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Abstract
Background  IL-2 regulates T cell differentiation: low-dose IL-2 induces immunoregulatory Treg differentiation, while 
high-dose IL-2 acts as a potent activator of cytotoxic T cells and NK cells. Therefore, high-dose IL-2 has been studied 
for use in cancer immunotherapy. We aimed to utilize low-dose IL-2 to treat inflammatory diseases such as obesity 
and insulin resistance, which involve low-grade chronic inflammation.

Main body  Systemic administration of low-dose IL-2 increased Treg cells and decreased inflammation in gonadal 
white adipose tissue (gWAT), leading to improved insulin sensitivity in high-fat diet-fed obese mice. Additionally, 
central administration of IL-2 significantly enhanced insulin sensitivity through the activation of the sympathetic 
nervous system. The sympathetic signaling induced by central IL-2 administration not only decreased interferon 
γ (IFNγ) + Th1 cells and the expression of pro-inflammatory cytokines, including Il-1β,  Il-6,  and Il-8, but also 
increased CD4 + CD25 + FoxP3 + Treg cells and Tgfβ expression in the gWAT of obese mice. These phenomena 
were accompanied by hypothalamic microgliosis and activation of pro-opiomelanocortin neurons. Furthermore, 
sympathetic denervation in gWAT reversed the enhanced insulin sensitivity and immune cell polarization induced by 
central IL-2 administration.

Conclusion  Overall, we demonstrated that IL-2 improves insulin sensitivity through two mechanisms: direct action 
on CD4 + T cells and via the neuro-immune axis triggered by hypothalamic microgliosis.

Keywords  Interleukin-2, Insulin resistance, Adipose tissue inflammation, Sympathetic nervous system, Hypothalamic 
microglia, Pro-opiomelanocortin (POMC) neurons
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Introduction
IL-2 was first introduced as a ‘T-cell growth factor’ in 
1976 [1], and its use has since been applied in cancer 
immunotherapy [2]. Several clinical studies demonstrated 
that IL-2 therapy displayed tumor-preventing character-
istics, where IL-2 administration results in prominent 
regression of metastatic cancers [3, 4]. Based on these 
results, IL-2 was granted US Food and Drug Administra-
tion approval for metastatic cancer treatment in 1992 [5]. 
However, owing to the potential toxicity of IL-2 in induc-
ing vascular leak syndrome (VLS), its immunotherapeu-
tic application has been limited to eligible patients with 
cancer [6, 7]. Another challenge in using IL-2 in cancer 
therapy is that IL-2 stimulates both cytotoxic cells, such 
as natural killer (NK) cells and effector T cells, as well 
as immunosuppressive cells, such as regulatory T (Treg) 
cells, indicating its dual functional properties [8].

The ‘dual functional property’ of IL-2 on the immune 
response depends on the combination of IL-2 recep-
tor (IL-2R) chains [9, 10]. IL-2R is composed of three 
chains, including IL-2Rα (CD25), IL-2Rβ (CD122), and 
IL-2Rγ (CD132). Each chain constitutes a part of IL-2R 
and directly binds to IL-2 with different affinities depend-
ing on the combination of chains (α, βγ, and αβγ). For 
instance, low- and high-dose IL-2 lead to immunosup-
pression, preferentially activating IL-2Rαβγ expressed 
in Treg cells (CD4 + CD25 + Foxp3+) with high affinity. 
However, high-dose IL-2 triggers a cytotoxic reaction 
that activates IL-2Rβγ expressed in NK cells, memory 
T cells, and effector T cells with low or intermediate 
affinities [9]. The limitation of IL-2 therapy, resulting in 
unwanted outcomes, is associated with these differential 
interactions between IL-2 and IL-2R subunits.

Some studies have used low-dose IL-2 to ameliorate 
inflammation due to its immunoregulatory properties 
[11–13]. Short-term (5 days or 10 days) administration 
of low-dose IL-2 promoted Treg cell survival and sup-
pressed interferon γ (IFNγ) production in pancreatic T 
cells in nonobese diabetic (NOD) mice [12]. Clinical data 
showed that combination therapy of low-dose IL-2 with 
exogenous Treg cells for 5 consecutive days resulted in 
enhanced Treg survival and expansion [14]. However, 
no evidence has been reported regarding whether or 
how low-dose IL-2 attenuates obesity-associated meta-
bolic disorders such as glucose intolerance or insulin 
resistance.

The hypothalamus plays a central role in regulating 
food intake and energy metabolism [15]. Hypothalamic 
neurons, such as pro-opiomelanocortin (POMC) and 
agouti-related protein (AgRP) neurons, complementa-
rily regulate metabolic homeostasis in the body [15]. The 
activity of these neurons can be altered by the activation 
of neighboring glial cells such as astrocytes, microglia, 
or bone marrow-derived macrophages [16, 17]. Chronic 

microglial activation induces metabolic complications, 
such as hyperphagia-induced obesity, glucose intoler-
ance, and insulin resistance, by interfering with the activ-
ity of POMC neurons [16, 18, 19]. However, other studies 
have shown that microglial activation activates POMC 
neurons, leading to anorexia and weight loss by suppress-
ing the inhibitory synapse of POMC neurons [20, 21]. 
These conflicting results suggest that further studies are 
required to explore the role of hypothalamic microglial 
activation in the development of obesity and metabolic 
disorders.

In this study, we examined the metabolic effects of IL-2 
in high-fat diet (HFD)-fed obese mice (DIO mice) and 
changes in immune cell polarization in gonadal white adi-
pose tissue (gWAT). Moreover, we investigated whether 
this mechanism could be initiated by hypothalamic neu-
rons or glial cells, emphasizing a neuro-immune axis cen-
tered around the hypothalamus.

Materials and methods
Mice
Seven-week-old C57BL/6J male mice were purchased 
from DBL (Chungbuk, South Korea). Seven-week-old 
mice underwent at least a one-week acclimation period 
and were then independently housed in a tempera-
ture-controlled room (22 ± 1  °C) with a 12  h light-dark 
cycle (lights on 8 a.m.). Mice were given free access to 
water and either a chow diet (CD) (Cargil Agri Purina, 
#EEGJ30060) or a 60% HFD (Research Diet, #D12492). 
Body weight and food intake were measured daily 
between 9:00 and 10:00 a.m. throughout the experimen-
tal period. All experimental procedures were approved 
by the Institutional Animal Care and Use Committee 
(IACUC) of Hallym University (Hallym R1 #2022-72).

Drug administration and experimental design
To investigate the effects of IL-2 on body weight, food 
intake, and systemic metabolism in HFD-fed mice, 
recombinant IL-2 (PeproTech, #200-02) was adminis-
tered intraperitoneally (IP) at the concentrations indi-
cated in each figure. To examine the systemic effects of 
IL-2, HFD-fed mice for 2 weeks were treated with IL-2 
IP for 12 days. The study included three groups: vehicle 
(n = 5), low-dose IL-2 (n = 5), and high-dose IL-2 (n = 5). 
Low-dose IL-2 was administered at 1,000 IU/day, while 
high-dose IL-2 was administered at 100,000 IU/day, as 
indicated by previous studies [22]. Body weight and food 
intake were measured daily throughout the study period. 
The glucose tolerance test (GTT) and insulin tolerance 
test (ITT) were conducted twice, on the 5th and 9th days 
after the first administration. Twelve days after injection, 
the mice were sacrificed, and cardiac perfusion for his-
tological and flow cytometry (FACS) analyses was per-
formed. To examine the metabolic effects of lower IL-2 
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doses, including 10 IU and 100 IU, mice were divided 
into three groups: vehicle (n = 4), 10 IU IL-2 (n = 5), and 
100 IU IL-2 (n = 5). Body weight, food intake, ITT, and 
FACS analysis were performed at the same time points as 
described above. To investigate the central effects of IL-2, 
the mice were divided into three groups: vehicle (n = 4), 1 
IU IL-2 (n = 4 for FACS analysis, n = 5 for metabolic analy-
sis), and 10 IU IL-2 (n = 5). Mice underwent stereotaxic 
cannulation followed by intracerebroventricular (ICV) 
administration of IL-2 at doses of 1 and 10 IU/day. Body 
weight and food intake were measured for 10 days, and 
GTT and ITT were performed on the 4th and 8th days. 
Mice were sacrificed on the 10th day post-administration 
for histological and FACS analysis. For the pair-feeding 
study, six mice were centrally administered IL-2, while 
five pair-fed mice received the same amount of food 
consumed by the IL-2 group over the previous 24 h, and 
were administered vehicle. Body weight, food intake, 
ITT, histological analysis of brown adipose tissue (BAT) 
and inguinal white adipose tissue (iWAT), and FACS 
analysis were conducted on the indicated days. To con-
firm whether IL-2 administered via IP crosses the blood-
brain barrier and enters the hypothalamus, biotinylated 
IL-2 (Acro Biosystems, #IP2-H82E4) was administered 
intraperitoneally. The experimental procedures followed 
a previous report [23]. Three hours after biotinylated 
IL-2 administration, the mouse brains were collected, 
sectioned, and stained with PE-conjugated Streptavi-
din (Acro Biosystems, #STN-NP119). To investigate the 
role of the sympathetic nervous system (SNS), six mice 
were assigned to the control group, and seven mice were 
assigned to the sympathetic denervation group. Sympa-
thetic denervation was performed using 6-hydroxydo-
pamine (6-OHDA) (10 mg/mL, Sigma, #4381) dissolved 
in 1% ascorbic acid (AA) (Sigma, #A4403). 1% AA or 
6-OHDA was injected into the gWAT fat pad using a 
Hamilton syringe (Hamilton Company, #87930) on the 
same day as cannulation.

Metabolic phenotyping
For the Oral Glucose Tolerance Test (OGTT), glucose 
(1  g/kg, Sigma, #G8270) was orally administered fol-
lowing an overnight fast. For the Intraperitoneal Insu-
lin Tolerance Test (IPITT), insulin (Humulin-R® 0.25 U/
kg, Eli Lilly, #170131BIJ) was injected intraperitoneally 
into the mice following an overnight fast. Blood samples 
were collected from the tail vein at indicated timepoints 
after glucose or insulin injection, and glucose levels were 
measured using a glucometer (ACCU-CHEK®, Aviva Plus 
System). To assess insulin sensitivity in peripheral tissues, 
mice were injected with insulin (0.25 U/kg) into the peri-
toneal cavity, and tissues were quickly obtained 10  min 
later. Insulin sensitivity was analyzed by calculating 

the ratio of phosphorylated AKT (pAKT) to total AKT 
(tAKT) protein levels.

Flow cytometry analysis
gWATs were collected from mice, then dissected and 
converted into single cells by chopping and digestion 
using an Adipose Tissue Dissociation Kit (Milteny Bio-
tec, #130-105-808) and a gentleMACS Octo Dissocia-
tor with Heaters (Milteny Biotec, #130-096-427). The 
stromal vascular cell (SVC) fractions were obtained by 
separating them from red blood cells (RBCs) using ACK 
(Ammonium-Chloride-Potassium) lysis buffer (NH4Cl, 
KHCO, and EDTA). For transcription factor staining, 
SVCs were incubated in Iscove’s modified Dulbecco’s 
medium (IMDM) (10%FBS, 1%P/S) treated with PMA 
(Sigma-Aldrich, #P8139), ionomycin (Sigma-Aldrich, 
#I0634), and Golgi stop (BD Bioscience, #554724) for 
6  h, followed by staining with the relevant antibodies. 
The SVCs were incubated for 30 min in FACS wash buf-
fer (1%FBS, 2mM EDTA, and 0.05% NaN3) containing an 
Fc blocker (BD Bioscience, #553142) and 7-AAD (1:62.5, 
Invitrogen, #A1310). After washing with FACS wash buf-
fer, the SVCs were incubated with a transcription factor 
staining buffer kit (Invitrogen, #00-5523-00) for 30  min 
to analyze the CD4 + T cells. The SVCs were treated for 
30  min in ‘Antibody cocktail 1’ against CD4 (1:250, BD 
Pharmingen, #553046), FoxP3 (1:62.5, Invitrogen, #12-
4771-82), IFNγ (1:250, BD Pharmingen, #554413), T 
cell receptor β (TCRβ) (1:125, Invitrogen, #47-5961-82), 
CD25 (1:500, BD Horizon, #562606), and CD45 (1:250, 
BioLegend, #103151). To analyze adipose tissue macro-
phages (ATMs), SVCs were fixed in paraformaldehyde 
(PFA) (Tech&Innovation, #BPP-9004) for 10  min. After 
washing with FACS wash buffer, SVCs were permeabi-
lized with saponin buffer (Sigma-Aldrich, #47036, 0.2% in 
FACS wash buffer) for 10 min at room temperature (RT). 
The SVCs were treated for 30  min in ‘Antibody cock-
tail 2’ against CD11b (1:250, BD Pharmingen, #557396), 
CD11c (1:250, Invitrogen, #12-0114-81), Ly6G (1:167, 
BD Pharmingen, #560601), CD206 (1:250, BD Pharmin-
gen, #565250), I-A/I-E (1:500, eBioscience, #47-5321-
82), F4/80 (1:100, BD Horizon, #563900), and CD45 
(1:250, BioLegend, #103151). To analyze T and B cells, 
the SVCs were incubated for 30 min in ‘Antibody cock-
tail 3’ against CD11b (1:250, BD Pharmingen, #557396), 
Ly-6  C (1:832.5, eBioscience, #12-5932-80), 7-AAD 
(1:62.5, Invitrogen, #A1310), Ly-6G (1:167.5, BD Biosci-
ences, #560601), CD5 (1:500, eScicence, #17-0051-81), 
B220 (1:250, eScicence, #47-0452-80), CD45 (1:250, Bio-
Legend, #103151) and Fc-blocker (1:50, BD Bioscicence, 
#553142). To analyze CD4 + and CD8 + T cells, the SVCs 
were incubated for 30 min in ‘Antibody cocktail 4’ against 
CD44 (1:250, BD Biosciences, #561859), 7-AAD (1:62.5, 
Invitrogen, #A1310), CD62L (1:2500, BD Biosciences, 
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#560516), CD4 (1:250, BD Biosciences, #553051), TCRβ 
(1:125, eScicence, #47-5961-82), CD45 (1:250, BioLe-
gend, #103151), and Fc-blocker (1:50, BD Bioscicence, 
#553142). All samples were measured using the FACS-
CantoII instrument (BD Biosciences) and analyzed using 
FlowJo software (Ver. 10.8).

Quantitative PCR analysis
To measure mRNA expression, total RNA was extracted 
from tissue samples using the TRIzol reagent (Thermo 
Fisher, #15596018). Subsequently, cDNA synthesis was 
performed, and quantitative PCR was conducted using 
the SYBR green premix (BIONEER, #K-6253) and prim-
ers (Scad, Perilipin, Atgl, Hsl, Il-2rα, Il-2rβ, Il-2rγ, Il-
1β, Il-6, Il-8, Tnfα, Il-4, Il-10, Tgfβ, Adrb2, and Adrb3) 
detailed in Table S1. The quantitative analysis was con-
ducted using the ∆∆CT method, with mRNA expression 
levels normalized to glyceraldehyde 3-phosphate dehy-
drogenase (Gapdh).

Cannulation and intracerebroventricular injection
Stereotaxic surgery was performed on C57BL/6J male 
mice aged over 8 weeks under anesthesia with isoflurane 
(Hana Pharm Co., Ltd.). To induce anesthesia, the mice 
were placed in a chamber with 2% isoflurane for 2–3 min. 
During the stereotaxic surgery, isoflurane was continu-
ously administered at a concentration of 1.5% or less 
through the respiratory system. 26-gauge stainless steel 
guide cannulas (P1 Technologies, #C313G/SPC) were 
implanted into the lateral ventricle of the mice at ste-
reotaxic coordinates of 0.6 mm caudal to bregma, 1 mm 
right to the sagittal sinus, and 2.0 mm ventral to the sag-
ittal sinus. The guide cannula was fixed to the skull using 
dental cement (Vertex Resin Self-Curing; Dentimax BV., 
Netherlands). Throughout the procedure, a dummy can-
nula (P1 Technologies, #C313DC/SPC) was inserted into 
the guide cannula, except during drug injections, which 
were administered via the internal cannula (P1 Technolo-
gies, #C313I/SPC). To verify proper cannula placement, 
each mouse received 50 ng of angiotensin-2 (Sigma, 
#A9525) after a recovery period of 7 days. All solutions or 
drugs used in this study were delivered at a rate of 5 µg/
min using a Harvard apparatus (#70-2000) with a dose 
volume of 2 µL.

Western blotting
Adipose tissues were lysed in radio-immunoprecipitation 
assay buffer (Biosesang, #RC2002-050-00) containing 
protease inhibitors (GenDEPOT, #P3100) and phospha-
tase inhibitors (GenDEPOT, #P3200). The lysates were 
centrifuged at 13,000 rpm for 30 min at 4 °C. Protein sam-
ples were separated on a 12% SDS-PAGE gel and trans-
ferred onto a PVDF membrane (Millipore, #IPVH00010). 
The membranes were blocked for 1  h in 3% skim milk 

(Carl Roth, #T145.1) in 1X TBST buffer (Tween 20, Tris, 
and NaCl). Subsequently, membranes were incubated 
overnight at 4 °C with primary antibodies against pAKT 
(1:1000, Cell signaling, #9271), AKT (1:1000, Cell sig-
naling, #9272), Uncoupling Protein-1 (UCP-1) (1:1000, 
Santa Cruz, #sc-293418), Tyrosine Hydroxylase (TH) 
(1:1000, Abcam, #AB137869) and α-tubulin (1:3000, 
Cell signaling, #3873). After washing with 1X TBST buf-
fer, the membranes were incubated with anti-rabbit IgG, 
horseradish peroxidase (HRP)-linked antibody (1:1000, 
Cell Signaling, #7074), and anti-mouse IgG, HRP-linked 
antibody (1:1000, Cell Signaling, #7076) at RT for 1  h. 
Proteins were visualized using a chemiluminescence 
imaging system (GE Healthcare, ImageQuant LAS 500). 
Quantification of the protein bands was conducted using 
ImageJ (Ver. 1.8.0).

ELISA
To measure circulating corticosterone levels, blood sam-
ples were collected and incubated at RT for 2 h following 
the manufacturer’s instructions. The samples were then 
centrifuged at 4  °C, 2,000 g for 20 min. Serum corticos-
terone levels were determined using a corticosterone 
ELISA kit (Abcam, #ab108821). To measure norepineph-
rine (NE) levels, gWAT tissues were collected from mice 
at 0 and 30  min after central IL-2 administration. NE 
levels in gWAT were measured using an NE ELISA Kit 
(Abcam, #ab287789). To examine cAMP levels in gWAT, 
tissue samples were collected at 0 and 30 min post-IL-2 
administration, and cAMP levels were determined using 
a cAMP ELISA kit (ENZO, #ADI-900-067). All proce-
dures were conducted according to the manufacturers’ 
protocols, and optical densities were measured using a 
NanoQuant (TECAN, Infinite M200 Pro).

Immunostaining
For cardiac perfusion, all the mice were anesthetized with 
isoflurane. For tissue fixation, the mice were transcardi-
ally perfused with 50 mL of pre-cooled saline and 50 mL 
of pre-cooled 4% paraformaldehyde (PFA). The mouse 
brains were collected and post-fixed with 4% PFA for 
16 h at 4  °C. For dehydration, the brains were placed in 
a 30% sucrose solution for 48 h at 4  °C. After the brain 
sink, the hypothalamic slices were obtained by section-
ing coronally every 40 μm using a cryostat (Leica, Wet-
zlar, Germany). For hypothalamic microglia staining, 
the brain slices were permeabilized with PBS containing 
0.5% Triton X-100 (0.5% PBST) at RT for 5  min. Then, 
they were blocked with 3% donkey serum in 0.1% PBST 
at RT for 1  h. The hypothalamic slices were incubated 
with anti-mouse Iba1 antibody (1:400, Abcam, #ab5076) 
in a blocking solution at 4 °C for 16 h. After washing with 
1X PBS, the sections were incubated with an appropri-
ate Alexa-Fluor secondary antibody diluted 1:1000 at RT 



Page 5 of 17Moon et al. Journal of Neuroinflammation          (2024) 21:250 

for 1 h. For POMC-cFos double staining, the brain slices 
were blocked with 3% bovine serum albumin (BSA) in 
0.5% PBST at RT for 1 h. The slices were incubated with 
antibodies against anti-mouse cFos (1:1000, Synaptic 
Systems, #226003) at 4  °C for 16  h. After washing with 
1X PBS, the slices were incubated with the Alexa-Fluor 
555 secondary antibody (1:1000, Invitrogen, #A31572) 
at RT for 1  h. The slides were then permeabilized with 
0.5% PBST at RT for 5 min. Then they were blocked again 
with 3% BSA in a 0.5% PBST solution at RT for 1 h. After 
which, they were incubated with an antibody against 
anti-mouse β-endorphin antibody (1:1000, Phoenix Phar-
maceuticals, #H-022-33) in the blocking solution at 4 °C 
for 16 h. Subsequently, the sections were incubated with 
the Alexa-Fluor 488 secondary antibody (1:1000, Invi-
trogen, #A21206). For microglia-POMC double stain-
ing, slides that had undergone Iba1 staining were then 
blocked with 3% BSA in 0.5% PBST solution and incu-
bated with β-endorphin antibody in the blocking solution 
at 4  °C for 16  h. After washing with 1X PBS, the slides 
were incubated with the appropriate Alexa-Fluor second-
ary antibody. For microglia-IL-2R double staining, slides 
were permeabilized in 0.5% PBST for 5 min, then blocked 
with 5% horse serum in 0.5% PBST at RT for 1 h. Slides 
were incubated at 4  °C for 16  h with blocking solution 
containing anti-mouse IL-2Rα (1:200, Santa Cruz, #sc-
393326; Epitope: amino acids 23–49 at the N-terminus) 
or anti-mouse IL-2Rβ (1:200, Santa Cruz, #sc-166427; 
Epitope: amino acids 502–533 near the C-terminus) or 
anti-mouse IL-2Rγ (1:200, Santa Cruz, #sc-271060; Epi-
tope: amino acids 342–369 near the C-terminus) anti-
bodies, respectively. Then the slides were conducted 
with the appropriate Alexa-Fluor secondary antibody at 
RT for 1 h. The subsequent Iba1 staining was performed 
as described above. For biotinylated IL-2 staining, brain 
slices from mice injected with biotinylated IL-2 were 
incubated with PE-conjugated Streptavidin (1:1,000) for 
2  h at RT. Immunofluorescence images were captured 
using a confocal microscope (Carl Zeiss, #710) and a flu-
orescence microscope (Carl Zeiss, #430035-9061-00).

Hematoxylin & Eosin staining
To analyze the adipocyte sizes in BAT, iWAT, and gWAT, 
were harvested and fixed in pre-cooled 4% PFA. The adi-
pose tissues were processed in ethanol and xylene using 
an automatic benchtop tissue processor (Leica, TP1020) 
and embedded in paraffin using a paraffin embedding 
station (Leica, EG1150). The samples were sectioned 
using a Rotary Microtome (Leica, RM2255). To stain 
the nuclei and cytoplasm of adipocytes, the slices were 
immersed in xylene (Reagents DUKSAN, #UN1307) for 
15 min, followed by a series of ethanol solutions (100%, 
95%, 90%, 80%, and 70%) for 5 min each. The slices were 
then stained with hematoxylin (Cancer Diagnostics, Inc., 

#SH3777) and eosin (BBC Biochemical, #3610) for 5 min 
each. The sections were dehydrated through a graded 
series of ethanol solutions (70%, 80%, 90%, 95%, and 
100%) for 5 min each. Finally, the sections were exposed 
to xylene for 10  min. Images were captured using a 
microscope (Nikon, ECLIPSE Ni-U), and the adipocyte 
sizes were analyzed using Fiji software (Ver. 2.15.1).

Statistical analysis
The data are presented as the mean ± standard error of 
the mean (SEM). Statistical analyses were performed 
using Prism software (GraphPad, Ver. 10.2.2). Group 
differences were evaluated using one-way, two-way, or 
repeated-measures ANOVA, followed by post-hoc least 
significant difference tests or unpaired two-sided Stu-
dent’s t-tests. Statistical significance was set at p < 0.05.

Results
Systemic administration of low-dose IL-2 improved insulin 
sensitivity in obese mice
An HFD induces systemic low-grade inflammation, lead-
ing to metabolic disorders such as glucose intolerance 
and insulin resistance [24]. Given that low-dose IL-2 has 
anti-inflammatory effects by regulating T cell differen-
tiation [9], we hypothesized that low-dose IL-2 admin-
istration could ameliorate HFD-induced inflammatory 
metabolic disorders. To verify this hypothesis, intraperi-
toneal low-dose IL-2 (1,000 IU/day) or high-dose IL-2 
(100,000 IU/day) was administered to HFD-fed C57BL/6J 
male mice (Fig. 1A). The IL-2 doses were based on pre-
vious studies [25]. Either low-dose IL-2 or high-dose 
IL-2 was administered for 12 days, during which no dif-
ferences were observed in body weight, food intake, 
or glucose tolerance compared to the control group 
(Fig. 1B-D). However, insulin sensitivity was significantly 
improved by low-dose IL-2 administration, but not by 
high-dose IL-2 administration compared to the control 
group (Fig.  1E). To determine the minimal dose of IL-2 
needed to enhance insulin sensitivity, lower doses of IL-2 
(10 IU/day and 100 IU/day) were administered (Fig. S1A). 
Compared to the vehicle group, neither dose significantly 
affected body weight, food intake, or insulin sensitivity 
(Fig. S1B-D). These results suggest that at least 1,000 IU/
day of IL-2 is required to improve insulin sensitivity in 
DIO mice.

Next, we examined how low-dose IL-2 (1,000 IU/
day) improves insulin sensitivity. Since inflamma-
tion in visceral white adipose tissue, but not in inguinal 
white adipose tissue, is closely associated with systemic 
insulin resistance [26], we conducted flow cytometry 
(FACS) analysis of gWAT after vehicle or low-dose IL-2 
administration. We examined the changes in the polar-
ization of CD4 + T cells and ATMs, which are known 
to be associated with adipose tissue insulin sensitivity 
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[27–29]. The gating strategies regarding these cells 
are presented in Fig. S2A and S2B. The results showed 
that low-dose IL-2 significantly increased the popu-
lation of CD4 + CD25 + FoxP3 + Treg cells (Fig.  1G). 

However, the percentage of IFNγ + Th1 cells and the 
polarization of ATMs (CD11c + CD206- M1-like ATM 
and CD11c- CD206 + M2-like ATM) were unaltered 
by low-dose IL-2 administration compared to those in 

Fig. 1  Systemic IL-2 administration improved insulin sensitivity in HFD-induced obese mice. A. Illustration of systemic IL-2 administration and the experi-
mental timeline. B and C. Changes in body weight and food intake during intraperitoneal injection of vehicle or IL-2. The arrows indicate the time points 
of metabolic analysis (n = 5). D and E. Glucose and insulin tolerance tests were performed on the 5th and 9th day after the first vehicle or IL-2 administra-
tion (n = 5) F and G. Flow cytometry analysis of Th1 cells (CD45 + TCRβ + CD4 + IFNγ+) and Treg cells (CD45 + TCRβ + CD4 + CD25 + FoxP3+) in gWATs of 
vehicle and IL-2 [1,000 IU] groups (n = 5) H. Comparison of mRNA expressions of inflammation-related genes, including Il-1β, Il-6, Il-8, Tnfα, Il-4, Il-10, and 
Tgfβ (n = 5) Results are presented as mean ± SEM. Statistical analyses were performed using one-sided two-way ANOVA (B, C, D [left], E [left]), one-sided 
one-way ANOVA (D [right], E [right]), and two-sided Student’s t-test (F, G, H). *p < 0.05, **p < 0.01, and ***p < 0.001 between the indicated groups. NS, not 
significant
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Fig. 2 (See legend on next page.)
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the vehicle-administered group (Fig.  1F and Fig. S3). In 
addition, although lower doses of IL-2 (10 IU/day and 
100 IU/day) did not significantly affect Th1 and Treg 
cell polarization in gWAT, the 100 IU IL-2 dose showed 
a trend toward increasing Treg cells (Fig. S4A, B). Next, 
we evaluated mRNA expression levels of pro-inflamma-
tory cytokines such as Il-1β, Il-6, Il-8, and Tnfα, as well as 
anti-inflammatory cytokines like Il-4, Il-10, and Tgfβ in 
gWAT from mice administered 1,000 IU IL-2 daily. Anti-
inflammatory cytokines Il-4 and Il-10 were significantly 
upregulated, while pro-inflammatory cytokine levels and 
Tgfβ remained unchanged (Fig. 1H). These findings sug-
gest that low-dose IL-2 exerts anti-inflammatory effects 
by promoting Treg cell differentiation and enhancing the 
expression of anti-inflammatory cytokines in gWAT.

Central IL-2 administration improved insulin sensitiv-
ity in HFD-fed obese mice.

The hypothalamus controls appetite and energy 
metabolism in the body [30]. Inflammation of the hypo-
thalamus is closely associated with metabolic disorders, 
including insulin resistance [17]. Cumulative evidence 
suggests that reducing hypothalamic inflammation 
improves insulin sensitivity in mice with diet-induced 
obesity and diabetes [19, 31, 32]. We examined whether 
IL-2-induced increases in insulin sensitivity occurred 
through hypothalamic regulation. To examine this, 1 
and 10 IU/day of IL-2 were centrally administered, and 
body weight, food intake, glucose metabolism, and insu-
lin metabolism were examined (Fig.  2A). Notably, cen-
tral administration of IL-2 dramatically improved insulin 
sensitivity in HFD-fed obese mice, along with weight loss 
and appetite suppression (Fig.  2B-E). We observed that 
weight loss induced by central IL-2 administration was 
due to reduced adipocyte size in BAT and iWAT (Fig. 
S5A). Central IL-2 administration significantly increased 
the expression of lipolysis-related genes, such as Scad 
and Atgl in iWAT, and Perilipin in BAT (Fig. S5B). Addi-
tionally, UCP-1 protein levels and mRNA expression of 
adrenergic receptors, including β2-adrenergic receptor 
(Adrb2) and β3-adrenergic receptor (Adrb3), indicating 
that IL-2 promotes sympathetic activation, lipolysis, and 
thermogenesis (Fig. S5C, D). However, in gWAT, central 
IL-2 administration did not significantly reduce adipo-
cyte size, nor did it affect the expression of lipolysis- and 

thermogenesis-related genes or adrenergic receptors 
(Fig. S5A, B, D). Instead, central IL-2 administration sig-
nificantly enhanced insulin-induced pAKT/tAKT levels 
in gWAT, but not in BAT or iWAT (Fig. 2F and Fig. S6). 
These results suggest that central IL-2 administration has 
distinct effects depending on the type of adipose tissue.

Recent studies indicated that sympathetic effer-
ent signals originating from the central nervous sys-
tem contribute to the polarization of immune cells in 
peripheral tissues [33]. To investigate the cause of the 
central IL-2-induced improvement in insulin sensi-
tivity, we conducted FACS analysis of gWAT. Nota-
bly, central IL-2 administration significantly increased 
CD25 + FoxP3 + Treg cells and decreased IFNγ + Th1 
cells. However, the polarization of ATMs, as well as 
the percentage of B cells, T cells, myeloid cells, mono-
cytes, neutrophils, CD4 T cells, CD8 T cells, CD4 + cen-
tral memory T (TCM) cells, CD8 + effector memory 
T (TEM) cells, CD8 + TCM cells, and CD8 + naïve T 
cells, remained unchanged (Fig.  2G, H and Fig. S7A, 
D-I). However, a decrease in CD4 + TEM cells and an 
increase in CD4 + naïve T cells were observed, indicat-
ing that CD4 + T cells may be most affected by central 
IL-2 administration (Fig. S7H). The related gating strat-
egies are shown in Fig. S7B and S7C. We next assessed 
the mRNA expression levels of inflammatory cytokines 
in the gWAT of mice administered with central IL-2. This 
analysis revealed a significant reduction in pro-inflam-
matory cytokines, such as Il-1β, Il-6, and Il-8, along 
with an increase in the anti-inflammatory cytokine Tgfβ 
(Fig. 2I). These results indicate that central IL-2 adminis-
tration regulates CD4 + T cell differentiation and cytokine 
expression in gWAT through the neuro-immune axis, 
leading to an immunoregulatory effect and enhanced 
insulin sensitivity.

Previous studies have shown that reduced calorie 
intake is associated with improved insulin sensitivity 
[34, 35]. To determine whether the central IL-2-induced 
improvement in insulin sensitivity was due to reduced 
food intake, we conducted metabolic analyses compar-
ing the central IL-2 group with a pair-fed group (Fig. 3A). 
The pair-fed mice were given the same amount of food 
consumed by the central IL-2 group over the previous 
24 h. The results showed that central IL-2 administration 

(See figure on previous page.)
Fig. 2  Central IL-2 administration improved insulin sensitivity in HFD-induced obese mice. A. Illustration of central IL-2 administration and the experi-
mental timeline. B and C. Changes in body weight and food intake during intraperitoneal injection of vehicle or IL-2. The arrows indicate the time points 
of metabolic analysis (n = 4 for vehicle, n = 5 for IL-2 [1 IU] and IL-2 [10 IU]). D and E. Glucose and insulin tolerance tests were performed on the 4th and 
8th day after the first vehicle or IL-2 administration (n = 4 for vehicle, n = 5 for IL-2 [1 IU] and IL-2 [10 IU]). F. Western blot data and quantification of pAKT 
and tAKT after insulin administration in the vehicle, IL-2 [1 IU], and IL-2 [10 IU] groups (n = 4 for vehicle, n = 5 for IL-2 [1 IU] and IL-2 [10 IU]). G and H. Flow 
cytometry analysis of Th1 cells (CD45 + TCRβ + CD4 + IFNγ+) and Treg cells (CD45 + TCRβ + CD4 + CD25 + FoxP3+) in gWATs of vehicle, IL-2 [1 IU], and IL-2 
[10 IU] groups (n = 4 for vehicle and IL-2 [1 IU] and n = 5 for IL-2 [10 IU]). I. Comparison of mRNA expressions of inflammation-related genes, including 
Il-1β, Il-6, Il-8, Tnfα, Il-4, Il-10, and Tgfβ (n = 4 for vehicle and n = 5 for IL-2 [10 IU]) Results are presented as mean ± SEM. Statistical analyses were performed 
using one-sided two-way ANOVA (B, C, D [left], E [left]), one-sided one-way ANOVA (D [right], E [right], F, G, H), and two-sided Student’s t-test (I). *p < 0.05, 
**p < 0.01, and ***p < 0.001 between the indicated groups. NS, not significant
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Fig. 3  Central IL-2 administration improved insulin sensitivity compared to pair-fed mice. A. Illustration of central IL-2 administration. B. Cumulative food 
intakes between the vehicle-administered pair-fed group and the IL-2 administered-group (n = 5 for pair-fed group and n = 6 for IL-2 group). C. Graphs of 
body weights and body weight changes between the vehicle-administered pair-fed group and the IL-2 administered group (n = 5 for pair-fed group and 
n = 6 for IL-2 group). D. Representative images and quantification of H&E staining of BAT and iWAT of the pair-fed or IL-2-administered mice (n = 5 for pair-
fed group and n = 6 for IL-2 group). Scale bars: 50 μm. E. Insulin tolerance test was performed on the 8th day after starting pair-feeding (n = 5 for pair-fed 
group and n = 6 for IL-2 group). F and G. Flow cytometry analysis of Th1 cells (CD45 + TCRβ + CD4 + IFNγ+) and Treg cells (CD45 + TCRβ + CD4 + CD25 + F
oxP3+) in gWATs (n = 5 for pair-fed group and n = 6 for IL-2 group). Results are presented as mean ± SEM. Statistical analyses were performed using one-
sided two-way ANOVA (B, C [left], D [lower], E [left]) and two-sided Student’s t-test (C [right], D [upper], E [right], F, G). *p < 0.05 and ***p < 0.001 between 
the indicated groups. NS, not significant
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resulted in a further reduction in body weight, adipo-
cyte size in BAT and iWAT, and improved insulin sen-
sitivity compared to vehicle-administered pair-fed mice 
(Fig. 3B-E). Additionally, IL-2 administration significantly 
increased the percentage of CD25 + FoxP3 + Treg cells, 
but not IFNγ + Th1 cells, compared to the pair-fed mice 
(Fig. 3F, G). These findings suggest that the improvement 
in insulin sensitivity and Treg cell polarization induced 
by central IL-2 is mediated by neuro-immune interac-
tions rather than its anorexigenic effects.

Central IL-2 stimulated the sympathetic nervous system by 
inducing hypothalamic microgliosis and POMC activation
The hypothalamus plays an important role in regulating 
the sympathetic nervous system (SNS) [36, 37]. When 
the SNS is activated, corticosterone is released into the 
bloodstream via the hypothalamic-pituitary-adrenal 
gland (HPA) axis, and NE levels are increased in periph-
eral tissues [38]. Because both corticosterone and NE 
have anti-inflammatory effects [39–41], we investigated 
whether central IL-2 alters immune cell polarization in 
gWAT through SNS activation. Central IL-2 administra-
tion significantly increased NE levels in gWAT 30  min 
after injection (Fig.  4A). Additionally, 3′-5′-cyclic ade-
nosine monophosphate (cAMP) signaling, an intracellu-
lar messenger activated by sympathetic activity [42], was 
also increased in gWAT (Fig.  4B). This result indicated 
that central IL-2 administration triggered sympathetic 
signaling to gWAT. However, the circulating corticoste-
rone levels did not increase following central IL-2 admin-
istration (Fig.  4C). In the hypothalamus, the activity of 
POMC neurons is closely associated with SNS activation 
[43, 44]. We observed that central IL-2 administration 
significantly increased the number of cFos + POMC neu-
rons in the hypothalamus after 30 min (Fig. 4D). Remark-
ably, this phenomenon coincided with the increase in NE 
levels in the gWAT (Fig. 4A). These results indicate that 
central IL-2 administration can induce adrenergic signal-
ing in gWAT by activating hypothalamic POMC neurons 
and the SNS.

Next, we investigated how central IL-2 activates POMC 
neurons. Given that previous studies have shown a nega-
tive correlation between hypothalamic microgliosis and 
POMC activation [19, 45], we hypothesized that cen-
tral IL-2 administration would suppress HFD-induced 
hypothalamic microgliosis. First, we examined whether 
the three chains of IL-2R, such as IL-2Rα, IL-2Rβ, and 
IL-2Rγ, were expressed in the microglia. Immunostaining 
data revealed that all these receptors were expressed in 
hypothalamic microglia (Fig. 4E). Additionally, 80.75% ± 
2.75% of IL-2Rα, 92.98% ± 1.51% of IL-2Rβ, and 96.15% 
± 1.04% of IL-2Rγ expressed on hypothalamic microglia, 
suggesting the co-expression of all three IL-2R receptors 
on the majority of these cells (Fig. 4E). The hypothalamic 

expression of the receptors was unchanged by HFD com-
pared to CD (Fig. S8A). Contrary to our expectations, 
microgliosis in the hypothalamus was more enhanced 
in the centrally IL-2-administered mice than in vehicle-
administered DIO mice (Fig.  4F). Moreover, contrary 
to previous reports linking hypothalamic microgliosis 
closely with pro-inflammation, centrally administered 
IL-2 increased the expression of anti-inflammatory 
cytokines, such as Il-4 and Il-10, highlighting the anti-
inflammatory properties of IL-2 (Fig. S8B). Studies have 
shown that enhanced hypothalamic microgliosis acti-
vates POMC neurons by direct binding, which leads to 
improved systemic metabolism [20, 21]. In our study, the 
number of physical contacts between activated microg-
lia and POMC neurons was increased following central 
IL-2 administration, while the number of hypothalamic 
POMC neurons was unchanged (Fig.  4F). These results 
suggest that the SNS activation induced by central IL-2 
administration occurs via hypothalamic microgliosis and 
POMC activation.

Sympathetic denervation in gWAT reversed improved 
insulin sensitivity induced by IL-2
We investigated whether the enhanced insulin sensi-
tivity induced by central IL-2 administration could be 
prevented by blocking the sympathetic neural circuit 
between the hypothalamus and adipose tissue. Upon cen-
tral IL-2 administration, we compared body weight, food 
intake, insulin sensitivity, and immune cell polarization 
between mice injected with 6-OHDA (dissolved in 1% 
AA) into the gWAT to deplete the SNS and mice injected 
with 1% AA into the gWAT (Fig. 5A). Successful deple-
tion of the sympathetic nerve terminals was confirmed by 
immunoblotting of TH (Fig.  5B). Sympathetic denerva-
tion did not affect changes in body weight, food intake, 
or central IL-2-induced hypothalamic microgliosis or 
POMC activation (Fig.  5C, D and Fig. S9A, B). How-
ever, it worsened insulin sensitivity in response to central 
IL-2 administration (Fig. 5E). Furthermore, a significant 
decrease in CD25 + FoxP3 + Treg cells and an increase 
in CD11c + CD206- M1-like ATMs were observed, 
while IFNγ + Th1 cells and CD11c- CD206 + M2-like 
ATMs remained unchanged (Fig.  5F, G, and Fig. S9C). 
Taken together, these results indicate that IL-2-induced 
improved insulin sensitivity and immune cell polariza-
tion in the gWAT occurs through SNS activation.

Discussion
In the present study, we investigated whether IL-2 
enhances insulin sensitivity by altering immune cell 
polarization and inflammatory cytokine expression in 
the gWAT of HFD-induced obese mice. We demon-
strated that IL-2 administration via both the systemic 
and central routes enhanced systemic insulin sensitivity. 
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Fig. 4  Central IL-2 administration stimulated the SNS through the activation of hypothalamic microglia and POMC neurons. A. Time-dependent con-
centration of norepinephrine levels in gWAT at 0 and 30 min after central IL-2 administration (n = 4 for 0 min and n = 5 for 30 min) B. cAMP levels in gWAT 
30 min after central IL-2 administration (n=4 for 0 min and n=5 for 30 min). C. Serum corticosterone level 30 min after central IL-2 administration (n=4 
for the vehicle and n=5 for the IL-2 groups). D. Double immunostaining images and quantification of POMC and cFos at 0, 15, and 30 min after central 
administration of IL-2 in the ARH (n=3 for 0, and n=4 for 15 and 30 min). Scale bars: 100 µm. E. Representative immunostaining images and quantifications 
of IL-2Rα, IL-2Rβ, and IL-2Rγ expressions in the hypothalamic microglia (n=4). Scale bars: 100 µm. F. Double immunostaining images and quantification of 
Iba1 and POMC after central administration of vehicle or IL-2 (n=4 for the vehicle and n=5 for the IL-2 groups). Scale bars: 100 µm. Results are presented as 
mean ± SEM. Statistical analyses were performed using one-sided one-way ANOVA (D) and two-sided Student’s t-test (A, B, C, F). *p<0.05, **p<0.01, and 
***p<0.001 between the indicated groups. NS, not significant
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Systemic administration of low-dose IL-2 not only 
increased immunoregulatory CD25 + FoxP3 + Treg cells 
and anti-inflammatory cytokines in gWAT but also 
improved systemic insulin sensitivity in DIO mice. Addi-
tionally, central administration of IL-2 improved insu-
lin sensitivity by lowering the polarization of Th1 cells 
and the expression of pro-inflammatory cytokines, and 
by enhancing the polarization of Treg cells and Tgfβ 
expression in gWAT through SNS activation. Central 
IL-2-induced SNS activation was closely associated with 
hypothalamic microgliosis and POMC activation. Our 
findings indicate that IL-2 enhances insulin sensitivity by 
directly modulating immune cell polarization in gWAT 
or by activating the SNS, highlighting the significance of 
the “neuro-immune axis” (Fig. 6).

Low-dose IL-2 induces CD4 + T cell polarization into 
Treg cells through binding to IL-2Rαβγ with high affinity, 
while high-dose IL-2 stimulates cytotoxic T cells by bind-
ing to IL-2Rβγ with intermediate affinity [9]. Accordingly, 
high-dose IL-2 has been explored in cancer therapy, 
although overcoming challenging side effects such as VLS 
remains necessary [6, 7]. However, research on applying 
low-dose IL-2 to inflammatory diseases such as obesity 
and metabolic disorders is largely unexplored, despite 
the known contribution of Treg cells to improved insulin 
sensitivity [29]. We found that systemic administration of 
low-dose IL-2 improved insulin sensitivity and increased 
CD25 + FoxP3 + Treg cells in the gWAT of obese mice. 
These results are consistent with a previous report that 
the depletion of Treg cells results in insulin resistance 
in chow diet-fed mice [46]. Our findings suggest that 

Fig. 5  Sympathetic denervation reversed improved insulin sensitivity induced by central IL-2 administration. A. Illustration and experimental timetable 
of central IL-2 administration and 1% ascorbic acid (AA) or 6-OHDA injection into gWAT. B. Representative western blotting images of TH and α-tubulin in 
gWAT of mice injected with 1% AA or 6-OHDA into gWAT. C and D. Changes in body weight and food intake during central IL-2 administration after 1% 
AA- or 6-OHDA-injected mice (n = 6 for the 1% AA and n = 7 for the 6-OHDA groups). E. Insulin tolerance tests performed on the 8th day after the first vehi-
cle or IL-2 administration (n = 6 for the 1% AA and n = 7 for the 6-OHDA groups). F and G. Flow cytometry analysis of Th1 cells (CD45 + TCRβ + CD4 + IFNγ+) 
and Treg cells (CD45 + TCRβ + CD4 + CD25 + FoxP3+) in gWATs (n = 6 for the 1% AA and n = 7 for the 6-OHDA groups). Results are presented as mean ± 
SEM. Statistical analyses were performed using two-sided Student’s t-test (E [right], F, G) and one-sided two-way ANOVA (C, D, E [left])
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low-dose IL-2 administration could potentially be useful 
for treating inflammatory diseases such as metabolic dis-
orders in the future.

We found that IP and central IL-2 administrations act 
through different mechanisms to increase Treg cells in 
the gWAT of DIO mice and improve insulin sensitivity. 
IL-2 administered IP at 1,000 IU/day directly increased 
Treg cell percentages in gWAT, whereas central IL-2 
administration increased Treg cells via SNS activation. 
In fact, IP-administered IL-2 was detected only in the 
median eminence (ME), where the blood-brain barrier 
(BBB) is absent, and barely reached the arcuate nucleus 
(ARH), where POMC neurons are located (Fig. S10A). 
Additionally, systemically administered IL-2 did not 
result in hypothalamic microgliosis or POMC neuron 
activation, unlike ICV-administered IL-2, indicating that 
these mechanisms are distinct (Fig. S10B, C). These find-
ings are consistent with previous studies showing that 
circulating IL-2 does not cross the BBB [47]. However, 
since the ME is part of the circumventricular organs lack-
ing a BBB [48], the uptake of circulating factors under 
specific conditions cannot be entirely ruled out. There-
fore, further research is needed to investigate whether 
circulating IL-2 can cross the BBB during inflammatory 
conditions.

Hypothalamic microgliosis has been recognized to 
induce hypothalamic inflammation by producing pro-
inflammatory cytokines such as IL-1β, IL-6, and TNFα 
[19, 31, 32]. Hypothalamic inflammation decreases the 
activity of hypothalamic POMC neurons and disrupts 
POMC neural circuits, ultimately resulting in metabolic 
disorders such as glucose intolerance and insulin resis-
tance [17]. We observed that central IL-2 administration 
enhanced hypothalamic microgliosis and significantly 
activated POMC neurons. Although these unexpected 
findings contradict previous reports, some studies have 
suggested that hypothalamic microgliosis contributes 
to the activation of POMC neurons [20, 21]. Jin et al. 
showed that central administration of the TLR2 ligand 

Pam3CSK4 induces microgliosis and activation of POMC 
neurons by increasing glutamatergic innervation onto 
POMC neurons [20]. Douglass et al. recently reported 
that increased NF-κB signaling in microglia and chemo-
genetic activation of hypothalamic microglia enhance 
hypothalamic POMC activation, thereby enhancing 
systemic metabolism in obesity [21]. These findings 
highlight the need for further research on the complex 
relationships among hypothalamic microgliosis, POMC 
activation, and systemic metabolism.

It has been established that the SNS possesses anti-
inflammatory properties [39, 41]. NE, released from sym-
pathetic nerve terminals, not only stimulates neighboring 
T cells to promote acetylcholine secretion through the 
β2-adrenergic receptor (AR) but also increases the popu-
lation of Treg cells via the β2-AR-protein kinase A (PKA) 
canonical pathway [49, 50]. The acetylcholine released 
by T-ChAT cells exerts anti-inflammatory effects via 
the α7-nicotinic acetylcholine receptor (α7nAChR) 
expressed in macrophages [51]. In our study, NE secre-
tion in gWAT was increased by central IL-2 administra-
tion, which resulted in an increase in Treg cell population 
and a decrease in Th1 cell population. This phenomenon 
coincided with the timing of POMC activation induced 
by hypothalamic microgliosis, indicating a close associa-
tion between hypothalamic POMC activation and gWAT 
NE secretion. Since hypothalamic POMC neurons have 
been known to activate the SNS [43, 44], our results 
underscore the potential role of hypothalamic POMC 
neurons in regulating immune cells in peripheral tissues.

SNS activation is closely associated with the catabolic 
pathways of adipose tissues, such as BAT and iWAT, 
subsequently reducing fat mass [44, 52]. In our previous 
research, we demonstrated that the activation of POMC 
neurons as well as central β-endorphin administration 
activate the SNS and contribute to the catabolic program 
of adipose tissues [44]. In this study, central IL-2 admin-
istration reduced adipocyte size and increased UCP-1 
expression in BAT and iWAT, although no significant 

Fig. 6  Illustration of the mechanism underlying how IL-2 improves insulin sensitivity through the hypothalamic-immune axis
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reduction in adipocyte size was observed in gWAT. 
These findings are consistent with a recent study involv-
ing mice lacking disulfide-bond A oxidoreductase-like 
protein (DsbA-L), a mitochondrial-localized chaperone. 
In that study, no differences were observed in adipocyte 
size in epididymal white adipose tissue (eWAT), while 
reductions were seen in BAT and iWAT, and systemic 
insulin sensitivity was significantly improved [53]. This 
may be explained by the distinct gene expression pat-
terns between these tissues, with BAT expressing higher 
levels of sympathetic markers like tyrosine hydroxylase 
(Th) and fatty acid oxidation markers like carnitine pal-
mitoyltransferase 1 (Cpt1b) compared to gWAT [54]. In 
contrast, gWAT expresses higher levels of adiponectin, 
which regulates systemic insulin sensitivity, compared 
to BAT [54–56]. In our study, central IL-2 administra-
tion significantly increased the expression of adrenergic 
receptors Adrb2 and Adrb3 in BAT and iWAT, but not 
in gWAT (Fig. S5D). Since sympathetic activity can vary 
depending on conditions such as inflammatory disorders 
or cold exposure, further investigations into the changes 
in adipose tissue under various experimental or disease 
conditions are crucial.

The role of IL-2R in T cells is well-known compared 
to that in other immune cells [9, 10]. The different affini-
ties of each of the three chains of IL-2R against IL-2 can 
lead to variations in T-cell differentiation, and this prin-
ciple is utilized in cancer therapy and anti-inflammatory 
treatment research [4, 5]. In our study, we demonstrated 
for the first time that all three IL-2R chains are highly 
expressed in hypothalamic microglia, and that microglia 
were activated following IL-2 administration. Notably, 
central IL-2 administration increased the mRNA expres-
sion of IL-2Rα in the hypothalamus (Fig. S8C), along with 
elevated levels of anti-inflammatory cytokines such as 
Il-4 and Il-10 (Fig. S8B). These findings indicate a simi-
lar trend where low-dose IL-2 stimulates Treg polariza-
tion through IL-2Rαβγ, unlike high-dose IL-2 binding to 
IL-2Rβγ [9]. Our data revealed that IL-2 may directly act 
on microglia, thereby activating them with anti-inflam-
matory properties. However, further investigation is 
required to understand the precise molecular mechanism 
of microglial IL-2R signaling in anti-inflammation.

Conclusions
In our study, we demonstrated that systemic or cen-
tral IL-2 administration improves insulin sensitivity 
through T cell polarization in gWAT, emphasizing the 
importance of the neuro-glial interaction as well as the 
neuro-immune axis. Our study not only suggests the 
potential use of IL-2 in treating inflammatory disorders, 
such as metabolic disorders, but also highlights the fact 
that central nervous system signaling can contribute to 
peripheral tissue immune cell polarization and cytokine 

expression through hypothalamic microgliosis and neu-
ronal activation.

Limitations of the study
(1) We found that central IL-2 administration induced 
changes in immune cells in gWAT through hypotha-
lamic microgliosis and POMC activation. This process 
was blocked by sympathetic denervation with 6-OHDA. 
However, the nervous system is distributed in various 
tissues, including the spleen, liver, and bone marrow, 
through autonomic neural circuits or the HPA axis. We 
could not exclude the possible contributions of immune 
cells originating from other tissues. (2) We found that 
central IL-2 administration reduced pro-inflammatory 
cytokine expression and increased anti-inflammatory 
cytokine expression in gWAT through SNS activation. 
Additionally, central IL-2 administration altered the 
subpopulation of CD4 + T cells (Th1 cells, Treg cells, 
CD4 + TEM cells, and CD4 + naïve T cells), while other 
cell populations were unaffected. This finding suggests 
that SNS-induced polarization of CD4 + T cells play a key 
role in regulating gWAT inflammation. However, further 
studies using cell-specific depletion or knockout models 
are needed to clarify the precise contribution of CD4 + T 
cells and NE/cAMP signaling in regulating gWAT inflam-
mation and systemic metabolism. (3) The role of IL-2R 
chains in T cells is well-established, with different com-
binations of IL-2R chains determining T-cell differen-
tiation. While our study confirmed the expression of all 
three IL-2R chains in hypothalamic microglia and their 
role in hypothalamic anti-inflammatory properties, the 
interaction and regulation of these chains remain unclear. 
Future research will be necessary to elucidate how IL-2R 
chains interact and function together.
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