic role. Such includes the
release of growth factors and other bioactive molecules in
response to signals from the microenvironment (19).

In adipose tissue, mast cells promote angiogenesis, lipid uptake
by macrophages, and foam cell formation (17). Besides, they
respond to high glucose levels secreting 15-deoxy-delta
prostaglandin J2. This molecule binds PPARg in pre-adipocytes
triggering their differentiation to adipocytes (22, 23). In a nutshell,
in adipose tissue, mast cells contribute to normoxia, free fatty acid
clearance, and adipose tissue expansion via hyperplasia.

T2D causes alterations in the adipose tissue micro-
environment. This includes the recruitment of proinflammatory
leukocytes from peripheral blood and also changes in the
metabolomic profile (8, 24). These changes affect resident cells
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including mast cells. Although some experiments have been
performed in mice, contradictory results have been obtained
(25, 26). Additionally, little is known about mast cells in T2D in
humans. Nevertheless, recently, it was observed that the number
of mast cells decreases in patients with T2D (27), but there is
scarce information about phenotypic changes in mast cells.
MATERIALS AND METHODS

Biochemical Parameters
For each patient, two blood tests were analyzed. In the first one, 6-
9 months before the surgery, only fasting plasma glucose was
analyzed. In the second one, just before the surgery, a complete
analysis was performed. Blood tests were conducted in San Cecilio
University Hospital by the clinical analysis laboratory within 24
hours. All tests were performed following approved protocols.

Cohort
For this study, 96 patients were recruited in the San Cecilio
University Hospital. All patients had morbid obesity and
underwent bariatric surgery (gastric bypass or gastric sleeve).
Patients were stratified into three groups (non-T2D, pre-T2D,
and T2D) following the criteria of the American Diabetes
Association (28). Patients were excluded from the cohort if
they present at least one of the following disorders: type I
diabetes, drug-induced diabetes, genetic diabetes syndromes,
diseases of the exocrine pancreas, and autoimmune diseases.
All patients provided their written informed consent.

Sample Processing
Each patient gave two biopsies of adipose tissue from laparoscopic
bariatric surgery at San Cecilio University Hospital (Granada,
Spain). One biopsy was taken from the greater omentum, close to
the stomach (o-WAT, omental white adipose tissue). The second
biopsy was obtained near the surgical incision (s-WAT,
subcutaneous white adipose tissue). After their extraction, both
biopsies were conserved in ice and separated plastic jars with PBS.
Later, visible blood vessels were eliminated from the samples. After,
2-2.5 g of each sample was weighed and cut into tiny portions.
Subsequently, cut biopsies were digested in 10 ml of RPMI 1640
medium supplemented with 2 mg/ml type I collagenase (Sigma)
and 5 mM CaCl2, for 2h, at 37°C. Then, each sample was washed
with 35ml of PBS and filtered through a 1mm sieve. After, samples
were centrifuged at 900 x g for 10minutes and spilled through a 100
mm filter. Later, the samples were centrifuged again at 900 x g for 10
minutes, and the pellet was kept since it contains the stromal
vascular fraction. Finally, the pellet was resuspended in 500 ml of
antibody staining buffer (PBS, 2% fetal bovine serum, 0.09%
albumin, and 0.05% sodium azide) and mixed with an internal
standard (BD Truecount Absolute Counting Tubes) following
manufacturer instructions. The internal standard contains a
suspension of autofluorescent beads with excitation and emission
occurring through a wide spectrum of wavelengths. Since the
internal control has size/complexity values far from any other
cytometric population, it cannot be misled with cells.
Frontiers in Endocrinology | www.frontiersin.org 3
Antibody Staining and Flow Cytometry
The resuspended stromal vascular fraction was stained with 2 ml
of fluorophore-conjugated antibodies or controls in Eppendorf
tubes for 20 minutes at room temperature. Later, samples were
fixed, and erythrocytes were lysed adding 1 ml of BD FACS
Lysing Solution for 30 minutes. After that, samples were
centrifuged at 3500 x g for 10 minutes, and pellets were
resuspended in 500 ml of PBS. Then, samples were stored until
the next day at 4°C. A FACS ARIA III equipment was employed
to perform the flow cytometry, and data were acquired on a
logarithmic scale. The fluorescence of the internal standard was
used to normalize the signal obtained from the fluorophore-
conjugated antibodies (Supplementary Figures 1–4).

The fluorophore-conjugated antibodies employed were: anti-
CD117 APC (clone YB5.B8, BD), anti-CD45 PE-CF594 (clone
HI30, BD), anti-FcϵRI PE-Cy7 (clone AER-37, BioLegend), and
CD203c BV421 (clone NP4D6, BioLegend). The voltages
employed were APC (560V), PE-CF594 (430V), PE-Cy7
(530V), and BV421 (400V). Isotype controls and compensation
beads were purchased from BD Biosciences. Mast Cells were
identified as CD45+ CD117+ cells.

RNA Purification and RT-qPCR
Total RNA was purified for each adipose tissue biopsy using the
RNeasy Mini Kit (Qiagen). Five hundred nanograms of RNA were
retrotranscribed to cDNA using the iScript™ cDNA Synthesis Kit
(BioRad) according to the manufacturer’s instructions. The
quantification of mRNA concentration for each gene was performed
in a fraction of cDNA volume by Real-time PCR (CFX96 Real-Time
System, BioRad) using the SsoFast EvaGreen Supermix (BioRad).

The primers (Supplementary Table 1) were tested previously to
evaluate their specificity and sensitivity. Unspecific amplification
was not detected in the test. To prevent amplification fromeventual
genomic DNA contamination, primers were designed to hybridize
in different exons. Furthermore, when different transcript variants
are described, primers were designed using the common sequence
among them.

The annealing temperature was 65 °C. Each determination was
carried out in duplicate, and the mathematical relation between the
threshold cycle (Ct) level and the initial DNAquantity was evaluated
by a standard curve. Finally, the results were normalized using the
expression level of two housekeeping genes: PPIA (Peptidylprolyl
isomerase A) and RPS13 (Ribosomal Protein S13).

Statistical Analysis
Kolmogorov-Smirnov test was used to test the normal distribution
of data, and the Levene test was employed to check the
homoscedasticity of the groups. To evaluate the differences
between non-T2D, pre-T2D, and T2D groups, the one-way
ANOVA test was used followed by a Tukey HSD. Student’s t-
test for paired samples was employed to analyze the differences
between o-WAT and s-WAT, in non-T2D, pre-T2D, and T2D
groups independently. Besides, we studied the internal structure of
the data using the principal component analysis (PCA), multiple
regression analysis, linear discriminant analysis, and random
forest analysis. In the linear discriminant analysis and random
March 2022 | Volume 13 | Article 818388
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forest analysis, we did not include the HbA1c variable because it is
what defines the groups. P-values below 0.05 were considered
significant. All tests were conducted with R software.
RESULTS

Cohort Baseline Characteristics
Table 1 shows the baseline characteristics of each group. Of note,
females account for 2/3 of the cohort. Such may be because of
social constraints in our geographic zone. Besides, patients in the
T2D group are older than patients in pre-T2D and non-T2D. Such
occurs because age is an important risk factor in the development
of T2D.

Noteworthy, patients in the T2D group have a low HbA1c
mean value, consistent with incipient or newly diagnosed T2D.
In T2D patient management, the goal in most patients is to have
HbA1c values below 7% since it considerably lowers the
probability of having cardiovascular disease (29). Therefore,
the patients with T2D in our cohort have a mild condition.

Flow Cytometry of Mast Cells in o-WAT
and s-WAT
Figure 1 shows the gating strategy employed during flow
cytometry. Mast cells were identified in the whole cohort as
CD45+ CD117+ cells. Supplementary Figures 1–4 show the
fluorescence of each fluorochrome and the autofluorescent beads.

The Surface Expression of CD45 on Mast
Cells Decrease in Patients With Pre-T2D
and T2D in o-WAT
Figure 2 shows the relative amount of CD45 on the surface of mast
cells in the three groups (n=96). In the case of o-WAT (Figure 2A),
CD45 decreases with T2D. However, differences were only
statistically significant between non-T2D and T2D (p=0.0013).
These results indicate that subtle changes in glycemic control have
a huge effect on the surface expression of CD45 on mast cells in o-
WAT. In s-WAT (Figure 2B), CD45 also decreases with T2D,
although the differences are not statistically significant in any case.
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When comparing o-WAT and s-WAT in the same patient in
the three groups, there are no significant differences between the
amount of CD45 on the surface of mast cells (Figures 2C–E).
Nevertheless, in the case of the T2D group, differences are almost
significant (p=0.072).

The Surface Expression of CD117 on Mast
Cells Decrease in Patients With Pre-T2D
and T2D in Both o-WAT and s-WAT
Figure 3 shows the surface expression ofCD117onmast cells in the
three groups (n=96). In o-WAT (Figure 3A), there are statistically
significantdifferences amongnon-T2DandT2D (p=0.0066) aswell
as between non-T2D and pre-T2D (p=0.036). Additionally, in s-
WAT (Figure 3B), differences are only significant between non-
T2D andT2D (p=0.046). Noteworthy, differences between o-WAT
and s-WAT in the same patient (Figures 3C–E) were significant
only in pre-T2D (p=4.114e-5) and T2D (p=0.0034). Nevertheless,
in the case of non-T2D patients, differences were almost
significant (0.071).

The Surface Expression of FcϵRI on Mast
Cells Decreases in Patients With T2D
in o-WAT
Figure 4 shows the surface expression of FcϵRI onmast cells in the
three groups (n=60). In o-WAT (Figure 4A), there are statistically
significant differences between non-T2D and T2D (p=0.043).
Conversely, in s-WAT (Figure 4B), there are no significant
differences among groups. However, in the comparison among o-
WAT and s-WAT (Figures 4C–E), there are significant differences
in non-T2D (p=4.289e-5), pre-T2D (p=8.367e-5), and T2D
(p=0.0022). These results suggest that under normal conditions,
mast cells have higher levels of FcϵRI in o-WAT than in s-WAT.
However, T2D affects more the surface expression on mast cells in
o-WAT than in s-WAT.

The Surface Expression of CD203c on Mast
Cells Decreases in PatientsWith T2D in o-WAT
Figure 5 shows the surface expression of CD203c on mast cells
in the three groups (n=27). In o-WAT (Figure 5A), there are
TABLE 1 | Cohort baseline characteristics.

Non-T2D Pre-T2D T2D

Number of patients 34 32 30
Age (years) 42,8 ± 9.7 47.9 ± 13.2 52.1 ± 8.3
Male/Female) 12/22 11/21 8/22
Hypertension (Yes/No) 18/16 20/12 23/7
Body Mass Index (kg/m2) 44.9 ± 7.1 45.3 ± 6.6 43.9 ± 6.3
Waist/Hip Index 0.88 ± 0.10 0.92 ± 0.07 0.94 ± 0.07
Insulin (units/ml) 4.4 ± 3.3 7.6 ± 7.2 10.1 ± 6.9
Glucose (mg/dl) 86.9 ± 9.4 98.6 ± 15.3 156.1 ± 46.6
HbA1c (%) 5.2 ± 0.3 5.7 ± 0.5 6.8 ± 0.7
HOMA-IR 1.05 ± 0.53 1.97 ± 1.68 3.91 ± 2.44
Triglycerides (mg/dl) 138.3 ± 55.2 161.4 ± 69.4 152.0 ± 40.1
Cholesterol (mg/dl) 161.8 ± 39.5 152.5 ± 28.1 149.6 ± 43.8
LDL (mg/dl) 93.8 ± 34.0 85.1 ± 24.6 87.5 ± 43.6
HDL (mg/dl) 41.3 ± 11.4 37.1 ± 10.4 37.6 ± 12.0
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significant differences between non-T2D and T2D (p=0.0025),
as well as between non-T2D and pre-T2D (p=0.0072). In s-
WAT (Figure 5B), there are no significant differences between
groups. Nevertheless, the latter may be due to the small sample
size. Since the surface expression of CD203c in s-WAT is higher
Frontiers in Endocrinology | www.frontiersin.org 5
in non-T2D than in the other two groups, the chances are that
increasing the cohort these differences will become statistically
significant. These results indicate that the surface expression of
CD203c on mast cells in o-WAT is highly affected by variations
in glycemic control. The fact that so small p values were
A B

D EC

FIGURE 2 | Relative surface expression of CD45 on mast cells. (A) Comparison in o-WAT between the three groups. (B) Comparison in s-WAT between the three
groups. (C) Comparison between o-WAT and s-WAT in the non-T2D group. (D) Comparison between o-WAT and s-WAT in the pre-T2D group. (E) Comparison
between o-WAT and s-WAT in the T2D group. MC (mast cells), s-WAT (subcutaneous white adipose tissue), o-WAT (omental white adipose tissue), NO (non-type 2
diabetes group), PRE (pre type 2 diabetes group), YES (type 2 diabetes group), T2D (type 2 diabetes), n=96. ** (0.01 > p value > 0.001). “ns” means not significant.
A B C

FIGURE 1 | Flow cytometry. (A–C) Gating strategy employed to identify mast cells in adipose tissue. The red dots in plot A are the autofluorescent beads employed
as internal standard.
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obtained with so little cohort indicates the strength of
this phenomenon.

The Gene Expression of CD117, FcϵRI, and
CD203c in o-WAT and s-WAT Is Similar to
Their Surface Expression
Since only mast cells express CD117, FcϵRI, and CD203c in
adipose tissue, it was suitable to perform the RT-qPCR with RNA
from the whole adipose tissue (n=60). However, since all
leukocytes express CD45 in adipose tissue, it was not suitable
to perform the RT-qPCR measurement.

Figure 6 shows the gene expression of CD117, FcϵRI, and
CD203c. Noteworthy, the RT-qPCR determinations show the
amount of mast cell mRNAs normalized with the expression
level of tissue housekeeping genes. However, the cytometric
analysis quantifies the surface density of several proteins of
interest in a particular cytometric population. Although both
methodologies target different steps of gene expression, the RT-
qPCR data of CD117, FcϵRI, and CD203c follow the same trend
as the surface expression analysis (Figures 3–5). Therefore,
reinforcing the previous results about surface expression.
Frontiers in Endocrinology | www.frontiersin.org 6
The Gene Expression of b-hexosaminidase
Decreases in Patients With T2D in o-WAT
and s-WAT
Figure 7 shows the gene expression of b-hexosaminidase in the
three groups (n=60). In o-WAT (Figure 7A), there are significant
differences between non-T2D and T2D (p=0.0043). In s-WAT,
there are significant differences between non-T2D and T2D
(p=0.023) as well as between pre-T2D and T2D (p=0.029). These
results indicate that small changes in glycemic control have a huge
impact on the expression of b-hexosaminidase, which is mainly
produced by mast cells, in o-WAT and s-WAT.

The Internal Structure of the Data
Indicates That the Surface Expression of
CD45 on Mast Cells in o-WAT Is a Good
Predictor of T2D Status
To identify patterns in our high dimensional data set we
employed a principal component analysis (PCA). In Figure 8
it can be seen that patients of the non-T2D group occur in the left
part of the plot of the two first principal components. After that,
A B

D EC

FIGURE 3 | Relative surface expression of CD117 on mast cells. (A) Comparison in o-WAT between the three groups. (B) Comparison in s-WAT between the three
groups. (C) Comparison between o-WAT and s-WAT in the non-T2D group. (D) Comparison between o-WAT and s-WAT in the pre-T2D group. (E) Comparison
between o-WAT and s-WAT in the T2D group. MC (mast cells), s-WAT (subcutaneous white adipose tissue), o-WAT (omental white adipose tissue), NO (non-type 2
diabetes group), PRE (pre type 2 diabetes group), YES (type 2 diabetes group), T2D (type 2 diabetes), n=96. “ns” means not significant, * (0.05 > p value > 0.01),
** (0.01 > p value > 0.001), **** (0.0001 > p value > 0.00001).
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we performed a multiple regression analysis to observe if there is
a relationship between the response variable HbA1c and any of
the other variables of the study. Interestingly, we obtained
significant p-values with age (p=0.0013) and CD45 on mast
cells in o-WAT (p=0.031) in the individual t-test of significance.
Additionally, the p-value of CD117 on mast cells in o-WAT was
almost significant (p=0.066).

Additionally, we performed a linear discriminant analysis. This
allows finding the linear combinations of the original variables that
can better separate the observations in the transformed space when
considering the levels of “Type 2 Diabetes” variable (no, pre, yes).
Figure 9 shows that the first linear combination (LD1) separates
reasonably well the observations. Patients in the non-T2D group
have negative values for LD1, in the pre-T2D they have values
around zero, and in the T2D they have positive values. The
correlation of the variables with LD1 is displayed in Table 2.
Noteworthy, the higher correlations are observed with CD45 on
mast cells in o-WAT (-0.59), age (0.55), and CD117 onmast cells in
o-WAT (-0.48).

Finally, we employed a random forest analysis to identify the
importance of each variable to discriminate between the three
Frontiers in Endocrinology | www.frontiersin.org 7
groups of patients. This importance is determined by the mean
decrease in the Gini index. Compellingly, Figure 10 shows that
CD45 and CD117 onmast cells in o-WAT are respectively the first
and third most important variables. Both of them are above the
variables that measure lipid metabolism (cholesterol, triglycerides,
HDL, and LDL) and BMI. These results highlight the strong
relationship between mast cells in o-WAT and glycemic control.
DISCUSSION

Mast cells have intense post-transcriptional and post-translational
regulation (18, 21). Within the post-translational regulation, they
can sequester intracellularly membrane receptors (30–33). Besides,
other proteins, like CD203c, are stored intracellularly and are
translocated to the membrane only under certain circumstances
(34). Therefore, traditional techniques like RT-PCR and Western
Blot may overestimate the functional amount of some membrane
proteins on mast cells. Here, we present a flow cytometry-based
approach that allows us to simultaneously detect mast cells and
their surface expression of CD45, CD117, CD203c, and FcϵRI.
A B

D EC

FIGURE 4 | Relative surface expression of FceRI on mast cells. (A) Comparison in o-WAT between the three groups. (B) Comparison in s-WAT between the three
groups. (C) Comparison between o-WAT and s-WAT in the non-T2D group. (D) Comparison between o-WAT and s-WAT in the pre-T2D group. (E) Comparison
between o-WAT and s-WAT in the T2D group. MC (mast cells), s-WAT (subcutaneous white adipose tissue), o-WAT (omental white adipose tissue), NO (non-type 2
diabetes group), PRE (pre type 2 diabetes group), YES (type 2 diabetes group), T2D (type 2 diabetes), n=60. “ns” means not significant. * (0.05>p value>0.01),
** (0.01>p value>0.001), **** (0.0001>p value>0.00001).
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Since this technology only detects membrane-bound proteins, it
can detect only the biologically active receptors. This method has
two main advantages compared to traditional techniques like
Western Blot. Firstly, it detects the above-mentioned proteins
specifically on mast cells from the whole stromal vascular fraction.
Secondly, it is not biased by cell number. Besides, since there is no
purification step of mast cells, this approach is time and money-
saving. This kind of technology has been employed before onmast
cells (35), and it is also included in the diagnosis of some
pathologies, including chronic granulomatous disease (36, 37).
Additionally, usage and maintenance may cause oscillations in the
lasers of the flow cytometer that may affect the accuracy of the
results. Consequently, the internal standard removes this type of
error and increases reproducibility.

The understanding of mast cells has evolved a lot in recent
years. Mast cells are widely known for their role in allergy and
inflammatory reactions (18). Thus, it was thought that they
contribute to adipose tissue inflammation and T2D
pathogenesis. To test this hypothesis, mast cell-free mice were
developed by genetic ablation of CD117, the main protein for
mast cell development and survival. Interestingly, mast cell-free
mice had reduced obesity and glycemia. Accordingly, the
number of mast cells was also associated with adipose tissue
inflammation and T2D (25).
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Later, different mast cell-free models were developed to
corroborate the previous results. Importantly, it was observed
that it was CD117 knockout and not mast cell absence that
improved the metabolic profile in the previous model (26).
Such occurs because CD117 is also important in the
development of other cell types like lymphocytes (38, 39) and
macrophages (40). Besides, other authors design other mast
cell-free models and also observed that mast cells are not
significant contributors to adipose tissue inflammation or
insulin resistance (41, 42).

Noteworthy, the approaches of the models discussed before
are focused on the immunological function of mast cells.
However, mast cells play a crucial role in adipose tissue
expansion. Since they promote both angiogenesis (17) and
glucose-dependent adipogenesis (22, 23), they contribute to the
metabolically healthy expansion of adipose tissue (adipocyte
hyperplasia). Moreover, in the absence of mast cells, adipose
tissue is poorly vascularized (43), which drives a metabolically
unhealthy expansion via adipocyte hypertrophy (10, 11).

Once it was clear that mast cells are important players in
metabolically healthy expansion and do not contribute to T2D
we and others decided to investigate if T2D negatively affects
mast cells. Previous studies of our group demonstrated that the
number of mast cells decreases in patients with T2D, especially in
A B

D EC

FIGURE 5 | Relative surface expression of CD203c on mast cells. (A) Comparison in o-WAT between the three groups. (B) Comparison in s-WAT between the
three groups. (C) Comparison between o-WAT and s-WAT in the non-T2D group. (D) Comparison between o-WAT and s-WAT in the pre-T2D group. (E)
Comparison between o-WAT and s-WAT in the T2D group. MC (mast cells), s-WAT (subcutaneous white adipose tissue), o-WAT (omental white adipose tissue), NO
(non-type 2 diabetes group), PRE (pre type 2 diabetes group), YES (type 2 diabetes group), T2D (type 2 diabetes), n=27. “ns” means not significant, * (0.05 > p
value > 0.01), ** (0.01 > p value > 0.001), *** (0.001 > p value > 0.0001).
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o-WAT (27). Besides, we observed that after bariatric surgery,
the number of mast cells increased 10-fold in o-WAT and 4-fold
in s-WAT (44). Additionally, Goldstein et al. demonstrated that
higher numbers of mast cells in adipose tissue are associated with
Frontiers in Endocrinology | www.frontiersin.org 9
higher weight loss after bariatric surgery (45). At this point, it
was evident that T2D affects mast cells. Nonetheless, it was still
unknown the specific phenotypic changes that T2D causes on
mast cells.
A B

D

E F

C

FIGURE 6 | Fold change variation of the expression of CD117, FceRI, and CD203c. (A) Comparison of the fold change variation of CD117 in o-WAT between the
three groups. (B) Comparison of the fold change variation of CD117 in s-WAT between the three groups. (C) Comparison of the fold change variation of FceRI in o-
WAT between the three groups. (D) Comparison of the fold change variation of FceRI in s-WAT between the three groups. (E) Comparison of the fold change
variation of CD203c in o-WAT between the three groups. (F) Comparison of the fold change variation of CD203c in s-WAT between the three groups. NO (non-type
2 diabetes group), PRE (pre type 2 diabetes group), YES (type 2 diabetes group), T2D (type 2 diabetes), s-WAT (subcutaneous white adipose tissue), o-WAT
(omental white adipose tissue), n=60. “ns” means not significant, * (0.05 > p value > 0.01), ** (0.01 > p value > 0.001).
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Here, we demonstrate that mast cells also undergo
phenotypic changes in patients with T2D. In agreement with
previous results of the group (27, 44), in T2D, mast cells are
more affected in o-WAT than in s-WAT. The decrease in the
surface expression of CD117 in patients with T2D can explain
the reduction in the number of mast cells. When the stem cell
factor binds CD117 on the mast cell surface, it increases the
expression of pro-survival proteins Bcl-2 and Bcl-XL while
inactivate pro-apoptotic proteins Bad and Bim. Moreover,
CD117 activation also enhances the activatory signals from
Frontiers in Endocrinology | www.frontiersin.org 10
other membrane receptors. When the surface expression of
CD117 decreases, the survival and activatory signals for mast
cells decrease too (46). Besides, low plasma levels of stem cell
factor are associated with T2D and cardiometabolic diseases (47,
48). Therefore, mast cell death rate rises, and the number of
mast cells decreases.

In the case of the decrease of FcϵRI onmast cells in patients with
T2D, it can have two effects. Firstly, it decreases the possibility of
mast cell activation via IgE-antigen binding in the surface of mast
cells. To activate a mast cell, at least two IgE-FcϵRI complexes
FIGURE 8 | Principal component analysis (PCA). This technique allows the identification of patterns in our data by reducing its dimension. BMI (body mass index),
oWAT (omental white adipose tissue), sWAT (subcutaneous white adipose tissue) Comp (component), NO (non-type 2 diabetes group), PRE (pre-type 2 diabetes
group), YES (type 2 diabetes group), n=96.
A B

FIGURE 7 | Fold change variation of the expression of b-hexosaminidase. (A) Comparison of the fold change variation of b-hexosaminidase in o-WAT between the
three groups. (B) Comparison of the fold change variation of b-hexosaminidase in s-WAT between the three groups. NO (non-type 2 diabetes group), PRE (pre type
2 diabetes group), YES (type 2 diabetes group), T2D (type 2 diabetes), s-WAT (subcutaneous white adipose tissue), o-WAT (omental white adipose tissue), n=60.
“ns” means not significant, * (0.05 > p value > 0.01), ** (0.01 > p value > 0.001).
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should be crosslinked (49). Therefore, the decrease in the surface
expression of FcϵRI decreases the probability of this crosslinking
event. Moreover, it has been observed that the binding of IgE to
FcϵRIcanpromotemast cell survival even in the absenceof stemcell
factor (50, 51). Consequently, the decrease in the surface expression
of FcϵRI can also contribute to the decrease in the number of mast
cells in adipose tissue.

CD45 is a tyrosine phosphatase that critically regulates the
activation status of Src family kinases (52). It has been observed
that mutations in CD45 as well as changes in its expression can
affect the effector function of mast cells (53). Previous studies
demonstrated that CD45 deficient mast cells have an increase of
inhibitory phosphorylations and also have dramatically impaired
their effector functions (54). Besides, CD45 seems to play a role
TABLE 2 | Correlation of each variable with LD1. BMI (body mass index), o-WAT
(omental white adipose tissue), s-WAT (subcutaneous white adipose tissue), LD1
(linear discriminant 1).

Variable Correlation with LD1

CD45 o-WAT -0.588
Age 0.547
CD117 o-WAT -0.485
CD117 s-WAT -0.412
LDL -0.393
CD45 s-WAT -0.370
Cholesterol -0.337
BMI -0.294
Triglycerides 0.257
Hypertension 0.204
HDL -0.125
FIGURE 10 | Random Forests Analysis. This method measures the relevance of the variables to discriminate the three levels of the categorical variable “Type 2
diabetes”. BMI (body mass index), o-WAT (omental white adipose tissue), s-WAT (subcutaneous white adipose tissue).
FIGURE 9 | Linear discriminant analysis (LDA). This method identifies the linear combinations of variables that better separate the observations. NO (non-type 2
diabetes group), PRE (pre-type 2 diabetes group), YES (type 2 diabetes group), LD1 (linear discriminant 1), LD2 (linear discriminant 2), n=96.
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in proliferation. Interestingly, it is upregulated in mastocytosis
(55). Since the surface expression of CD45 significantly decreases
in o-WAT in pre-T2D and T2D groups, this indicates a decrease
in the effector function of mast cells in o-WAT with subtle
changes in the glycemic control. Consequently, mast cell
activation is not an important player driving adipose tissue
inflammation and malfunctioning in T2D, which agrees with
previous reports (26, 41, 42). Besides, the decrease of the effector
function of mast cells may affect their physiologic role in adipose
tissue. This includes pre-adipocyte to adipocyte differentiation,
lipid uptake by macrophages and their differentiation to foam
cells, and angiogenesis.

One of themain functions ofmast cells is their secretory activity,
and this can be monitored with CD203c and b-hexosaminidase.
CD203c is present only intracellularly on themembraneof granules
(34). Therefore, CD203c only appears on the surface of mast cells
after the release of granules. Unlike othermarkers, CD203c reaches
the surface after every granule release and not only after classical
degranulation (56). Regardingb-hexosaminidase, mast cells are the
main producers in adipose tissue. Interestingly 85% is located in the
granules and is frequently employed to measure mast cell
degranulation in vitro (57). Therefore, the sharp decrease of
CD203c and b-hexosaminidase observed in o-WAT indicates
that mast cells have drastically reduced their secretory activity.

Taken together these results, in patients with T2D, there are
phenotypic alterations of mast cells in adipose tissue (mainly in o-
WAT). The decrease of FcϵRI, CD45, CD117, andCD203c onmast
cells ino-WATis associatedwithT2Dandsuggests adecline in their
capacity to detect and respond to signals from the
microenvironment. Such drastically compromises their
homeostatic function in adipose tissue. Since the patients in the
T2D group had a mild condition (HbA1c<7%), the decrease of the
surface expression of FcϵRI, CD45, CD117, and CD203c may be
sharper in patients with severe T2D.Nevertheless, since severe T2D
is associated with a higher risk of complications during surgery,
these patients frequently pursue other therapeutic approaches.
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Bioquıḿica y Biologıá Molecular”, B16.56.1) funded by the
Spanish Ministry of Science and Innovation (“Formación de
profesorado universitario” grant FPU18/04432).
SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2022.818388/
full#supplementary-material
REFERENCES

1. Zheng Y, Ley SH, Hu FB. Global Aetiology and Epidemiology of Type 2
Diabetes Mellitus and its Complications. Nat Rev Endocrinol (2018) 14(2):88–
98. doi: 10.1038/nrendo.2017.151

2. Cho NH, Shaw JE, Karuranga S, Huang Y, da Rocha Fernandes JD, Ohlrogge
AW, et al. IDF Diabetes Atlas: Global Estimates of Diabetes Prevalence for
2017 and Projections for 2045. Diabetes Res Clin Pract (2018) 138:271–81.
doi: 10.1016/j.diabres.2018.02.023

3. Harding JL, Pavkov ME, Magliano DJ, Shaw JE, Gregg EW. Global Trends in
Diabetes Complications: A Review of Current Evidence. Diabetologia (2019)
62(1):3–16. doi: 10.1007/s00125-018-4711-2
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