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INTRODUCTION

Abstract

Obijective: This case-control study aimed to analyze the dynamics of macrophage
infiltration in subcutaneous adipose tissue following bariatric surgery or conservative
treatment of obesity and to clarify whether these features predict the weight loss
outcome after the surgery.

Methods: Subcutaneous tissue samples taken before and 12 months after laparoscopic
Roux-en-Y gastric bypass surgery (n = 39) or conservative (n = 43) treatment for obesity
were analyzed. Fat cell size was determined, and with CD68 immunohistochemistry,
crown-like structures (CLS) were counted and single macrophages were quantitated.
Results: A major decline in CLS density from 4.1 (SD 3.5) to 1.1 (SD 0.8) per 1000 fat
cells (p < 0.000) was found, regardless of the degree of weight loss after the surgery.
Surgery had no effect on the fraction of infiltrating single-cell macrophages in subcu-
taneous adipose tissue. The abundance of these macrophage populations before the
intervention did not predict the degree of postsurgery weight loss or suboptimal
response to the surgery.

Conclusions: The effect of gastric bypass on adipose tissue inflammatory status
associates closely with CLS density even in subjects with suboptimal weight loss. The
study suggests that factors related to bypass surgery other than weight loss modify

the inflammatory response in adipose tissue.

long-term intervention for severe obesity [7]. The most common

methods, laparoscopic Roux-en-Y gastric bypass (LRYGB) and vertical

Obesity and associated comorbidities have reached epidemic propor-
tions worldwide [1, 2]. Many health issues related to excessive weight
gain, such as type 2 diabetes and atherosclerotic vascular disease, are
associated with low-grade inflammation of the adipose tissue [3].
Thus, obesity may be viewed as a chronic, systemic, low-grade inflam-
matory disease and malfunctioning adipose tissue as a hormonally
active organ producing numerous secretions mediating these effects
[4-6]. Despite intensive research and discoveries in drug develop-

ment, bariatric surgery remains the most effective and reliable

sleeve gastrectomy, both result in constant long-term outcomes [8, 9].
The weight loss after the operation is associated with a high rate of
remission of metabolic disorders such as diabetes, hyperlipidemia, and
hypertension [10]. Total weight loss (TWL) of at least 20% following
the bariatric surgery has been proposed as a standard criterion for a
good response [11]. A majority of the patients achieve a good
response to the surgery. However, for 11% to 35% of the patients,
the intervention may provide suboptimal results, at least in regard to
the weight loss [12-16].
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The adipocytes are susceptible to the inflammatory type of pro-
grammed cell death resembling pyroptosis [17, 18]. In adipose tissue,
this phenomenon is associated with macrophages forming crown-like
structures (CLS) around the dead adipocyte remnants to sequester and
remove them [17]. Most macrophages in human and animal adipose tis-
sue with obesity seem to localize at the CLS sites [17, 19]. The macro-
phage accumulation in the adipose tissue is generally associated with
both local and systemic inflammation and metabolic complications of
obesity [19, 20]. For instance, the macrophage infiltration and formation
of CLSs relate to insulin resistance and elevated levels of inflammation
biomarkers in plasma [21, 22].

Weight loss is associated with the improvement of inflammatory
status and obesity-related comorbidities [23, 24]. Cancello et al. [25]
found that the LRYGB-induced weight loss was linked with a reduc-
tion of macrophages infiltrating the adipose tissue and disappearance
of CLSs among 17 patients with severe obesity who underwent the
surgery. In line with this, CLS density in subcutaneous adipose tissue
(SAT) declined 1 year after LRYGB in both 13 patients with severe
obesity and type 2 diabetes and their 15 matched nondiabetic coun-
terparts [21]. Curiously, very low-calorie diet-induced weight loss
alone led to a rise in CLS density, at least in the short term [26]. How-
ever, these findings are consistent with a study in which caloric
restriction in high-fat diet-fed mice initially increased adipose tissue
macrophage accumulation followed by a decrease of macrophage con-
tent after an extended period of time and weight loss [27].

The aim of the present prospective study was to analyze the changes
in CLS density and macrophage infiltration in SAT following bariatric sur-
gery (here LRYGB) or conservative treatment of obesity. Furthermore, we
strove to clarify whether these features predict the outcome after the sur-
gery and whether they could offer an insight into the mechanisms oppos-
ing the weight loss. As far as we are aware, this is the largest prospective
study assessing CLS formation and macrophage infiltration in adipose tis-
sue after bariatric surgery and the first study exploring the relationship of

these characteristics and the extent of weight loss.

METHODS
Subjects

Initially, 122 patients with severe obesity participated in the study asses-
sing the role of bariatric surgery-induced weight reduction on inflamma-
tory markers and symptoms of osteoarthritis from 2014 to 2019 in Oulu,
Finland. Of them, 60 were scheduled for bariatric surgery (LRYGB), follow-
ing the national guideline criteria for bariatric surgery, i.e., BMI over 40 kg/
m? or BMI over 35 kg/m? when accompanied by obesity-related comor-
bidity or BMI over 30 kg/m? with type 2 diabetes not manageable by con-
servative means. The subjects in the surgery group had demonstrated a
commitment to lifestyle changes and had achieved at least temporary 5%
weight loss during conservative treatment lasting at least 6 months as
recommended by the national guidelines. The subjects were evaluated by
an internist before referral to the surgeon and they underwent a very low-
calorie diet for 3 to 5 weeks prior to the surgery. The control group con-
sisted of 62 subjects with obesity recruited among patients not interested
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Study Importance
What is already known?

o Chronic low-grade inflammation of adipose tissue, char-
acterized by macrophage infiltration, is associated with
systemic and metabolic complications of obesity.

e Bariatric surgery results in a high rate of remission of
metabolic disorders and decline in systemic inflammation.

What does this study add?

e We found a major decline in the density of pyroptotic
and inflammation-associated macrophage populations
regardless of the degree of weight loss after laparoscopic
Roux-en-Y gastric bypass. Surgery has no effect on the
fraction of infiltrating single-cell macrophages in subcuta-
neous adipose tissue.

e Baseline macrophage infiltration to subcutaneous adipose
tissue does not predict the postsurgery weight loss.

How might these results change the direction of
research or the focus of clinical practice?

o The study suggests that factors related to bypass surgery
other than weight loss modify the inflammatory response
in adipose tissue.

e The findings emphasize a role of the pyroptotic and
inflammation-associated macrophage populations in

obesity-related adipose tissue inflammation.

in bariatric surgery. These patients received conservative treatment (such
as scheduled supportive meetings, nutritional guidance, and medication
when indicated) for obesity and related comorbidities in local public health
care. However, there was no special program for the conservative inter-
vention, and no data about attendance of the patients could be collected.
Demographic data and full medical history were recorded. All subjects
were monitored for weight and obesity-related comorbidities for 1 year at
a minimum. Study size was based on assuming a difference of 11.6
between the groups in the RAND-36 Measure of Health-Related Quality
of Life survey physical functioning score observed for total knee arthro-
plasty and 20% loss of subjects during the first year. The study was autho-
rized by Oulu University Hospital Ethics Committee following the
principles of the Declaration of Helsinki. Informed written consent for par-

ticipation in the study was acquired from all subjects.
Histological specimens and immunohistochemistry
We aimed to collect two fat tissue samples from all subjects, one at

surgery and the second one a year after bariatric surgery (surgery
group) or before and after receiving conservative treatment for 1 year
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TABLE 1 Basic clinical characteristics (A) and evolution of anthropometric data and counts of different macrophage populations (B) in the

study groups after 12 months

A Surgery Conservative

n 60 62

Sex (F/M) 51/9 51/11

Age (y) 48.5(8.2) 50.9 (8.0)

Height (cm) 166 (6.5) 166 (7.9)

Hypertension 47.4% 48.4%

Type 2 diabetes 33.3% 25.8%

Obstructive sleep apnea 21.7% 21.0%

B 0 months 12 months 0 months 12 months
Weight (kg) 117 (19.5)* 91.5(16.8)"** 110(17.3)* 109.6 (17.2)
BMI (kg/m?) 42.4 (6.5) 32.9 (5.7)* 40.0 (5.0) 39.8 (4.6)
TWL% 21.9 (6.8)*** .1(4.1)
FC density (cells/10E6 pm?) 182.6 (36.1) 225.9 (46.3)*** 169.7 (37.7) 182.4 (42.4)
CLS count/1000 FC 4.1(3.6) 1.1 (0.8)*° 3.2(2.3) 2(3.3°
CD68 outside of CLS (pm?/1000 FC) 12.0(7.2) 11.0 (5.3)° 11.9 (6.6) 16.4 (10.5)*°
Proportion (%) of CLS of all CD68+ cells 20.2 (12.6)° 4.1 (3.0°° 13.0(9.8)° 12.0(9.2)°

Note: Values are mean (SD).

Abbreviations: CLS, crown-like structure; FC, fat cell; TWL, total weight loss.

2Statistically significant difference vs. initial value (see Figure 3).
bStatistically significant difference between the groups (see Figure 3).
*p = 0.037, for Mann-Whitney test between the groups.

***p < 0.001, for paired t test vs. initial value.

(conservative group). Ultimately, after dropouts, refusals, and addi-
tional data loss, 39 (data missing for 21) and 43 (data missing for 19)
paired samples were analyzed in the surgery and conservative groups,
respectively. Missing data were omitted in analysis. An SAT biopsy
specimen (circa 1 cm®) from the periumbilical area was obtained dur-
ing the surgery or clinic appointment under local anesthesia. Tissue
biopsy specimens were fixed in formalin and embedded in paraffin.
The specimens were sectioned at 5 pm. One section was stained with
hematoxylin and eosin (H&E) to assess adipocyte density. For CDé8,
immunohistochemistry was performed with BOND Polymer Refine
Detection System (DS9800; Leica Biosystems, Buffalo Grove, lllinois)
with 3,3'-diaminobenzidine as a chromogen. Mouse monoclonal anti-
human CD68 (1:200; Dako; Agilent, Santa Clara, California) was used
for 30 minutes with 20 minutes of Tris-EDTA pretreatment.

Image analysis

H&E and CDé68 stained SAT sections were scanned with Leica Aperio
AT2 (Leica Biosystems) at 40x magnification and analyzed with QuPath
0.2.3 and/or ImageJ 1.53 open source software [28, 29]. To assess adi-
pocyte density in SAT for each subject, two 10E6 pm2 sample areas
from homogeneous adipocyte areas were delineated and sent to ImageJ.
ImageJ plugin Adipocyte Tools [30, 31] was used to determine the num-
ber and size of the adipocytes. Faulty detections were manually cor-

rected, and the exact area containing the selections was delineated to

calculate accurate adipocyte density. Quantification of CD68 staining
was performed with QuPath 0.2.3 using the pixel classifier feature. After
reviewing the images, 15 representative CD68 images were used to
train QuPath’s pixel classifier to reliably identify positively stained and
other (nonstained) tissue. The classifier was then applied to annotated
adipocyte areas on whole-slide sections to measure areas of CD68-posi-
tive and -negative tissue. The number of CLSs found was manually
counted in these annotated areas. CLSs were defined as CD68-positive
macrophage aggregate circularly surrounding dead adipocyte or necrotic
adipocyte debris and making up at least 50% of its circumference [32].
To avoid distortion caused by variation in adipocyte sizes, for compara-

tive analysis, the results are expressed in relation to 1000 adipocytes.

Statistical analysis

Statistical analyses were performed and graphs built using SPSS Statistics
for Windows (version 25; IBM Corp., Armonk, New York). Summary
values are shown as mean with standard deviation (SD). Student t test or
Welch t test was used for continuous independent variables and Mann-
Whitney for nonparametric variables. For repeated measures, paired t test
or Wilcoxon signed rank test was used for parametric or nonparametric
variables, respectively. Normality of data was assessed with Shapiro-Wilk
test. Pearson correlation coefficient (r) or Spearman correlation coefficient
(p) was calculated, the latter if either variable was non-normally distrib-

uted. Two-tailed p values are presented. Weight information was missing
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for 10/122 and 15/122 subjects at 0 and 12 months, respectively. Adipo-
cyte size information could not be acquired for 20/122 and 28/122 sub-

jects at 0 and 12 months, respectively.

RESULTS

Baseline anthropometric data, CLS density, and
infiltrating macrophages in fat tissue

Both the surgery and the conservatively treated group showed similar
general anthropometric characteristic at baseline. However, mean
weight and BMI were, to some extent, higher in the surgery group
(117 [SD 19.5] kg and 42.4 [SD 6.5] kg/m?) than in the conservative
group (110 [SD 17.3] kg and 40.0 [SD 5.0] kg/m?) (p = 0.037 and
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FIGURE 1 Microphotographs illustrating crown-like structures
(CLS) and dispersed CDé68-positive cells in subcutaneous adipose tissue
of participants with overweight. Identification of CLSs is facilitated with
(A) CD68 staining (arrow) as compared with (B) H&E staining (arrow).
Scale bar = 50 pm. (C) Sometimes CLSs were present at a high density
as shown by CDé8 staining. A 40-year-old woman with BMI 44.9 kg/ m?
and no comorbidities had CLS density of 14.33 per 1000 adipocytes, the
highest count found among the subjects. A particularly high-density
region is shown in the image. This patient’s CLS density had decreased
to 1.23 per 1000 adipocytes and BMI decreased to 37.7 kg/m? at

12 months after the bariatric surgery. Arrows point to some
CDé8-positive cells dispersed outside CLSs. Scale bar = 100 pm [Color
figure can be viewed at wileyonlinelibrary.com]

p = 0.055 for Mann-Whitney test, respectively, Table 1A). Both
groups had a considerable prevalence of obesity-related comorbidities
(Table 1A), with no significant differences between the groups.

CD68 immunohistochemistry markedly facilitated the identification
of CLSs compared with H&E staining (Figure 1A,B). At baseline before
interventions, the subjects had a mean 3.7 (SD 2.9) CLSs found for
every 1000 fat cells (FC). On average, CD68 stained 0.26% (SD 0.19%)
of the entire tissue area and 2.4% (SD 1.0%) of all visible tissue (ignoring
the empty dissolved fat areas) in the delineated adipocyte areas. Of pos-
itive CD68 staining, 16.6% (SD 11.6%) was localized within CLSs, and
the remaining 83.4% (SD 11.6%) was dispersed throughout the adipose
tissue, presumably in the infiltrating single-cell macrophage population.
The mean CDé68 stained area in the adipocyte regions outside any CLSs
was 11.9 (SD 6.8) pm2/1000 FC and it correlated to CLS density in
bivariate analysis (p = 0.53, p < 0.001, R? = 0.294, Figure 2).

There were no significant associations between CLS density or
the extent of the dispersed CDé8 staining and gender, age, baseline
BMI, smoking history, or presence of type 2 diabetes (data not
shown). However, at baseline, the subjects with type 2 diabetes had
significantly larger mean FC size of 77.2 (SD 9.0) versus 72.3 (SD 8.0)
pum and subsequently smaller FC density 163.2 (SD 30.4) versus 180.7
(SD 39.5) cells/10E6 pm2 (b = 0.008 and 0.032 for Student t test,
respectively).

The effect of surgical and conservative interventions
for obesity, CLS density, and infiltrating macrophages

At 12 months after the intervention, weight, BMI, and TWL% had
declined in the surgery group but not in the conservative group
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FIGURE 2 Scatterplot showing correlation of total crown-like
structure (CLS) density (CLS/1000 fat cells [FC]) and dispersed CD68-
positive cells outside CLSs (area of CD68 expression/1000 FC) in
subcutaneous adipose tissue samples of subjects with obesity taken
before intervention. Correlation is significant (bivariate analysis;
p=0.53,p < 0.001, R? = 0.294)
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FIGURE 3 Bariatric surgery (laparoscopic Roux-en-Y gastric bypass) decreases human SAT CLS density without affecting macrophage
density elsewhere in SAT compared with conservative treatment of obesity at 1 year. (A) Before interventions, the mean CLS count/1000
adipocytes did not differ between the groups (p = 0.209, Welch t test), but after 12 months, the surgery group had a significantly lower CLS
density (p < 0.000, Welch t test). In the conservative group, mean CLSs per 1000 adipocytes increased from 3.2 (SD 2.3) to 4.2 (SD 3.3) (p = 0.07,
paired t test) after 12 months. In the surgery group, mean CLS density decreased from 4.1 (SD 3.6) to 1.1 (SD 0.8) (p < 0.000, Wilcoxon signed
rank test). (B) CD68 positivity outside CLSs did not initially differ between the groups. However, after 12 months, the CDé68 staining significantly
increased in the conservative group (p = 0.021, paired t test) and was higher than in the surgery group (p = 0.008, Welch t test) in which no
change was seen. (C) At baseline, the surgery group had a larger proportion of CD68 expression in CLSs as compared with the conservative
group, but after 12 months, the proportion in this group had decreased and was now lower than in the conservative group (Student t test and
paired t test). All bars are presented with 95% CI. CLS, crown-like structure; SAT, subcutaneous adipose tissue
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FIGURE 4 CLS density in SAT decreases independently of weight loss response after bariatric surgery (LRYGB). Total weight loss (TWL) of
20% or more at 12 months after bariatric (laparoscopic Roux-en-Y gastric bypass) surgery indicated a good response. (A) No significant difference
was observed in the pretreatment CLS density between the subjects with good response (TWL > 20%; 3.88 (SD 3.1); N = 22) and those without
such response (TWL < 20%,; 5.3 (SD 4.3); N = 11; Student t test). However, along with treatment, CLS density declined in both groups (Wilcoxon
signed rank test). In addition, the presence of good treatment response did not associate with (B) the pretreatment extent of CD68 positivity
outside CLSs or (C) the distribution of CD68 positivity in and outside CLSs. However, the distribution of CD68 positivity significantly shifted from

CLSs to cells outside CLSs, reflecting the decrease of CLS density and constancy of CD68 staining outside CLSs (paired t test). All bars are
presented with 95% CI. CLS, crown-like structure; SAT, subcutaneous adipose tissue

(Table 1B). In the surgery group, TWL% was 16.6 (SD 4.6) for subjects
with type 2 diabetes and 24.2 (SD 6.5) for nondiabetic counterparts
(p < 0.000 for Student t test). The weight loss associated with surgery
resulted in a shift of FC size distribution toward smaller adipocyte
populations and an increase in adipocyte density after LRYGB,
whereas these changes were not seen after conservative treatment
(Supporting Information Figure S1, Table 1B).

In the surgery group, the observed CLS density declined by
3.0 (95% C 1.8-4.2) from 4.1 (SD 3.6) to 1.1 (SD 0.8) per 1000 FC
(Figure 3A). In contrast, CLS density showed an increasing trend
from 3.2 (SD 2.3) to 4.2 (SD 3.3) in the conservative group

(b = 0.07 for paired t test, Figure 3A). The surgery or the weight
loss associated with it did not affect the amount of adipose tissue
CDé68 staining outside CLSs. However, the CDé48 staining outside
CLSs increased significantly in the conservative group (Figure 3B).
The relative proportion of CD68 staining found within versus out-
side CLSs declined significantly after surgery but remained unaf-
fected after conservative treatment (Figure 3C). The surgery
group had a significantly higher proportion of CDé68 staining
found in CLSs at baseline and a significantly lower proportion
found in CLSs at 12 months compared with the conservative
group (Figure 3C).
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FIGURE 5 Density of CLSs found in subcutaneous adipose
tissue 12 months after bariatric surgery (laparoscopic Roux-en-Y
gastric bypass) declines in a similar fashion even in subjects with
suboptimal weight loss response (TWL < 20%) to the surgery. CLS,
crown-like structure; TWL, total weight loss (kg)

The relationship of weight loss and signs of
inflammation and adipocyte characteristics in the
subcutaneous fat

Because no significant weight loss was seen in the conservative
group and none of subjects in that group achieved TWL of 20% or
more, only the surgery group could be considered in these analyses.
Of the subjects continuing to 12 months in the surgery group, 64.7%
(33/51) achieved a good response based on TWL > 20%, whereas
35.3% (18/51) remained under this threshold (TWL < 20%) at the
given time point. These subgroups did not show differences in the
measurements of SAT samples prior to surgery, including CLS den-
sity (3.88 SD 3.1 vs. 5.3 SD 4.3 for 1000 FC), extent of CD68 posi-
tivity outside CLSs (Figure 4A,B), and FC size measurements (data
not shown). We could not detect any significant associations
between these preoperative fat tissue measurements and the extent
of weight loss or change in BMI at 12 months by using correlation
tests either. Moreover, the change in CLS count or CDé68 positivity
outside CLSs from O to 1 year did not significantly differ between
the good or suboptimal weight loss responders (data not shown).
These findings suggest that the current measurements in the pre-
treatment samples do not provide any information predicting the
response to bariatric surgery. Nevertheless, in both subgroups of
weight loss, the numbers of CLSs found per 1000 adipocytes
declined by 2.7 (95% Cl 1.3-4.1) and 4.3 (95% CI 1.4-7.1) for the
TWL > 20% and TWL < 20% groups, respectively (Figure 4A). Nota-
bly, CLS density also decreased in subjects achieving a lesser degree
of weight loss, as depicted in the scatterplot in Figure 5. Reflecting
the decline in CLS density, the proportional distribution of CD68
staining shifted from CLSs toward staining in single cells within the

adipose tissue at 12 months (Figure 4C).

Ol A D - WILEY L ®

DISCUSSION

To date, our study is the largest tissue-level follow-up analysis of
122 subjects with obesity undergoing bariatric surgery or conserva-
tive treatment without surgery, of which we were able to include
39 and 43 cases with paired adipose tissue samples, respectively. Our
histological analyses confirmed that, as previously shown, CLSs are
present in SAT of subjects with obesity [21, 25]. As a novel finding,
our data show that LRYGB significantly reduced CLS density indepen-
dently of weight loss. As a second novel finding, CD68 staining, a
marker for macrophages, was predominantly found dispersed in adi-
pose tissue outside CLSs, which extends the view of previous reports
indicating that macrophage populations are mainly found in CLSs [17],
and the effect of surgery led to dynamic change of macrophage distri-
bution toward less inflammatory positions as CLSs were significantly
reduced. Finally, we could not identify any feature of the preoperative
macrophage populations in the SAT samples prior to LRYGB that
would have provided any predictive information about suboptimal
response to surgery if measured by weight loss only.

There are no previous studies separately quantitating CLSs and dif-
fusely infiltrating macrophages in SAT of subjects with obesity. We con-
sider that the number of subjects and samples in our study allowed us
to perform this analysis reliably. It is notable that we conducted a
software-based analysis on whole-slide images, in contrast to an early
report by Cinti et al. [17], who analyzed micrographs and did not sepa-
rately quantify distribution of positive staining in CLSs versus single-cell
macrophages dispersed throughout the fat. In their study, they con-
cluded that macrophages are mainly found in CLSs, whereas our data
clearly show that CLSs represent only a fraction of the total number of
macrophages residing in adipose tissue. In addition, it is notable that
Cinti et al. used MAC-2 antibody recognizing galectin-3 in their
research, whereas we used CD68 (PGMI). One possibility is that the
cells that were recognized in these studies are somewhat different. In
addition to macrophages, both antibodies may label several other cell
types [33, 34]. Furthermore, in macrophages, their expression may be
related to the activation status. MAC-2 possibly has a suppressing effect
on the proinflammatory phenotype [34], whereas upregulation of CD68
may be related with responses to proinflammatory stimuli [33]. It seems
obvious that using several complementary macrophage markers would
facilitate the quantitation of diffusely infiltrating macrophages in SAT by
increasing the cell type specificity of the assay or even recognition of
tissue-specific macrophage activation mechanisms. If such specific rec-
ognition could be achieved in further studies, it would be important to
recognize the activation status of these cells before and after the treat-
ment of obesity and to get information about the role of the diffuse
macrophage population in the pathogenesis of systemic manifestations
of SAT inflammation.

The surprising effect that bariatric surgery reduced CLS density
and CLS-associated macrophages in SAT in a weight-loss-
independent manner deserves further attention. After the surgery,
the reduction in adipose tissue macrophages occurred specifically in

the population of CLS-associated macrophages because the CD68
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staining in adipose tissue outside CLSs was not affected by the inter-
vention. Interestingly, CLS density declined similarly even with subop-
timal weight loss after the surgery. Subjects with TWL < 20% had a
slightly higher baseline mean CLS density and macrophage infiltration
in CLSs. Although these differences were not statistically significant in
this relatively small subgroup (11 subjects), it prompts the question
whether severe baseline adipose tissue inflammation or an unknown
factor either contributing to it or operating independently could hin-
der weight loss after bariatric surgery. Nevertheless, CLS density
declined in a similar fashion, and no difference was seen at 12 months,
indicating that even subjects with suboptimal weight loss response
may benefit from the anti-inflammatory effect of the surgery.

The apparent independence of weight loss from CLS density
decrease after bariatric surgery may suggest that instead of obesity
alone, there are additional mechanisms fueling the adipocyte death
and subsequent formation of CLSs. One such mechanism could con-
sist of free fatty acids, which have been identified as a major driver
for macrophage recruitment into adipose tissue and which also
decrease in concentration after gastric bypass surgery [27, 35].
Another speculative candidate might be the involvement of gut-
derived bacteria in the process, because bariatric surgery profoundly
alters the gut microbiota, and translocation of bacteria even to adi-
pose tissue has been confirmed [36, 37]. In obesity, the enlarged adi-
pocytes are more susceptible to gut microbiota-derived products,
such as lipopolysaccharides or their micelles, to trigger cell death [38].
Thus, adipocyte hypertrophy might be a necessary—but not sufficient
alone—ingredient of programmed adipocyte death by pyroptosis. This
is in line with the notion that CLS density tends to be higher in vis-
ceral adipose tissue despite the generally smaller FC size than in SAT
[21]. Overall, this study further emphasizes a central or perhaps even
a major role for CLSs in obesity-related adipose tissue inflammation as
well as the need to study the details of macrophage dynamics in the
whole body in order to better understand the effects of bariatric
surgery.

In summary, we show here that CLS density as a marker of adi-
pose tissue low-grade inflammation decreased dramatically in SAT
after bariatric surgery (LRYGB). The effect was apparently indepen-
dent of weight loss and was observed at the same magnitude even in
subjects with suboptimal response to surgery. Macrophage infiltration
in SAT declined only in CLSs after the surgery, but the majority of
macrophages were found dispersed outside CLSs in all situations.
Baseline inflammation status of adipose tissue represented as CLS
density or macrophage infiltration to SAT did not predict the postsur-
gery weight loss.O
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