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Abstract 

Background MicroRNAs (miRNAs) play crucial roles in regulating inflammation and cellular senescence. Among 
them, miR-146a has emerged as a key modulator of inflammation, but its role in obesity-induced senescence remains 
unexplored. This study investigates the involvement of miR-146a in high-fat diet (HFD)-induced hypothalamic senes-
cence and in protective effects of elocalcitol (Elo), a non-hypercalcemic, fluorinated vitamin D analog on HFD-induced 
senescence.

Results Wild-type (WT) HFD-fed mice exhibited increased body weight, impaired locomotor activity, and cogni-
tive decline compared to low-fat diet (LFD) controls. In the brain, HFD induced senescence markers (p16, p21), 
β-galactosidase activity (β-gal) of microglia, and increased expression of senescence associated secretory pheno-
type (SASP) cytokines (Il1b, Il18, Tnf, Il6) in activated hypothalamic microglia. In the liver, increased p21 and SASP 
cytokines were detected, although p16 and β-gal levels remained unchanged. Importantly, miR-146a expres-
sion was significantly downregulated in the hypothalamus following HFD exposure in WT mice, while miR-146a 
knockout (Mir146a-/-) mice subjected to HFD showed augmented hypothalamic senescence characterized 
by higher levels of p16, p21, and β-gal + microglial cells as compared to WT mice. The SASP profile remained similar 
between Mir146a-/- HFD and WT HFD mice. Among miR-146a target genes, smad4 was upregulated the hypothala-
mus of HFD-fed mice, with a more pronounced increase in the hypothalamus of HFD-fed Mir146a-/- mice. Further, 
treatment with Elo upregulated miR-146a expression in both the hypothalamus and the liver, lowered body weight 
and improved cognitive function, while reducing senescence markers and SASP cytokines in WT HFD mice. These 
effects were absent in Mir146a-/- HFD mice when treated with Elo, indicating the dependence of Elo’s therapeutic 
efficacy on miR-146a.

Conclusion Elocalcitol prevents development of senescence in microglia via modulation of miR-146a expression, 
while miR-146a provides protection against HFD-induced cellular senescence in the hypothalamus most probably 
via inhibition of TGF/Smad4 pathway. These findings highlight Elo and miR-146a as promising therapeutic candidates 
for ameliorating obesity-related neuroinflammation and senescence.
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Background
The global rise in obesity has become a significant pub-
lic health problem, and is closely associated with an 
increased risk of metabolic disorders, such as insulin 
resistance, cardiovascular diseases, chronic inflamma-
tion, cancer, and neuropsychiatric disorders [1–5]. In 
the brain, the hypothalamus is particularly suscepti-
ble in regulating glucose and fat metabolism [6, 7], food 
intake behavior [8], energy homeostasis [9] and aging 
[10]. Accordingly, numerous studies have demonstrated 
the development of neuroinflammation in the hypothala-
mus in obesity. Unlike inflammation in peripheral tissues, 
which develops over weeks to months upon HFD feed-
ing in rodent models [11–13], markers of hypothalamic 
inflammation are elevated within 24 h of HFD exposure 
[14]. Microglia, the resident immune cells in the brain, 
respond to saturated fatty acids in hypothalamus with 
morphological changes, such as appearance of a number 
of prolonged processes and an enlarged cell body [15, 
16]. The resulting neuroinflammation in the hypothala-
mus may be closely linked to metabolic dysfunction and 
age-related neurodegenerative diseases, underscoring the 
importance of studies on molecular mechanisms of HFD 
induced changes in hypothalamus and microglia.

Central to these metabolic disturbances is the con-
sumption of high-fat diets, which not only contribute to 
excessive weight gain, but also induces cellular senes-
cence - a state of irreversible growth arrest in tissues 
involved in lipid metabolism [17–20]. Cellular senes-
cence can be triggered by telomere erosion [21], oxi-
dative stress [22], inflammation [23–25], intracellular 
accumulation of lipids [26], and metabolic dysfunction 
[27]. Senescent cells display markers, including telomere-
associated DNA damage foci [28], increased activ-
ity of lysosomal senescence-associated β-galactosidase 
[29], and increased expression of the cyclin-dependent 
kinase inhibitor proteins,  p16Ink4a [30] and  p21Cip1 [31]. 
In addition, senescent cells secrete several inflammatory 
cytokines, chemokines, and matrix proteases leading to 
the senescence associated secretory phenotype, SASP 
[32, 33]. The pro-inflammatory components of SASP 
contribute to chronic, systemic, low-grade inflammation, 
called “inflammaging,” which is one of the main risk fac-
tors for the development age related diseases [34–36]. It 
has also been reported that obesity leads to the accumu-
lation of senescent cells in the brain [20, 37, 38].

MicroRNAs are small, non-coding RNAs that down-
regulate gene expression by binding to the 3′ untrans-
lated region of their target mRNAs, leading to mRNA 
degradation and translation inhibition and thereby 
influence various cellular processes [39]. Among others, 
miR-146a-5p (miR-146a later in this article) is known to 
suppress inflammatory responses via the suppression of 

multiple direct targets from the NF-κB pathway in innate 
and adaptive immune cells, keratinocytes and lung epi-
thelial cells [40–45]. miR-146a also inhibits cell prolif-
eration [46], and regulates senescence and apoptosis in 
pre-adipocytes [47], as well as targets Smad4 mRNA, a 
mediator of TGF-β pathway controlling cellular senes-
cence [48]. In the brain, miR-146a is particularly enriched 
in microglia cells [49, 50], where it regulates several 
microglial functions, including inflammatory responses 
and polarization transitions [51–53]. A previous study 
has demonstrated that miR-146a overexpression can 
reduce M1 microglial activation induced by metabolic 
stress by downregulating NF-κB pathway [54]. However, 
the role of miR-146a in metabolic stress induced micro-
glial senescence remains unexplored.

It has been previously shown that the anti-inflamma-
tory properties of vitamin D analogs [55, 56] and their 
ability to modulate miRNA profiles contribute to their 
therapeutic effects [57–59]. To explore therapeutic strat-
egies to counteract HFD-induced changes in the brain, 
elocalcitol (Elo), also known as BXL-628, a non-hyper-
calcemic, fluorinated vitamin D analog was used in this 
study. Elo is known for its ability to inhibit cell growth 
and proliferation, while it induces apoptosis [60–62]. Pre-
vious research has demonstrated its anti-inflammatory 
effects, notably inhibition of inflammatory responses in 
human T cells [63], and reduced infiltration of immune 
cells and inflammation in non-obese diabetic mice [64]. 
Given its broad regulatory effects, one can suggest that 
Elo could also modulate inflammatory pathways in tis-
sues affected by HFD.

In the present study, we aimed to investigate using 
a murine model of HFD-induced obesity the follow-
ing: (a) the occurrence of cellular senescence in the 
hypothalamus and liver tissues, (b) the modulatory role 
of miR-146a in the progression of senescence, and (c) 
the protective effects of vitamin D and Elo in prevent-
ing cellular senescence associated with obesity. Overall, 
we aimed to contribute to the understanding of obe-
sity-related metabolic disorders and provide insights 
into potential therapeutic avenues for obesity-related 
senescence.

Materials and methods
Animals
The first cohort of six-week-old male C57BL/6J mice was 
obtained from Envigo RMS B.V. (Horst, Netherlands) 
and was used to study the effects of a high-fat diet. A sec-
ond cohort, consisting of C57BL/6J wild-type (WT) and 
Mir146a-/- mice (both originally purchased from Jackson 
Laboratory (Bar Harbor, US)), were housed and bred in 
the laboratory animal facility at the Institute of Biomedi-
cine and Translational Medicine, University of Tartu. 
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This cohort was used to study the effects of miR-146a 
deficiency and Elo intervention. The C57BL/6J WT and 
Mir146a-/- cohorts were crossbred during maintenance, 
and to generate Mir146a-/- and corresponding WT mice 
Mir146a+/- heterozygous mice were crossed. The result-
ing offspring were genotyped using the following primer 
sequences: miR-146a forward primer − 5’ ACC AGC 
AGT CCT CTT GAT GC 3’; miR-146a reverse primer − 3’ 
GAC GAG CTG CTT CAA GTT CC 5’. Only male litter-
mates from the same generation were used in the experi-
ments. All experiments were conducted in accordance 
with the Principles of Laboratory Animal Care (Direc-
tive 2010/63/EU). The mice were group-housed under a 
12-hour light/dark cycle, with food and water provided 
ad  libitum. The experimental protocol was approved by 
the Animal Experimentation Committee at the Estonian 
Ministry of Agriculture (No. 177, 2020 and 1.2–17/166, 
2023).

Experimental plan
Two sets of mouse experiments were performed: (1) 
the effects of a HFD on cellular senescence was stud-
ied, and (2) the impact of miR-146a deficiency and Elo 
treatment was investigated. In the first set of experi-
ments, six-week-old C57BL/6J male WT mice were 
divided into two dietary groups: (1) Low-fat diet (LFD) 
group (n = 19) received a diet with fat constituting 
10% of total energy (3.61 kcal/g), and (2) High-fat diet 
(HFD) group (n = 19) received a diet with fat constitut-
ing 45% of total energy (4.65 kcal/g). The main source of 
fat in both diets was lard (ssniff Spezialdiäten GmbH). 
The mice were fed these diets for 16 weeks and at the 
age of 24 weeks, after completing behavioral experi-
ments, the animals were euthanized for further analy-
sis. In the second set of experiments, male WT (n = 40) 
and Mir146a-/- (n = 40) mice were randomly assigned 
to one of eight experimental groups (n = 10 per group) 
to study the effects of miR-146a deficiency and elocal-
citol intervention: (1) WT mice on a low-fat diet (WT 
LFD), (2) WT mice on a high-fat diet (WT HFD), (3) 
Mir146a-/- mice on a low-fat diet (Mir146a-/- LFD), 
(4) Mir146a-/- mice on a high-fat diet (Mir146a-/- 
HFD), (5) WT mice on a low-fat diet with elocalcitol 
treatment (WT LFD + Elo), (6) WT mice on a high-
fat diet with elocalcitol treatment (WT HFD + Elo), 
(7) Mir146a-/- mice on a low-fat diet with elocalcitol 
treatment (Mir146a-/- LFD + Elo), and (8) Mir146a-/- 
mice on a high-fat diet with elocalcitol treatment 
(Mir146a-/- HFD + Elo). Elocalcitol (30 µg/kg, SML23-
95, Sigma Aldrich, Germany) was administered intra-
peritoneally twice a week to the respective groups, 
while others received vehicle. This experimental regi-
men lasted for eight weeks. Following the dietary and 

treatment period, behavioral experiments were con-
ducted, after which the animals were euthanized for tis-
sue collection and further analyses. The sequence of the 
experimental plan is shown in Supplement Fig.  1. The 
amount of food consumption per cage was measured 
in cohort 1, while the amount of food consumption per 
animal was measured in cohort 2. These results are pre-
sented in Supplementary Fig. 2.

Body weight and locomotor activity measurement
Body weight and locomotor activity were monitored 
throughout the duration of the dietary and pharmacolog-
ical interventions, starting from week 0 and continuing 
until week 16 for the first cohort, and until week 8 for the 
second cohort. Locomotor activity was assessed using the 
PhenoTyper apparatus (Noldus, Leesburg, VA) equipped 
with EthoVision XT live video tracking software (Version 
8.0, Noldus Information Technologies, Leesburg, VA). 
Mice were individually placed in the PhenoTyper for 30 
min during which the total distance traveled within the 
entire arena was recorded.

Novel object recognition test (NORT)
NORT was performed as described by [65] in an open 
chamber measuring 50 cm × 50 cm × 50 cm (L × W × 
H) made of brown wood. The objects used in the test 
were opaque glass cups with similar textures and colors 
but varied in size and shape, and were heavy enough 
to prevent the mice from moving them. The experi-
ment consisted of three phases: habituation, training, 
and retention. During the habituation phase, mice were 
allowed to explore the empty arena for 5 min without any 
objects present, allowing them to become accustomed to 
the environment. Twenty-four hours after habituation, 
in the training phase, two identical objects were placed 
diagonally in the arena, each positioned 10 cm from a 
corner, and each mouse was allowed to explore the field 
for 5 min. The time spent exploring both objects was 
recorded to establish baseline object interaction. Another 
24 h later, during the retention phase, mice were intro-
duced to the arena containing one familiar object and 
one novel object to assess long-term recognition mem-
ory. The preference ratio for each mouse was calculated 
as the percentage of time spent exploring the new object: 
Preference ratio = (Tnew ×100)/(Tf + Tnew), where 
Tf and Tnew are the times spent exploring the familiar 
object and the novel object, respectively. The time spent 
exploring each object was scored by an observer “blind” 
to genotypes and in between trials. All of the objects 
were cleaned with 5% ethanol solution after each trial. 
Exploration was defined as sniffing or touching the object 
with the nose or forepaws.
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Flow cytometry
Hypothalamic cells were isolated by homogenizing the 
tissues through 70 μm cell strainers (BD Bioscience) 
in ice-cold flow buffer (PBS with 1% fetal calf serum). 
FcR blocking was achieved using mouse FcR block-
ing reagent (BD Pharmingen™ Purified Rat Anti-Mouse 
CD16/CD32, Mouse BD Fc Block™). The cells were then 
stained with anti-mouse CD11b-PerCP/Cy5.5 (Biole-
gend, cat no. 101228) and CD45-APC (Biolegend, cat 
no. 103112), along with corresponding isotype control 
antibodies (rat IgG2b-PerCP/Cy5.5, #400631, and rat 
IgG2b-APC, #400611) in flow buffer for 1 h. After fix-
ing with 4% paraformaldehyde (PFA) for 10 min at room 
temperature (RT), the cells were washed to remove the 
fixative solution. Finally, the cells were stained with the 
Cell Event Senescence Green flow cytometry assay kit 
(Thermofisher Scientific, Waltham MA, USA) to detect 
SA-β-gal in microglial cells according to manufactur-
er’s instructions. Washed and resuspended cells were 
acquired using a Fortessa flow cytometer (BD Biosci-
ence), and data analysis was performed using Kaluza v2.1 
software (Beckman Coulter).

Total RNA isolation and quantitative reverse‑transcription 
PCR (RT‑qPCR)
Total RNAs were extracted from the brain (hippocampus, 
hypothalamus) and liver tissues by using TRI  Reagent® 
(TR 118) (Molecular Research Center, Inc., Cincinati, 
OH, USA). To measure mRNA expression, cDNA was 
synthesized using RevertAid First Strand cDNA Synthe-
sis Kit (Thermo Fisher Scientific) followed by qPCR using 
5 × HOT  FIREPol®  EvaGreen® qPCR Supermix (Solis 
BioDyne, Tartu, Estonia) on a QuantStudio 12KFlex 
instrument (Thermo Fisher Scientific) according to the 
instructions of the respective manufacturers. Primer 
sequences for target genes were given in the Supple-
ment Table 1. Relative miRNA expression was measured 
using  TaqMan® MicroRNA Assays hsa-miR-146a (Assay 
ID: 000468, Life technologies) according to the manu-
facturer’s instructions. For cRNA synthesis,  TaqMan® 
MicroRNA reverse transcription kit (4366596, Thermo 
Scientific) and for qPCR, 5× HOT  FIREPol® Probe qPCR 
Mix Plus (ROX) (Solis BioDyne) were used, respectively. 
U6 snRNA (Assay ID: 001973, Life Technologies) was 
used for the normalization of RT-qPCR. To analyze rela-
tive mRNA expression, ΔΔCt calculations was used. As 
housekeeping genes for normalization, Gapdh was used. 
The data were analyzed in relative to the mean value of 
one of the samples as a calibrator (control sample), which 
was normalized to 1 and the rest of the samples were 
compared against the control sample.

Immunohistochemistry of ionized calcium‑binding 
adaptor molecule 1 (Iba1)
Animals were deeply anesthetized with chloral hydrate 
(300 mg/kg, i.p.) and transcardially perfused using 0.9% 
saline and then with 4% paraformaldehyde (PFA) in 
phosphate buffered saline (PBS, pH = 7.4). The brains 
were kept in PFA solution for 72 h to reduce unspecific 
binding to endogenous biotin and 40 μm-thick sections 
were cut on a Leica VT1000S vibro-microtome (Leica 
Microsystems Pvt Ltd., Wetzlar, Germany) and stored at 
− 20 °C in the cryo-protectant (30% ethylene glycol, 30% 
glycerol in PBS: pH 7.4). Before staining, the sections 
were washed three times in PBS and treated with 2% 
H2O2 solution for 20 min followed by incubation in 0.01 
M citrate buffer (pH 6.0) at 85 °C for 30 min in water bath 
and then stood for 30 min at RT. Another wash was done 
in PBS containing 0.1% Triton X-100. Blocking was done 
with solution containing 5% goat serum, 0.5% Tween-20, 
0.25% Triton X-100 in 100 mM PBS for 1 h. Iba1 primary 
antibody (1: 700, rabbit anti-Iba1, CAF6806, FUJIFILM 
Wako Chemicals Europe GmbH, Neuss, Germany) was 
added in blocking buffer for 72 h. After being washed 
three times, the sections were incubated with secondary 
antibody (1:700, affinity purified goat anti-rabbit bioti-
nylated IgG (H + L), Vector Laboratories) in blocking 
buffer at RT for 1 h. Iba1-positive cells were visualized 
using peroxidase method (ABC system and diaminoben-
zidine as chromogen, Vector Laboratories). The sec-
tions were dried, cleared with xylol and cover-slipped 
with mounting medium (Vector Laboratories, Newark, 
CA, USA). To control unspecific binding, some sections 
were used as negative controls, where incubation step 
with the primary antibody was omitted. The morphologi-
cal characteristics of Iba1 + microglia (cell size and cell 
body size), were analyzed using image analysis software 
(ImageJ 1.48v, http:// imagej. nih. gov/ ij). Briefly, images 
were converted into binarized 8-bit format and “adjusted 
threshold” and “analyze particles” functions were used to 
apply intensity thresholds and size filter. To measure the 
total cell size, the threshold was maintained at the level 
that was automatically provided by the ImageJ program, 
and size filter of 150 pixels was applied. To measure the 
total cell body size, the threshold was lowered by 40 
points and no size filter was applied. The counts of Iba-1 
positive cells were obtained from images according to the 
algorithm described previously [66] using “analyze parti-
cles” command in ImageJ software.

Western blot of p16, p21 and beta‑galactosidase
Liver tissues were lysed in a TRIS-HCl buffer for pro-
tein extraction. The protein concentration was deter-
mined using the Bradford reagent kit (Sigma, #B6916). 
For Western blot analysis, 100 µg of total protein was 

http://imagej.nih.gov/ij
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dissolved in 10% sodium dodecyl sulfate-polyacrylamide 
gels and transferred electrophoretically onto a nitro-
cellulose membrane (Millipore). The membranes were 
blocked with Intercept Blocking Buffer (Li-Cor Bio-
sciences) for 60 min at RT. Afterwards, the blots were 
incubated for 48 h at 4 °C with primary antibodies for 
P16 (Rb, #PA5-20379, 1:1000; Invitrogen, USA), P21 (Ms, 
#sc-6246, 1:1000; Santa Cruz Biotechnology, USA ) or 
beta-galactosidase (Rb, #ab203749, 1:1000; Abcam, UK). 
After three washes with TBST (50 mmol/L Tris, pH 7.6; 
0.9% NaCl; and 0.1% Tween-20), the membranes were 
incubated for 1 h at RT with the secondary antibody 
(IRdye800, aMs, #C41028-04 or IRdye800, aRb, #C40721-
02, 1:10000; Li-Cor Biosciences). Loading control Gapdh 
was detected by incubating membranes overnight with 
monoclonal anti-Gapdh antibody (Ms, ab8245, Abcam; 
1:10000), followed by incubation with IRDye conjugated 
secondary antibody (IRdye680LT, aMs, #C60301-03; 
1:10000, Li-Cor Biosciences, USA). Following thorough 
washing with TBST, antibody detection and quantifica-
tion were conducted using the Odyssey Infrared Imaging 
System (Li-Cor Bioscience, USA). Densitometric values 
for the protein were normalized with GAPDH, and the 
outcomes were presented as a percentage of the HFD 
vehicle group.

Statistical analysis
GraphPad 9.4.1 (San Diego, CA, United States) was used 
for statistical analyses and graphical presentations. All 
data sets were tested for normal distribution using the 

Shapiro-Wilk test. If the data sets pass the Shapiro-Wilk 
test then they were processed using student’s t-test or 
two-way ANOVA followed by Tukey multiple compari-
sons test. If the data did not pass the Shapiro-Wilk test, 
they were transformed into logarithms (Y = Log(Y)) and 
processed further using Mann Whitney test or one-way 
ANOVA followed by Tukey multiple comparisons test. 
Statistical significance was set at p < 0.05. In all figures, 
data are shown as mean ± standard error of the mean 
(SEM). The appropriate statistical test for each data set is 
specified in the figure legends.

Results
Effects of high‑fat diet on body weight, locomotor activity 
and cognition
To explore the effects of a high-fat diet on behavioral 
parameters, we subjected mice to HFD and LFD diets 
and subsequently assessed changes in body weight, loco-
motor activity, and cognitive function. Mice on HFD 
exhibited a significant increase in body weight compared 
to those on the LFD, with this increase becoming sig-
nificant at week 3rd (p = 0.0494) and more pronounced 
by week 8th (p < 0.0001), persisting until the end of the 
16th week study period (p < 0.0001) (Fig. 1A). Addition-
ally, mice in the HFD group showed significantly reduced 
locomotor activity compared to those in the LFD group 
(p = 0.0156) (Fig.  1B). The novel object recognition test 
revealed that the HFD group displayed a decrease in the 
preference ratio for the novel object (p = 0.0294), indicat-
ing a decline in cognitive performance compared to the 

Fig. 1 High-fat diet leads to increased body weight, reduced locomotor activity, and cognitive impairment in mice. The effect of HFD on (A) Body 
weight, (B) Locomotor activity, and (C) Preference for the novel object. Number of animals = 8–10. Two-way ANOVA followed by Tukey’s multiple 
comparisons test (A) and Student’s t-test (B, C). Data are represented as mean ± SEM; *p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
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LFD group (Fig. 1C). These results demonstrate that HFD 
leads to increased body weight, reduced locomotor activ-
ity, and impaired cognitive function in mice, underscor-
ing the negative impact of HFD on metabolic and mental 
health.

High‑fat diet leads to increased senescence markers 
in the hypothalamus of the mouse brain
HFD has been previously shown to induce senescence in 
the brain [37]. To explore this in our model, we measured 
senescence-associated β-gal activity specifically in micro-
glial cells using flow cytometry and assessed p16 and p21 
mRNA expression by RT-qPCR in hypothalamic tissue. 
To identify β-gal + microglial cells, cells were addition-
ally stained with CD11b and CD45 before staining with 
β-gal. The gating strategy for the quantification of micro-
glial percentage is shown in Fig. 2A, and a representative 
of isotypic controls is shown in Supplementary Fig.  3. 
The hypothalamus showed a significant increase in β-gal 

positive CD45 + CD11b + microglial cells in the HFD 
group compared to the LFD group (p = 0.0040) (Fig. 2B). 
Additionally, mRNA expression levels of the senescence 
markers p16 and p21 were significantly elevated in the 
hypothalamus of HFD-fed mice compared to those on 
the LFD (p = 0.0043, p = 0.0002) (Fig. 2C, D). In the hip-
pocampus, no significant changes in p16, and p21 mRNA 
expression in the HFD group compared to the LFD group 
was detected (Supplement Fig. 4A and B). These findings 
indicate that the HFD induced pronounced senescence is 
restricted to the hypothalamus.

HFD promotes microglial activation and increases SASP 
cytokines in the hypothalamus
High fat diet is known to induce neuroinflammation and 
activate microglial cells in the brain [67, 68]. To inves-
tigate the effects of HFD on microglial activation and 
SASP cytokine expression in the hypothalamus, we per-
formed immunostaining, morphological assessment, 

Fig. 2 High-fat diet induces senescence in the hypothalamus. (A) Representative dot plots of flow cytometry showing β-gal positive 
CD45 + CD11b + microglial cells. (B) Quantification of β-gal positive CD45 + CD11b + microglial cells in the hypothalamus. (C-D) RT-qPCR analysis 
of p16 and p21 mRNA expression. Number of animals = 5–8. Student’s t-test (A, C) and Mann Whitney test (B). Data are presented as mean ± SEM; ** 
p < 0.01, *** p < 0.001
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and RT-qPCR for mRNA expression of SASP cytokines. 
First, we measured microglial density and morphology 
in different hypothalamic regions, including the arcuate 
nucleus (AN), ventromedial nucleus (VMN), and dor-
somedial nucleus (DMN). In both the VMN and DMN, 
there were no significant differences in microglial den-
sity or morphology between the HFD and LFD groups 
(data not shown). However, in the AN, microglial density 
was significantly higher in the HFD group compared to 
the LFD, indicating increased microglial activation in 
response to HFD (p = 0.0317) (Fig. 3A, B). Furthermore, 
morphological analysis in the AN showed that both 
microglial cell size and cell body size were significantly 
larger in the HFD group (p = 0.0114, p = 0.0151) (Fig. 3C, 
D), further supporting the presence of microglial activa-
tion. In addition, we found increased expression of SASP 
cytokines, including Il1b (p = 0.0012), Il18 (p = 0.0008), 
Tnf (p = 0.0003) and Il6 (p = 0.0051) in the hypothalamus 
of HFD-fed mice (Fig.  3E-H), indicating a pronounced 
inflammatory response. These results demonstrate that 
HFD induces microglial activation and the expression 
of SASP cytokines in the hypothalamus, contributing to 
neuroinflammation and the senescent phenotype.

HFD induces early phase senescence markers and SASP 
cytokines in the liver
The liver is a key organ in metabolism and is highly sus-
ceptible to diet-induced changes [69]. HFD is known to 
induce non-alcoholic fatty liver disease, which is char-
acterized by fat accumulation, inflammation, fibrosis 
and senescence [70, 71]. To assess the impact of HFD on 
liver senescence markers in our model, we measured the 
mRNA and protein levels of p16 and p21 revealing that 
p16 levels remained unchanged in HFD group compared 
to LFD group (Fig. 4A, B). In contrast, p21, a marker asso-
ciated with the initial stages of cellular senescence, exhib-
ited significant increases in both RT-qPCR (p = 0.0011) 
and western blot (p = 0.0032) (Fig.  4C, D), suggesting 
a selective activation of p21 under HFD conditions. No 
significant changes were observed in β-galactosidase 
activity in western blot analysis (Supplementary Fig. 5A). 
RT-qPCR for SASP cytokines showed significant increase 
in Il18 (p = 0.0022), Tnf (p = 0.0079), and Il6 (p = 0.0264) 
in the liver of HFD-fed mice (Fig. 4E-G), while Il1b levels 
remained the same (Supplementary Fig. 5B). Collectively, 
these results indicate that HFD leads to increased inflam-
mation in the liver, which may precede senescence state.

HFD induces decreased miR‑146a expression 
in the hypothalamus but not in the liver
Next, we investigated whether miR-146a, a microRNA 
with well described function in inflammation [72] and 
senescence [47], is altered in response to a HFD in mice. 

Our results revealed a significant decrease in miR-146a 
expression in the hypothalamus of HFD-fed mice com-
pared to those on a LFD (p = 0.0194) (Fig.  5A). Con-
versely, miR-146a expression in the liver showed no 
significant difference between the HFD and LFD groups 
(p = 0.4463) (Fig.  5B). These results suggest that down-
regulation of miR-146a in response to HFD is specific to 
hypothalamus.

Impact of high‑fat diet on body weight, cognitive function, 
and senescence markers in miR‑146a knockout Mice
Since miR-146a expression was significantly altered in 
response to HFD, we next aimed to understand the role 
of miR-146a in HFD conditions by comparing WT and 
miR-146a knockout mice subjected to HFD. We meas-
ured body weight, cognitive function, and senescence 
markers in the hypothalamus. Both Mir146a-/- and WT 
mice showed a significant increase in body weight upon 
HFD treatment (p = 0.0010, p < 0.0001) with no signifi-
cant genotypic differences observed (Fig.  6A). A signifi-
cant effect of HFD treatment on body weight was found 
(F (1, 36) = 51.29, p < 0.0001). In novel object recognition 
test, HFD induced a decreased preference for the novel 
object in both Mir146a-/- and WT mice (p = 0.0483, 
p = 0.0279), with no genotypic differences (Fig. 6B). A sig-
nificant effect of HFD treatment on NORT performance 
was observed (F (1, 26) = 16.61, p = 0.0004). Next, we 
measured senescence markers in the hypothalamus. Both 
p16 and p21 mRNA levels were significantly increased 
upon HFD treatment in both in WT (p = 0.0025, 
p = 0.0033) and Mir146a-/- (p < 0.0001, p = 0.0002) 
mice, with more pronounced effect in Mir146a-/- 
HFD mice compared to WT HFD mice (p = 0.0031 
and p = 0.0355, respectively) (Fig.  6C, D). A significant 
effect of HFD treatment on p16 mRNA expression (F (1, 
16) = 69.75, p < 0.0001) and on p21 mRNA expression (F 
(1, 16) = 47.95, p < 0.0001), with a significant genotype 
effect for both p16 (F (1, 16) = 14.44, p = 0.0016) and 
p21 (F (1, 16) = 11.14, p = 0.0042) and significant inter-
action on p16 (F (1, 16) = 4.862, p = 0.0424) was found. 
Flow cytometry analysis showed an increase in β-gal 
positive microglial cells in the hypothalamus of WT and 
Mir146a-/- upon HFD (p = 0.0445, p = 0.0004), with more 
increase in Mir146a-/- HFD compared to WT HFD mice 
(p = 0.0479) (Fig.  6E). A significant effect of HFD treat-
ment on β-gal positive microglial cells (F (3, 14) = 14.93, 
p = 0.0001) was found. Finally, we measured SASP 
cytokines. Il1b, Il18, and Il6 mRNA levels were signifi-
cantly increased in the HFD groups compared to the LFD 
groups in WT (p = 0.0016, p = 0.0064, p = 0.0244) and 
Mir146a-/- (p = 0.0171, p = 0.0027, p = 0.0159), with no 
genotypic differences (Fig.  6F-H). A significant effect of 
HFD treatment on Il1b (F (3, 15) = 11.36, p = 0.0004), Il18 
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Fig. 3 Microglial activation and elevated SASP cytokines in the hypothalamus induced by HFD. (A) Representative immunohistochemistry 
microphotographs of the hypothalamic Iba1 + cells. (B) Density of microglial cells. (C) Average cell size of microglial cells. (D) Average cell body 
size of Iba1 + cells in the hypothalamus. (E) Relative mRNA expression of Il1b (F) Il18 (G) Tnf and (H) Il6 was analyzed by RT-qPCR with primers 
for indicated genes. Number of animals = 4–8. Student’s t-test (B, C, F, H) and Mann Whitney test (D, E, G). Data represented as mean ± SEM; * 
p < 0.05, ** p < 0.01, *** p < 0.001
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Fig. 4 High-fat diet induces senescence-associated changes and SASP cytokines in the liver. (A-B) Relative mRNA expression and protein levels 
of p16, (C-D) Relative mRNA expression and protein levels of p21 and (E-G) Relative mRNA expression of Il18, Tnf, Il6 cytokines, analyzed by RT-qPCR. 
Number of animals = 5. Student’s t-test (A-E, G) and Mann Whitney test (F). Data represented as mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001
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(F (1, 15) = 34.77, p < 0.0001), and Il6 (F (1, 15) = 22.69, 
p = 0.0003) mRNA expression was found. There was no 
change in Tnf expression upon HFD treatment, and no 
significant genotypic differences were observed (Supple-
mentary Fig. 6). In summary, while both Mir146a-/- and 
WT mice displayed similar increase in body weight and 
cognitive decline under HFD, the absence of miR-146a 
led to a more pronounced elevation in senescence mark-
ers in the hypothalamus, suggesting that miR-146a mod-
ulates the extent of senescence induced by HFD.

HFD‑induced senescence markers and SASP cytokines 
in the liver of WT and Mir146a‑/‑ mice
To further explore the impact of miR-146a deficiency on 
senescence in liver under HFD conditions, we measured 

the mRNA expression of senescence markers and SASP 
cytokines in the liver of both Mir146a-/- and WT mice. 
p16 mRNA expression did not show a significant change 
between HFD-fed and LFD-fed groups in either WT or 
Mir146a-/- mice (Fig.  7A). However, p21 mRNA levels 
were significantly elevated in the HFD group compared 
to the LFD group in WT (p = 0.0089) and Mir146a-/- 
mice (p = 0.0108), with no significant difference between 
WT and Mir146a-/- HFD mice (Fig.  7B). A significant 
effect of HFD treatment on p21 mRNA expression was 
observed (F (3, 16) = 9.896, p = 0.0006).

Among SASP cytokines, Il18, Tnf, and Il6 were sig-
nificantly upregulated in response to HFD in WT 
(p = 0.0299, p = 0.0392, p = 0.0204) and Mir146a-/- mice 
(p = 0.0057, p = 0.0127, p = 0.0690) with no genotypic 

Fig. 5 HFD leads to decreased miR-146a expression in the hypothalamus. (A) Relative expression of miR-146a in the hypothalamus and (B) liver 
of LFD and HFD treated groups. Number of animals = 6–8. Data was analyzed using student’s t-test and represented as mean ± SEM; *p < 0.05

(See figure on next page.)
Fig. 6 Effects of HFD on body weight, cognition and senescence markers in miR-146a knockout mice. (A) Body weight changes and (B) Preference 
ratio for the novel object on the novel object recognition test of WT and Mir146a-/- mice on HFD and LFD. (C, D) RT-qPCR analysis of p16 and p21 
mRNA expression levels in the hypothalamus. (E) Flow cytometry analysis of β-galactosidase positive microglial cells in the hypothalamus. (F-H) 
RT-qPCR analysis of SASP cytokines in WT and Mir146a-/- mice on HFD and LFD. Number of animals = 4–10. Data panels (A-D, G, H) were processed 
using two-way ANOVA followed by Tukey’s multiple comparisons test and (E, F) were transformed into logarithms (Y = log(Y) and analyzed using 
one-way ANOVA with Tukey’s multiple comparisons test, data in panels. Data are represented as mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001
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Fig. 6 (See legend on previous page.)
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differences observed (Fig.  7C-E). A significant effect of 
HFD treatment was found for Il18 mRNA expression (F 
(1, 16) = 24.99, p = 0.0001), Tnf mRNA expression (F (1, 
16) = 21.40, p = 0.0003), and Il6 mRNA expression (F (1, 
15) = 18.23, p = 0.0007). Significant effect of genotype was 
found only in Il18 mRNA expression (F (1, 16) = 9.567, 
p = 0.0070). Il1b mRNA expression showed no signifi-
cant change in response to HFD in either genotype (Sup-
plementary Fig. 7). These results indicate that HFD may 
induce an early phase of senescence in the liver, charac-
terized by increased p21 expression and upregulation of 

SASP cytokines (Il18, Tnf, and Il6). However, the absence 
of miR-146a does not significantly alter this response, 
suggesting that miR-146a may not play a critical role in 
HFD-induced hepatic senescence and inflammation.

Elevated Smad4 expression in the hypothalamus 
of Mir146a‑/‑ mice on HFD
To understand the pathways influenced by miR-
146a under HFD conditions, we next investigated 
the mRNA expression of its known targets involved 
in the regulation of in inflammation and senescence, 

Fig. 7 HFD induces senescence markers and SASP cytokines in the liver of WT and Mir146a-/- mice. qPCR analysis of (A) p16 mRNA expression, (B) 
p21 mRNA expression and (C-E) RT-qPCR analysis of SASP cytokines: Il18, Tnf, and Il6 in the liver of WT and Mir146a-/- mice on HFD and LFD. Number 
of animals = 5. Data panels (A, C, D, E) were analyzed using two-way ANOVA with Tukey’s multiple comparisons test, data in panel (B) did not pass 
normality test and transformed into logarithms (Y = log(Y) and further processed using one-way ANOVA with Tukey’s multiple comparisons test. 
Data are represented as mean ± SEM; * p < 0.05, ** p < 0.01
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such as Irak1 and Smad4 [48, 73], in both the hypo-
thalamus and liver. Our analysis revealed that in the 
hypothalamus, Irak1 expression showed no signifi-
cant differences across all groups (Fig.  8A). However, 
Smad4 expression was notably elevated in the WT 
HFD group (p = 0.0074) compared to the WT LFD 
group and was further increased in the Mir146a-/- 
HFD group compared to the Mir146a-/- LFD group 
(p = 0.0010). Additionally, Smad4 levels were signifi-
cantly higher in the Mir146a-/- HFD group than in the 
WT HFD group (p = 0.0132), indicating a more pro-
nounced effect in the absence of miR-146a (Fig.  8B). 
Significant effect on HFD treatment (F (1, 15) = 38.57 
p < 0.0001) and effects on genotype was found (F (1, 
15) = 18.41 p = 0.0006).

In contrast, no significant changes were observed in 
the liver for both Irak1 (Fig. 8C) and Smad4 (Fig. 8D) 
across any of the groups, suggesting a tissue-specific 

regulation by miR-146a, particularly under HFD-
induced stress in the brain hypothalamus.

 Elocalcitol mitigates HFD‑induced behavioral 
and senescence changes in WT mice but not in miR‑146a 
knockout mice
We first investigated the effects of Elo and vitamin D 
under HFD conditions and observed effects of senes-
cence markers and miR-146a expression. Elo effectively 
reduced senescence markers p16 and p21 in hypo-
thalamus and p21 in liver (Supplement Fig.  8A–C). 
While vitamin D under HFD conditions did not show 
significant effects on these markers. Furthermore, elo 
significantly upregulated miR-146a in both the hypo-
thalamus and liver, while vitamin D had no significant 
impact on miR-146a expression under HFD conditions 
(Supplement Fig. 9A, B). This highlights Elo’s ability to 
mitigate HFD-induced senescence compared to vitamin 

Fig. 8 Smad4 mRNA expression is increased in the hypothalamus of Mir146a-/- mice compared to WT mice in HFD conditions. (A, B) RT-qPCR 
analysis of Irak1 and Smad4 mRNA expression levels in the hypothalamus and (C, D) liver. Number of animals = 4–6. All data panels were analyzed 
using two-way ANOVA followed by Tukey’s multiple comparisons test. Data are represented as mean ± SEM; * p < 0.05, ** p < 0.01
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D, particularly in regulating miR-146a and senescence-
associated pathways.

Next, we assessed whether Elo alone, without HFD, 
could modulate miR-146a expression. Elo treatment 
led to a significant increase in miR-146a levels in the 
hypothalamus (Supplement Fig.  10A) and liver (Supple-
ment Fig. 10B), suggesting that Elo positively modulates 
miR-146a expression in these key metabolic tissues. To 
explore the impact of miR-146a modulation on HFD-
induced pathologies, we administered Elo to WT and 
Mir146a-/- mice on HFD. We then assessed body weight, 
cognitive function, and senescence markers in the hypo-
thalamus. As shown in Fig.  9A, Elo treatment signifi-
cantly reduced body weight in the WT mice subjected 
to HFD + Elo compared to WT HFD group (p = 0.0029). 
In contrast, the Mir146a-/- mice subjected to HFD + Elo 
did not show a significant reduction in body weight com-
pared to the Mir146a-/- HFD group (p = 0.4032). Signifi-
cant effects of Elo treatment (F (3, 36) = 5.695, p = 0.0027) 
was found. Next, assessing the cognitive function using 
NORT revealed that the WT HFD + Elo group exhib-
ited an improved preference for the novel object com-
pared to the WT HFD group (p = 0.0306). This cognitive 
benefit was not observed in the Mir146a-/- HFD + Elo 
compared to the Mir146a-/- HFD group (p = 0.7953) 
(Fig.  9B). Two-way ANOVA demonstrated significant 
effects on Elo treatment (F (1, 27)= 7.867, p = 0.0092). 
Next, we assessed the expression of senescence mark-
ers in the hypothalamus. WT HFD + Elo mice exhibited 
significantly reduced p16 mRNA levels compared to WT 
HFD mice (p = 0.0066), indicating that Elo attenuates 
HFD-induced senescence in the hypothalamus. In con-
trast, Mir146a-/- HFD + Elo mice showed no significant 
changes in p16 expression compared to Mir146a-/- HFD 
mice (p = 0.6645) (Fig. 9C). p21 mRNA levels also exhib-
ited decreased expression in WT HFD + Elo (p < 0.0001), 
but not in Mir146a-/- HFD + Elo (p = 0.9850) compared 
to their respective HFD controls (Fig.  9D). One-way 
ANOVA exhibited significant effects of Elo treatment in 
both mRNAs p16 and p21 (F (3, 16) = 12.65, p = 0.0002; 
F (3, 14) = 25.72, P < 0.0001). Flow cytometry revealed 
that, Elo treatment showed significantly reduced β 
gal + microglial cells in WT HFD + Elo compared to 

WT HFD group (p = 0.0125), as expected this change 
is not observed in Mir146a-/- HFD + Elo compared to 
Mir146a-/- HFD group (p = 0.7652) (Fig. 9E) and showed 
significant effect of Elo treatment (F (3, 16) = 13.60, 
p = 0.0001). Analysis of SASP cytokines in the hypothala-
mus showed a significant decrease in Il1b (p = 0.0057) 
(Fig.  9F), Il18 (p = 0.0016) (Fig.  9G) and Il6 (p = 0.0390) 
(Fig. 9H) in the WT HFD + Elo group, not in Mir146a-/- 
HFD + Elo group (p = 0.6240, 0.5471, 0.2139) compared 
to their respective HFD controls. Il1b, Il18 and Il6 
mRNAs were significantly affected by Elo treatment (F 
(1, 14) = 13.96, p = 0.0022; F (3, 15) = 10.11, p = 0.0007; F 
(1, 15) = 12.67, p = 0.0029), while Il6 showed significant 
effect on genotype (F (1, 15) = 9.121, p = 0.0086). Nota-
bly, when Elo was administered alone to mice on LFD, 
there were no significant changes in body weight, cog-
nitive function, senescence markers, or SASP cytokine 
levels across WT and Mir146a-/- mice (Data not shown). 
These findings together suggest that Elo effectively miti-
gates HFD-induced increases in body weight, cognitive 
deficits, and senescence markers in WT mice. However, 
these beneficial effects are not observed in Mir146a-/- 
mice, highlighting that miR-146a may have crucial role of 
in mediating the therapeutic effects of elocalcitol under 
high-fat diet conditions.

Elocalcitol reduces senescence associated genes and SASP 
cytokines in the liver in a miR‑146a dependent manner
We next also investigated the impact of Elo on liver 
senescence markers in WT and Mir146a-/-mice sub-
jected to HFD. First, we assessed the mRNA expression 
levels of p16 and p21, as well as SASP cytokines, in the 
liver. We found that p21 mRNA expression was signifi-
cantly decreased in the WT HFD + Elo group compared 
to WT HFD group (p = 0.0226) indicating a potential 
protective effect of Elo on liver senescence (Fig.  10A). 
This decrease in p21 expression was not observed in 
the Mir146a-/- HFD + Elo group (p = 0.6490), One-way 
ANOVA demonstrated significant effect on Elo treat-
ment (F (3, 16) = 4.231, p = 0.0221).

Next, we measured the expression of SASP cytokines 
in the liver. The mRNA levels of Il18 (F, Tnf, and Il6 
were significantly reduced in the WT HFD + Elo group 

Fig. 9 Elocalcitol mitigates HFD-induced behavioral and hypothalamic senescence changes in WT mice but not in Mir146a-/- Mice. (A) Body 
weight changes across four groups: WT HFD, Mir146a-/- HFD, WT HFD + Elo, and Mir146a-/- HFD + Elo. (B) Preference ratio for the novel object 
in the novel object recognition test for the same groups. (C, D) RT-qPCR analysis of p16 and p21 mRNA expression levels. (E) Flow cytometry 
analysis of β-galactosidase positive microglial cells in the hypothalamus. (F-H) RT-qPCR analysis of SASP cytokines in the hypothalamus of WT 
and Mir146a-/- mice on HFD and Elo treatment. Number of animals = 4–10. Data panels (A, C, D, E, G) did not show normal distribution and were 
transformed into logarithms (Y = log(Y) and analyzed using one-way ANOVA with Tukey’s multiple comparisons test and panels (B, F, H) are 
processed using two-way ANOVA followed by Tukey’s multiple comparisons test. Data are represented as mean ± SEM; * p < 0.05, ** p < 0.01, **** 
p < 0.0001

(See figure on next page.)
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Fig. 9 (See legend on previous page.)
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compared to the WT HFD group (p = 0.0013, p = 0.0394, 
p = 0.0023). In contrast, these reductions were not 
observed in the Mir146a-/- HFD + Elo group (p = 0.0860, 
p = 0.8754, p = 0.689) (Fig.  10B-D). Il18, tnf and Il6 
mRNA showed significant effects of elocalcitol treat-
ment (F (3, 16) = 17.00, p < 0.0001), (F (3, 16) = 3.543, 
p = 0.0386) and (F (1, 15) = 15.99, p = 0.0012), while Il6 
mRNA showed significant effect on genotype (F (1, 
15) = 183.1, p < 0.0001) and interaction (F (1, 15) = 6.247, 
p = 0.0245). Importantly, when Elo was administered 
alone to mice on an LFD, no significant changes were 
observed in the expression levels of p16, p21, or the SASP 
cytokines across WT and Mir146a-/- mice (Data not 
shown). These findings suggest that Elo reduces HFD-
induced liver senescence and SASP cytokine expression 
in a miR-146a-dependent manner.

Discussion
Our study demonstrates that HFD induces pronounced 
microglial senescence in the hypothalamus, character-
ized by elevated levels of p16, p21, and SASP cytokines 
(Il1b, Il18, tnf and Il6), alongside an increase in β-gal 
positive microglial cells, indicating an advanced stage of 
senescence in this brain region. The increased β-gal posi-
tive microglial cells in the hypothalamus underscores the 
advanced nature of senescence in this region, further 

suggesting that neuroinflammation and cellular aging 
in the brain are closely linked to dietary-induced meta-
bolic disturbances. The senescent microglial cells likely 
adopt a senescence-associated secretory phenotype, 
releasing pro-inflammatory cytokines such as Il1b, Il18, 
Tnf, and Il6. This cytokine production in the hypothala-
mus suggests that SASP is a central contributor to neu-
roinflammation under HFD conditions, linking cellular 
senescence with metabolic stress-induced inflammatory 
signaling. Notably, there were no significant changes in 
these markers in the hippocampus, highlighting region-
specific responses within the brain. This aligns with 
existing literature that highlights the sensitivity of hypo-
thalamic neurons and glia to metabolic insults and their 
pivotal role in the central regulation of energy balance 
[74, 75]. We also observed increased microglial density 
upon HFD, which may be a compensatory response to 
the elevated neuroinflammatory signals associated with 
senescent cells. Senescent cells release various SASP 
factors that can attract microglia from other regions, 
or induce microglial cell proliferation, which might 
account for the rise in microglial numbers [76, 77]. In 
line with HFD-induced hypothalamic senescence, cogni-
tive deficits was observed in mice on HFD, as evidenced 
by decreased preference in the novel object recognition 
test, a result consistent with previous studies linking 

Fig. 10 Elocalcitol reduces HFD-induced senescence and SASP cytokines in liver of WT mice but not Mir146a-/- mice. (A) qPCR analysis of p21 
mRNA expression levels, (B) Relative mRNA expression of Il18, (C) Tnf, and (D) Il6 in the liver, analyzed by RT-qPCR with primers for the indicated 
genes in the liver. Number of animals = 4–5. Data in panels (A-C) did not show normal distribution and were transformed into logarithms (Y = log(Y) 
and further processed using one-way ANOVA with Tukey’s multiple comparisons test and (D) was analyzed using two-way ANOVA followed 
by Tukey’s multiple comparisons test. Data are represented as mean ± SEM; * p < 0.05, ** p < 0.01
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diet-induced obesity to impaired cognitive function 
[78–80]. These observed cognitive impairments suggest 
that neuroinflammation and senescence can negatively 
impact cognitive performance [81].

Our results suggest that HFD may also induced signs 
of cellular senescence in the liver tissues. This suggestion 
is supported by the observed elevation of p21 and SASP 
cytokines, but in contrast to hypothalamus, the levels of 
p16 and β-gal activity remained unchanged. This could 
indicate that liver senescence is at an initial phase, where 
cells are beginning to undergo stress-induced prema-
ture senescence but have not yet fully transitioned to a 
senescent state. We speculate that the observed cytokine 
production in the liver may be driven by stress-induced 
pathways, such as JNK and STAT3 activation rather than 
the development of a full SASP response. This distinc-
tion suggests that the liver’s cytokine response under 
HFD conditions arises from metabolic stress pathways 
independent of advanced cellular senescence. The liver’s 
regenerative capacity and different exposure to metabolic 
factors compared to the brain might also contribute to 
this delayed or partial senescence response.

The HFD-induced obesity also induced downregulation 
of miR-146a in hypothalamus but not in liver. Interest-
ingly, although other studies have shown that miR-146a 
is upregulated in response to obesity and can suppress 
inflammation in adipose tissue [82], our findings indi-
cate a different pattern of its expression in the brain, spe-
cifically the hypothalamus. Another study showed that 
miR-146a was downregulated in the brain region of the 
nucleus accumbens under HFD conditions, further sug-
gesting that miR-146a downregulation in response to 
HFD may be specific to certain brain regions involved in 
metabolism and reward [83]. The role of miR-146a in the 
hypothalamic senescence is particularly noteworthy. In 
the hypothalamus of Mir146a-/- HFD mice, we observed 
an increased expression of senescence markers p16 and 
p21 compared to WT HFD mice, indicating that miR-
146a may act as a protective factor against HFD-induced 
cellular senescence specifically in the hypothalamus. This 
protective effect was not observed in the liver, where the 
absence of miR-146a did not significantly affect the levels 
of p21, suggesting that the role of miR-146a in regulating 
senescence is tissue-specific. The absence of miR-146a 
removes this regulatory check, consequently, enhanced 
senescence. Despite the increased senescence markers 
in Mir146a-/- HFD mice, inflammatory cytokine levels 
(Il1b, Il18, Tnf and Il6) were similar between Mir146a-/- 
HFD and WT HFD mice. This suggests that while miR-
146a plays a significant role in senescence regulation, it 
does not directly control inflammatory cytokine levels in 
the same context, pointing to distinct regulatory path-
ways for senescence and inflammation, and suggesting 

that miR-146a’s influence on senescence may be mediated 
through mechanisms other than direct cytokine regula-
tion. Our study found no significant differences in body 
weight gain or cognitive function between Mir146a-/- 
and WT mice subjected to HFD treatment. These find-
ings are consistent with previous research indicating that 
miR-146a deficiency does not affect diet-induced body 
weight gain [84]. This highlights the tissue-specific roles 
of miR-146a and suggests that its regulatory effects may 
differ significantly between central and peripheral tissues.

Our study clearly demonstrated that Elo, a non-
hypercalcemic fluorinated analogue of vitamin D, has 
a protective effect against HFD-induced hypotha-
lamic senescence. Concomitant administration of Elo 
but not vitamin D prevented impairment of cognition, 
and reduced the expression of senescence markers and 
inflammatory cytokines in WT mice. By contrast, in 
animals deficient for miR-146a, Elo failed to prevent 
body weight gain, cognitive impairments as well as to 
reduce the expression of senescence markers, this sug-
gests that the protective effects of Elo are mediated, at 
least in part, through miR-146a pathways. Notably, elo 
treatment led to upregulation of miR-146a expression 
in both the hypothalamus and liver, underscoring its 
role in modulating miRNA expression under metabolic 
stress conditions. This upregulation of miR-146a could 
explain the observed reversal of HFD-induced changes 
in both the hypothalamus and liver, suggesting that Elo 
may exert its beneficial effects through the restoration 
of miR-146a levels. Importantly, we are the first to show 
that Elo can exert reverse cellular senescence, highlight-
ing its potential as a novel therapeutic agent for combat-
ing age-related and metabolic disorders. The reduction 
in senescence markers, such as p16 and p21, and SASP 
cytokines in both tissues further supports the anti-aging 
properties of Elo.

To explore which targets of mir-146a might be involved 
in the regulation of senescence we measured the expres-
sion of Irak1 [72] and Smad4 [48] in the hypothalamus 
and liver of Mir146a-/- mice and WT mice upon HFD 
treatment. Our data show that Smad4 mRNA levels were 
increased in the hypothalamus of HFD mice and even 
more so in the Mir146a-/- HFD group, supporting the 
hypothesis that miR-146a negatively regulates Smad4 in 
the brain. The literature also supports this interaction, 
showing that miR-146a can target and suppress Smad4, 
thereby modulating senescence pathways [48]. The 
heightened levels of Smad4 in the absence of miR-146a 
may contribute to the enhanced senescence observed in 
the hypothalamus of Mir146a-/- HFD mice. This aligns 
with findings that Smad4 is involved in the regula-
tion of senescence and that its increased expression can 
lead to the activation of senescence-related pathways. 



Page 18 of 21Chithanathan et al. Immunity & Ageing           (2024) 21:82 

However, in the liver, Smad4 levels did not show signifi-
cant changes, indicating that miR-146a’s regulatory role 
over Smad4 is predominantly relevant in the hypothala-
mus. Interestingly, we found no significant changes in 
Irak1 expression in the hypothalamus of either WT HFD 
or Mir146a-/- HFD mice, suggesting that while miR-146a 
might regulate Irak1 in other tissues, it does not do so in 
the brain under HFD conditions. Hence, we speculate 
that downregulating Smad4, miR-146a could limit the 
activation of senescence pathways.

Conclusion
In conclusion, our study shows that HFD-induced hypo-
thalamic senescence is negatively modulated by miR-
146a, which appears to play a protective role against 
senescence by targeting Smad4 in the hypothalamus. 
Elocalcitol treatment reverses these effects by restor-
ing miR-146a expression and reducing the activation 
of senescence markers, as illustrated in Fig.  11. The 
upregulation of miR-146a by elocalcitol, and its ability 
to reverse HFD-induced changes in both the liver and 
hypothalamus, underscores the therapeutic potential of 
this compound in the context of metabolic and neurode-
generative diseases.
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