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Introduction  Insulin resistance can be defined as
a state of impaired response to insulin in insulin-
-targeted tissues. Insulin resistance is associated
with obesity, type 2 diabetes, atherosclerosis, car-
diovascular disease (CVD), metabolic syndrome,
nonalcoholic fatty liver disease, and polycystic
ovary syndrome."? Adipose tissue (AT) is an im-
portant factor in the pathogenesis of insulin re-
sistance, as disturbances in its function contrib-
ute to development of low-grade chronic inflam-
mation, which impairs insulin sensitivity. AT con-
tains various immune cells, which regulate meta-
bolic processes and immune responses of adaptive
and innate immune system. The innate immune
system recognizes a pathogen and aims to elim-
inate it, while causing the least possible dam-
age to the host organism. A key component of
the innate immune system is inflammation, which
can be either of short duration (acute) or persist
for a long time (chronic). The nuclear factor kB
(NFkB) pathway plays a main role in the regula-
tion of inflammation. Dysregulation in inflam-
mation onset can result in low-grade chronic in-
flammation, which is one of the main contributors
to development of insulin resistance. The func-
tion of the innate immune system response de-
pends on pattern recognition receptors (PRRs),
which identify pathogen-associated molecular
patterns (PAMPs) and damage-associated molec-
ular patterns (DAMPs). PRRs can be divided into
5 groups, including nucleotide-binding oligomer-
ization domain-like receptors (NLRs).? The prima-
ry role of NLRs is to detect cytosolic PAMPs and
DAMPs, inducing and regulating downstream
signaling cascades that result in an inflammato-
ry response. Several members of the NLR fami-
ly, including NLRC3, NLRP12, and NLRX1, func-
tion as suppressors of excessive proinflammatory

signaling through the NFkB pathway, whether it
is the canonical or noncanonical pathway.* These
NLRs bind to signaling molecules of the NFkB
pathway, inhibiting its activity, reducing the pro-
duction of proinflammatory cytokines, and pre-
venting the activation of downstream signaling
pathways. NLRC3 is widely expressed throughout
the body, but it is predominantly found in various
immune system tissues.® It has been shown to in-
hibit the activity of several key pathways, includ-
ing the NFkB, STING, and PI3K-mTOR ones.®’
NLRP12 is expressed in various immune cells, in-
cluding monocytes, dendritic cells, and granulo-
cytes.® NLRP12 can function both as an inflam-
masome and a negative regulator of inflamma-
tion.® NLRX1 is expressed ubiquitously in various
types of tissues. Its primary function is to neg-
atively regulate antiviral immune response by
suppressing multiple inflammatory pathways. '’
So far, there have been no publications report-
ing the AT expression of NLRs in humans after
weight loss. The aim of this study was to analyze
the expression of subcutaneous adipose tissue
(SAT) genes being 3 members of the NLR family,
NLRP12, NLRC3, and NLRX1, before and after di-
etary intervention (DI) in relation to insulin sen-
sitivity in individuals with obesity.

Patients and methods Study group A detailed
study protocol was described in previous pub-
lications.""'? The study involved 28 participants
with marked overweight or obesity (O/0O) (body
mass index [BMI] >28 kg/m? 16 women and 12
men; mean [SD] age, 34.7 [7.4] years). As a control
group, we enlisted 11 participants with normal-
-weight (NW) (BMI <25 kg/m?; 4 women and 7
men; mean [SD] age, 22.5 [1.4] years). All recruit-
ed individuals were nonsmokers, free of CVD,
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dyslipidemia, glucose intolerance / diabetes, hor-
monal dysfunction, hypertension, liver or renal
failure, morbid obesity, neoplasms, or other se-
rious conditions. The study participants did not
use any blood pressure, glucose, hormone, or
lipid-lowering medications. Patients were ineli-
gible if they displayed clinical and/ or laborato-
ry indicators of inflammation or had been using
anti-inflammatory medications within the past 3
months. The participants received clinical exam-
ination and relevant laboratory tests. Their body
weight remained stable for at least 3 months pri-
or to the study. In order to confirm that all par-
ticipants had normal glucose tolerance, an oral
glucose tolerance test was administered. Prior
to the procedures, the participants underwent
a 12-hour overnight fast. The Ethics Commit-
tee of the Medical University of Bialystok ap-
proved the study protocol (R-1-002/28/2011),
and all study participants provided their written
informed consent.

Study protocol The O/O participants embarked
on a 12-week DI program, which involved an in-
dividually tailored low-calorie diet (20 kcal/kg of
ideal body weight, which was evaluated accord-
ing to the Broca formula). The diet consisted of
the following energy sources: 15%-20% protein,
25% fat, and 55%-60% carbohydrates. For each
2-week period, the participants were provided
with instructions for a low-calorie diet along with
a detailed daily menu. Qualified dieticians verified
adherence to the diet and changes in body weight
every 2 weeks. All analyses mentioned below were
conducted both before and after the DI. The NW
controls were assessed solely at baseline. The ini-
tial group consisted of 38 O/O and 20 NW indi-
viduals, but due to insufficient amount of avail-
able tissue, the expression of NLRP12, NLRC3,
and NLRX1 was only measured in 28 O/0O and 11
NW individuals.

Insulin sensitivity measurement The measure-
ment of insulin sensitivity was performed using
the 2-hour hyperinsulinemic-euglycemic clamp.
The M value, representing the rate of whole-body
glucose uptake, was evaluated as the mean glu-
cose infusion rate during the final 40 minutes of
the clamp, adjusted for the glucose space and sub-
sequently divided by fat-free mass (ffm).

Subcutaneous adipose tissue biopsy Using a biopsy
needle under local anesthesia, SAT biopsy was ac-
quired from the umbilical region, as described be-
fore."" The tissue was placed in a stabilization re-
agent (Allprotect Tissue Reagent, Qiagen, Hilden,
Germany) and preserved at -80 °C until analysis.

Biochemical analyses Immediately after collec-
tion, the plasma glucose level was assessed with
a glucose analyzer (YSI 2300 STAT PLUS, Yellow
Springs Instruments, Yellow Springs, Ohio, Unit-
ed States). Serum lipids were measured via colori-
metric assays using an autoanalyzer (Cobas C111,
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Roche Diagnostics, Mannheim, Germany). Serum
concentrations of high-sensitive C-reactive pro-
tein (hs-CRP) were determined using particle-
-enhanced immunonephelometry (Dade Behring,
Marburg, Germany)."!

Analysis of mRNA expression of nuclear factor kB in-
hibitors RNA extraction and subsequent anal-
ysis of gene expression were performed follow-
ing a previously described protocol.' The Turbo
DNA-free Kit (Ambion, Austin, Texas, United
States) was used to isolate RNA. The quantity
and quality of RNA were verified using an Agilent
Technologies 2100 Bioanalyzer and RNA 6000
Nano LabChip kit (Agilent, Santa Clara, Califor-
nia, United States). RNA purity was evaluated us-
ing a NanoDrop spectrophotometer (NanoDrop
2000, Thermo Fisher Scientific Inc., Waltham,
Massachusetts, United States). Reverse tran-
scription was conducted using the QuantiTect
Reverse Transcription kit (Qiagen, Hilden, Ger-
many). Gene expression of the NFkB inhibi-
tors was analyzed with quantitative polymerase
chain reaction using a QuantStudio 6 system
(Thermo Fisher Scientific Inc.) along with spe-
cific assays (NLRC3, Hs01054716_m1; NLRP12,
Hs00536435_m1; NLRX1, Hs00226360_m1) fol-
lowing the manufacturer’s instructions (TagMan
Gene Expression Assays, Thermo Fisher Scientif-
ic). The samples were standardized to the PGK1
gene (Hs99999906_m1), as it exhibited the high-
est level of stability among the housekeeping
genes examined. The relative mRNA expression
was presented as fold-change using the AACt
formula.

Statistical analysis Statistical analysis was car-
ried out using STATISTICA 13.3 software (Stat-
Soft, Krakéw, Poland). Continuous variables are
presented as arithmetic mean (SD) or geometric
mean (geometric SD factor) for variables with-
out normal distribution (gene expression, tri-
glycerides, hs-CRP). The variables without nor-
mal distribution were log-transformed prior to
the analysis and achieved normal distribution.
The data without log transformation are shown
in the Results section. Differences between the 2
groups were evaluated using the unpaired ¢ test.
Analysis of covariance was used to adjust for age
and sex. The paired t test was used for estima-
tion of differences in selected parameters before
and after weight loss. Relations between the vari-
ables were examined with the Pearson product-
-moment correlation analysis. Multiple regres-
sion analysis was performed for adjustment of
the observed relationships for BMI, age, and
sex. For all observed correlations and differenc-
es, the Benjamini-Hochberg correction for multi-
ple comparisons was applied. The level of signifi-
cance was assumed at P value below 0.05.

Results The anthropometric and metabol-
ic variables in NW and O/O individuals pri-
or to the weight loss program are shown in



TABLE 1 Multiple regression analysis results with A insulin sensitivity and postintervention insulin sensitivity as

dependent variables

Variable A insulin sensitivity Variable Postintervention insulin sensitivity
Standardized B P value Standardized B P value

Age 0.2 0.46 Age -0.05 0.82

Sex (M1/F2) -0.11 0.69 Sex (M1/F2) 0.24 0.31

A BMI 0.22 0.3 Postintervention BMI ~ —0.37 0.03

A NLRP12 0.57 0.01 Postintervention 0.42 0.01

logNLRP12

Abbreviations: BMI, body mass index; F, female; M, male

Supplementary material, Table S1. By definition,
0/0 and NW participants showed disparities in
anthropometric markers. The O/O patients dis-
played also lower insulin sensitivity, higher serum
total cholesterol, higher concentrations of serum
hs-CRP, triglycerides, lower high-density lipopro-
tein cholesterol and higher low-density lipopro-
tein cholesterol, and fasting glucose than the NW
controls (Supplementary material, Table SI).

Prior to the DI, the O/O individuals exhibited
lower AT expression of NLRP12 than the NW in-
dividuals (mean [SD], 0.86 [1.78] vs 1.75 [1.62];
P <0.001). The difference remained significant af-
ter adjustment for age and sex (P = 0.03). No sig-
nificant differences were observed in the expres-
sion of NLRC3 (mean [SD], 0.82 [1.97] vs 0.79
[2.19]) and NLRX1 (mean [SD], 0.93 [1.49] vs 0.8
[1.35]) between the groups.

mRNA expression of nuclear factor kB inhibitors before
and after the dietary intervention The DI resulted
in a reduction in body weight (mean [SD], 101.13
[15.68] kg before the DI and 89.4 [14.03] kg after
the DI; A =11.73 kg; P <0.001), improved insulin
sensitivity (mean [SD], 6.09 [2.76] mg/kg,, xmin
before the DI and 8.15 [3.5] mg/kg,. x min after
the DI; A = 2.06 mg/kg, _xmin; P = 0.002), and
reduced concentration of hs-CRP (mean [SD], 1.07
[2.55] mg/]1 before the DI and 0.7 [2.06] mg/1 af-
ter the DI; A = 0.37 mg/1; P <0.001).

In the post-DI group, we detected increased
expression of NLRP12 (mean [SD], 0.86 [1.78] vs
1.63 [1.69]; A = 0.77; P <0.001), as compared with
the O/0 group before the DI. SAT NLRP12 expres-
sion also increased in men and women analyzed
separately (mean [SD], 0.89 [1.69] vs 1.51 [1.74];
P =0.04 for men and 0.83 [1.87] vs 1.73 [1.67];
P <0.001 for women). The expression of NLRC3
(mean [SD], 0.82 [1.97] vs 0.9 [1.81]; P = 0.92)
and NLRX1 (mean [SD], 0.93 [1.49] vs 0.9 [1.29];
P =0.16) did not change after the DI.

Correlations of NLR12 mRNA expression with meta-
bolic and anthropometric markers in normal weight
and overweight/obese groups Before the DI pro-
gram, there was no correlation between NFkB in-
hibitors and metabolic and anthropometric pa-
rameters with hs-CRP. Following the weight loss,
the change in SAT NLRPI2 expression was neg-
atively related to the changes in body mass and
BMI (r = -0.49; P = 0.009 and r = -0.49; P = 0.007,

respectively). The change in the SAT NLRP12 ex-
pression was also related to a concurrent change
in insulin sensitivity (r = 0.48; P = 0.009). After
the DI, the SAT expression of logNLRP12 was re-
lated to values of insulin sensitivity (r = 0.48;
P = 0.009). The multiple regression analysis
showed a correlation between the postinterven-
tion expression of logNLRPI2 and postinterven-
tion insulin sensitivity after DI that was inde-
pendent from postintervention BMI, age, and
sex (TABLE 1). The correlation between the chang-
es in the NLRPI2 expression and the changes in
insulin sensitivity after the DI was independent
from the changes in BMI, age, and sex (TABLE 1).

Discussion  Our study showed a decrease in SAT
expression of NLRPI2 in O/O individuals, which
was partially reversed by the DI. The expression
of NLRP12 correlated with insulin sensitivity af-
ter the weight loss program. We did not observe
significant changes in the expression of other
NFkB inhibitors (NLRC3, NLRX1). To the best of
our knowledge, this is the first study to report
AT expression of NLR receptors involved in regu-
lating inflammation in humans after weight loss.

There was a significant increase in SAT expres-
sion of NLRP12 after the DI. The data presented
here suggest that the decrease in NLRPI2 expres-
sion can be partly reversed by diet-induced weight
loss. The increase in NLRP12 expression suggests
that weight loss has a positive effect on this par-
ticular gene. This could imply that NLPR12 plays
a role in metabolic processes affected by weight.
In 2018, Truax et al'® found that obesity is as-
sociated with decreased expression of Nlrpl2 in
murine AT. Nirpl2 was shown to mitigate the im-
pact of high-fat diet on inflammation and obesity
through its influence on gut microbiota. Mouse
mutants deprived of Nlrpl2 exhibited a greater
weight gain and higher rate of AT inflammation.

The source of NLRP12 in AT may be immune
cells, as NLRP12 is expressed in dendritic cells and
macrophages, which regulate local inflammation.
In the conditions such as obesity, adipocytes can
undergo a transition to a proinflammatory state.
This change also contributes to the proinflamma-
tory state in AT.

In our experiment, we also observed a corre-
lation between SAT NLRPI2 expression and in-
sulin sensitivity after weight loss. A lack of cor-
relation between the expression of NLRP12 and
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concentrations of hs-CRP, a well-established
biomarker of inflammation, may suggest that
the mechanism in which NLRPI2 affects insulin
sensitivity operates independently of system-
ic inflammation. In previous research, our team
assessed the effect of weight loss on insulin sen-
sitivity and the SAT expression of genes associ-
ated with inflammation in patients with obesity.
We found that the increase in insulin sensitivity
resulting from weight loss was not accompanied
by reduction in SAT inflammation.’ The increased
SAT expression of NLRP12 may be an early change
associated with local anti-inflammatory reaction.

We did not find any effect of weight loss on
the expression of NLRC3. Additionally, there was
no correlation between the expression of NLRC3
and BMI or body mass. In multiple studies, short
nuclear polymorphisms in the NLRC3 gene have
been associated with an increased risk of obesity
and higher BMI."*-"¢ Although the expression of
NLRC3 was not found to be connected with chang-
es in insulin sensitivity, NLRC3 is known to affect
mTOR signaling, which can disrupt cellular me-
tabolism, potentially leading to development of
insulin resistance and obesity-related diseases."®

Similarly to NLRC3, the expression of NLRX1
was unaffected by the weight loss program. It was
also unrelated to BMI, body mass, or insulin re-
sistance. In other publications, mice lacking the
Nlrx1 gene were partially protected from hyper-
glycemia induced by a high-fat diet, suggesting
that NlrxI might be involved in obesity-related
conditions."?

The lack of change in the expression of NLRX1
and NLRC3 suggests that their functions may not
be directly involved in the pathways affected by
weight loss and insulin sensitivity. It is impor-
tant to consider limitations of the experimental
model, specific functions of the proteins encod-
ed by these genes, and diverse responses of dif-
ferent proteins to weight loss when interpreting
our results. Future research should aim to further
clarify the role of NLRX1 and NLRC3 in insulin
sensitivity, potentially exploring different mod-
els and experimental conditions to gain a better
understanding of their functions in the context
of metabolic health and weight loss.

The limitations of our study include inability to
measure SAT protein expression. There was also
a disparity in the age of NW and O/O individu-
als. Age and sex may potentially confound the re-
sults. However, it is noteworthy that all the ob-
served differences between the groups remained
significant after adjusting for age and sex. Anoth-
er limitation of this study is the inability to es-
tablish causality.

In conclusion, our data suggest that weight
loss leads to a change in SAT NLRP12 expression,
which is associated with an increase in insulin
sensitivity. The mechanism behind this effect
could be associated with the anti-inflammatory
activity of NLRP12. NLRP12 could be a potential
target for treatment of obesity and associated
metabolic disorders.
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