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Abstract 

Background  Mitochondria-endoplasmic reticulum membrane contact (MERC) is an important mode of intercellular 
organelle communication and plays a crucial role in adipose tissue metabolism. Functionality of Hoxa5 is an impor-
tant transcription factor involved in adipose tissue fate determination and metabolic regulation, but the relationship 
between Hoxa5 and MERC is not well understood.

Results  In our study, we established an obesity model mouse by high-fat diet (HFD), induced the alteration of Hoxa5 
expression by adenoviral transfection, and explored the effect of Hoxa5 on MERC dysfunction and metabolic distor-
tions of adipose tissue with the help of transmission electron microscopy, calcium ion probe staining, and other 
detection means. The results showed Hoxa5 was able to reduce MERC production, alleviate endoplasmic reticulum 
stress (ERS) and calcium over-transport, and affect cGAS-STING-mediated innate immune response affecting adipose 
tissue energy metabolism, as well as affect the AKT-IP3R pathway to alleviate insulin resistance and ameliorate meta-
bolic distortions in adipose tissue of mice.

Conclusions  Our results suggest that Hoxa5 can ameliorate high-fat diet-induced MERC overproduction and related 
functional abnormalities, in which finding is expected to provide new ideas for the improvement of obesity-related 
metabolic distortions.
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Introduction
Obesity presents a significant health challenge in con-
temporary society and has become a critical measure of 
the effectiveness of the global public health system. Typi-
cally, obesity is correlated with other chronic conditions, 
including diabetes, cardiovascular disease, and non-alco-
holic fatty liver disease [1]. Unhealthy dietary habit is a 
contributing factor to obesity, and the consumption of 

high-calorie diets has resulted in a noteworthy escalation 
in obesity rates.

The Homeobox (Hox) gene is a highly conserved super-
family of regulatory genes characterized by the inclusion 
of the Homebox sequence consisting of 183 nucleotide 
sequences [2]. Due to the highly conserved nature of 
Hox family genes and the temporal and spatial character-
istics of their expression, they are closely related to the 
development process of organisms and are important 
transcription factors that play important roles in cell pro-
liferation, differentiation, apoptosis, and organ develop-
ment [3, 4]. Hoxa5, a crucial member of the Hox gene 
family, plays a significant role in adipose tissue expansion 
and fate determination [5]. Hoxa5 promotes adipose dif-
ferentiation by increasing DNA methylation levels and 

*Correspondence:
Chao Sun
sunchao2775@163.com
1 College of Animal Science and Technology, Northwest A&F University, 
No. 22 Xi Nong Roud, Yangling 712100, Shaanxi, China

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12915-024-02047-0&domain=pdf
http://orcid.org/0000-0001-7222-4028


Page 2 of 15Chen et al. BMC Biology          (2024) 22:247 

inhibiting the PKA/HSL signaling pathway in mice, it also 
reduces endoplasmic reticulum stress and promotes the 
polarization of M2 macrophages, leading to alleviation 
of obesity-induced adipose tissue inflammation [6]. Fur-
thermore, the expression of Hoxa5 gene is linked to the 
proliferation and differentiation of brown adipose tissue 
and skeletal muscle cells [7]. Whole-genome sequenc-
ing of mice that were fed a HFD revealed that the Hoxa5 
gene underwent changes in DNA methylation and tran-
scriptional repression in adipose tissue [8]. In response 
to metabolic distortions induced by high-fat diets, these 
findings suggest that Hoxa5 may occur to play a key role 
in metabolic regulation.

The endoplasmic reticulum (ER) and mitochondria are 
involved in the synthesis, transportation, and metabo-
lism of protein and lipid in cells, form contacts in time 
and space, and coordinate with each other functionally to 
control intracellular calcium signaling transmission and 
lipid exchange and maintain cellular metabolic homeo-
stasis [9, 10]. The membrane structure of the ER in con-
tact with mitochondria is known to have been clearly 
isolated and identified only in the 1990s, which was 
named mitochondria-associated membrane (MAM), also 
known as mitochondria-endoplasmic reticulum mem-
brane contact (MERC) [11]. MERC has strong plasticity 
and participates in a variety of life activities. It is consid-
ered necessary for phospholipid transmembrane trans-
port and Ca2+ transfer to mitochondria and participates 
in the activation of tricarboxylic acid cycle (TCA cycle) 
[12–14]. ACAT1 localized on MERC can also catalyze 
the formation of cholesteryl esters from free cholesterol, 
thus controlling the balance between membrane choles-
terol and free cholesterol [15]. Research has shown that 
lack of MERC integrity leads to metabolic abnormalities 
such as mitochondrial dysfunction, endoplasmic reticu-
lum stress, and insulin resistance [16, 17].

We have previously determined that Hoxa5 plays a role 
in regulating adipocyte proliferation and metabolism 
[18]. However, it is still unclear whether Hoxa5 can affect 
lipid and energy metabolism through the MERC struc-
ture of adipocytes. Therefore, our study was conducted to 
investigate the effect of Hoxa5 on the structure and func-
tion of MERC in adipocytes and further explore the path-
ways by which Hoxa5 regulates energy metabolism and 
insulin resistance in adipose tissue, so as to provide novel 
insights for illuminating the energy metabolic network of 
adipose tissue.

Methods
Adenoviral vector construction
Based on the CDs (coding sequence) of the Hoxa5 gene 
(Mus musculus) in NCBI, amplification primers were 
designed using Primer 6.0 (Hoxa5-F: ATT​CCA​CTT​CAA​

CCG​CTA​C; Hoxa5-R: TCC​ACT​TCA​TCC​TCC​TGT​T), 
and Kpn I and Xho I cleavage sites with protected bases 
were added to both ends of the primers. Afterwards, the 
CDs region was amplified, and the CDs were ligated to 
the double digest product of pAdTrack-CMV overnight 
at 16  °C under the action of T4DNA ligase (TaKaRa). 
The product was transfected into E.coli DH5α receptor 
cells, and the pAdTrack-CMV-Hoxa5 shuttle plasmid 
was identified after plasmid extraction. The recombinant 
plasmid was linearized by Pme I digestion for 4 h. The gel 
recovery product was dephosphorylated by CIAP for 1 h. 
After ethanol precipitation, the recombinant plasmid was 
transformed into 100 µl of BJ5183 receptor cells contain-
ing pAdEasy-1 backbone vector for homologous recom-
bination at 1 µg, and then the plasmid was extracted for 
enzyme digestion and PCR identification.

After that, the constructed adenoviral vector was lin-
earized by Pac I digestion, purified using ethanol pre-
cipitation, and transferred into 293A cells for viral 
packaging. Finally, 293A cells were infiltrated using the 
viral stock solution, and fluorescence expression was 
observed after 24 h. Cells were collected after 48 h. After 
repeated freeze–thaw lysis, the supernatant was collected 
to repeat the infiltration of 293A cells for enrichment and 
purification, and the resultant viral vectors were tested 
for titer by 293 T cells.

The interfering fragments used in the experiments were 
designed based on BLOCK-iTTM RNAi Designer (Invit-
rogen) with the following sequences (top: CAC​CGC​ACA​
TTA​GTC​ACG​ACA​ATA​TCT​CGA​GAT​ATT​GTC​GTG​
ACT​AAT​GTGC; bottom: AAA​AGC​ACA​TTA​GTC​ACG​
ACA​ATA​TCT​CGA​GAT​ATT​GTC​GTG​ACT​AAT​GTGC), 
and Kpn I and Xho I cleavage sites with protected bases 
were added to both ends of the primers. The subsequent 
adenoviral vector construction process is similar.

Animal experiment
All experimental animals were housed in environmen-
tally controlled chambers (temperature: 25℃ ± 1℃; 
humidity: 55% ± 5%; 12-h light/dark cycle) and all ani-
mals fed ad  libitum. Four-week-old male C57BL/6 mice 
purchased from the Experimental Animal Center of Air 
Force Medical University (Xi’an, Shaanxi Province) were 
acclimatized and fed for 2  weeks. Afterwards, the mice 
were divided into two groups at random and fed either 
a normal diet (Chow) or a high-fat diet (HFD: with 
fat contributing to 60% of the total energy intake) for a 
period of 10 weeks to induce obesity. And at the end of 
the tenth week, the relevant indexes were tested to deter-
mine the completion of mold making. Following this, the 
mice in the high-fat diet group were divided into three 
groups at random and were intraperitoneal injected with 
purified products of adenoviral vectors overexpressing 
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Hoxa5 (pAd-Hoxa5), interfering adenoviral vectors 
of Hoxa5 (sh-Hoxa5), or unloaded adenoviral vectors 
(pAd-Control) at a titer of 1 × 1010 IFU/mL for a dura-
tion of 3  weeks. Meanwhile, some of the Chow as well 
as HFD group mice were kept and continued to be fed 
for 3 weeks, a total of 13 weeks. Mice were euthanized by 
cervical dislocation after overnight fasting and anesthesia 
with isoflurane (2%), subcutaneous white adipose tissue, 
inguinal white adipose tissue, and serum samples were 
collected. The collected tissue samples were rinsed with 
saline, weighed, immediately frozen in liquid nitrogen, 
and stored at − 80 °C.

Primary adipocyte culture
White inguinal adipose tissue was collected from 
4-week-old mice, and then visible fibers and blood vessels 
were removed. It was then washed three times with PBS 
buffer, clipped, and digested using collagenase, followed 
by filtration using a filter membrane, centrifugation, and 
resuspension using a culture medium. Primary preadipo-
cytes were seeded at a density of 30% in culture dishes 
and maintained in a humidified environment at 37℃, 5% 
CO2. To induce differentiation of preadipocytes, cells 
were cultured in DMEM/F12 medium supplemented 
with dexamethasone (1 μmol/L; Sigma), insulin (1 μg/mL; 
Sigma), IBMX (0.5 mmol/L; Sigma), and 10% fetal bovine 
serum until they reached 100% confluence (day 0). Sub-
sequently, cells were maintained in an induction medium 
containing insulin (1 μg/mL; Sigma) and 10% fetal bovine 
serum from day 2 to day 4 after induction. Primary adi-
pocytes were infected for 48 h in this procedure using an 
overexpressed Hoxa5 adenoviral vector (pAd-Hoxa5) or 
an adenoviral interference vector for Hoxa5 (sh-Hoxa5) 
at a dose of 1 × 109 IFU/mL, with a null vector (pAd-Con-
trol) as a control.

Isolation and extraction of MERC
The mice underwent overnight fasting prior to eutha-
nasia, and 1  g of inguinal adipose tissue was promptly 
collected and weighed after dissection. The tissue was 
then washed three times in pre-chilled Buffer I, finely 
minced, and immersed in Buffer II. After being filtered, 
the sample was then transferred to a glass vessel contain-
ing 30 mL of Buffer I and further fragmented via homog-
enization. The homogenate was centrifuged at 740 × g 
for 5 min, and this process was repeated twice to obtain 
the supernatant. This was followed by centrifugation 
at 8000 × g for 10  min and repeated three times to col-
lect the precipitate (crude mitochondrial fraction), while 
the supernatant was kept to collect the ER fraction. The 
crude mitochondrial preparation was layered over buffer 
III containing a 30% Percoll gradient and subjected to 
ultracentrifugation at 95,000 × g for 30  min. As a result, 

the pure mitochondrial fraction was pelleted at the bot-
tom of the tube, while an intermediate layer containing 
MERC was formed between the supernatant and the 
pure mitochondrial fraction. The MAM fractions were 
then collected and diluted ten times in MRB buffer for 
subsequent experiments.

(Buffer I: mannitol 225 mM, sucrose 75 mM, Tris–HCl 
30 mM, BSA 0.5% and EGTA 0.5 mM, pH 7.4. Buffer II: 
mannitol 225  mM, sucrose 75  mM, Tris–HCl 30  mM, 
BSA 0.5%, pH 7.4. Buffer III: mannitol 225 mM, sucrose 
75 mM, Tris–HCl 30 mM, pH 7.4. MRB buffer: mannitol 
225 mM, Hepes 5 mM, EGTA 0.5 mM, pH 7.4).

Transmission electron microscopy (TEM) sample 
preparation
Inguinal white adipose tissue was collected from mice 
in the Chow and HFD groups, and tissue fragments of 
approximately 1 mm3 in size were clipped. The tissue was 
subsequently fixed for 5 h at 4 °C using a fixative solution 
comprising of 2.5% glutaraldehyde, which was prepared 
in phosphate buffer (0.1  M, pH 7.2–7.4). The samples 
were rinsed three times with PBS phosphate buffer for 
15 min each, followed by the addition of 1% osmium acid 
for 2  h. The samples were rinsed three times with PBS 
phosphate buffer for 10 min each, followed by dehydra-
tion with 30%, 50%, 70%, 80%, 90%, and 100% ethanol, 
twice per gradient for 8 min each. This was followed by 
infiltration treatment with 25% LR-White (diluted with 
anhydrous ethanol) for 2  h, 50% pure embedding agent 
for 8  h, 75% embedding agent for 12  h, and 100% pure 
embedding agent twice for 24  h each. After embedding 
using embedding molds, the capsules were polymer-
ized in a 55℃ oven for 48  h. The polymerized capsule 
samples were trimmed into tower-shaped spikes using a 
block trimmer. The samples were stained with 2% ura-
nyl acetate for 10–30  min or lead citrate for 5–15  min, 
dried, and ready for observation by transmission electron 
microscopy.

Immunoblotting analyses
Proteins were extracted from tissues and cells with the 
assistance of a lysis buffer (Solarbio, Beijing, China), 
based on prior laboratory investigations [19]. Approxi-
mately 30  μg of proteins were separated using elec-
trophoresis on 12% and 5% SDS-PAGE gels, and then 
transferred onto PVDF nitrocellulose membranes (Mil-
lipore, MA, USA). The membranes were blocked for 2 h 
using 5% skim milk in Tris-Tween buffer, incubated over-
night at 4℃ with primary antibody, followed by incuba-
tion with HRP-conjugated secondary antibodies (Abcam, 
Cambridge, UK) for 2 h. Finally, the proteins were visual-
ized using a chemiluminescent peroxidase substrate from 
Millipore (Massachusetts, USA) and quantified using a 
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ChemiDoc XRS system from Bio-Rad (Richmond, CA, 
USA). All immunoblot analyses were performed using 
GAPDH (36  kDa) as an internal reference, and relative 
levels were calculated based on the Chow/pAd-Control 
group.

Quantitative real‑time PCR
RNA was extracted from tissues and cells for reverse 
transcription to cDNA at an amount of 500  ng RNA 
per system (TRI Pure Reagent Kit and M-MLV Reverse 
Transcriptase Kit, Takara, Dalian, China). Primers were 
designed based on mouse gene sequences and synthe-
sized by Invitgen (Shanghai, China). RT-qPCR was per-
formed in a 20 μL reaction system containing specific 
primers and SYBR premixes (Vazyme Biotech, Nanjing, 
China). Amplification was performed using an ABI Ste-
pOne plus RT-PCR system (Carlsbad, CA). Gene mRNA 
expression levels were analyzed using the 2−ΔΔCt method 
using β-actin as reference gene. All RT-qPCR programs 
were performed using SYBR® Green dye with β-actin as 
an internal reference and relative values were calculated 
based on Chow/pAd-Control group.

Glucose tolerance test (GTT) and insulin tolerance test (ITT)
Glucose tolerance test: after fasting for 16 h, mice were 
injected intraperitoneally with glucose (1.5 g/kg). The tail 
vein blood glucose levels were measured before injection 
(0 min) and 15, 30, 45, 60, 90, and 120 min after injection 
using an ACCU-CHEK® Performa glucometer (Roche 
Diabetes Care GmbH, Mannheim, Germany). Insulin tol-
erance test: the insulin sensitivity of mice was measured 
by intraperitoneal insulin injection (0.4 U/kg) into fasted 
mice for 5 h, after which changes in blood glucose levels 
in the tail vein of mice were detected by the same method 
as above.

Immunofluorescence
Cells were treated according to the experimental require-
ments and fixed with 4% formalin salt solution, then 
closed with phosphate buffer containing 5% BSA for 1 h 
at room temperature, followed by incubation with rabbit-
derived NRF2 primary antibody overnight at 4℃, then 
incubated with isothiocyanate fluorescein-coupled goat 
anti-rabbit lgG secondary antibody for 1 h at room tem-
perature, and then the nuclei were stained with DAPI 
for 5  min. Observational photographs were taken using 
a Cytation3 Cell Imaging Multi-Mode Reader (BioTek, 
Winooski, VT, USA).

Ca2+ fluorescence staining
Calcium ion probe Fluo-3, AM (Solarbio, Beijing, China) 
is one of the most commonly used fluorescent probes for 
the detection of intracellular calcium ion concentration. 

Dilute the reservoir solution with HBSS buffer and pre-
pare 1–5  μM of Fluo-3, AM working solution. Remove 
the medium and wash the cells three times with HBSS. 
Remove the buffer, cover the cells with Fluo-3, AM work-
ing solution, and incubate at 37  °C for 20  min. Remove 
the working solution and wash the cells three times with 
buffer. Add HBSS solution containing 1% fetal bovine 
serum to cover the cells and incubate the cells in a cell 
culture incubator at 37  °C for 40  min. Wash the cells 
appropriately with buffer and observe the cells with an 
inverted fluorescence microscope with an excitation 
wavelength of 480–500 nm and an emission wavelength 
of 525–530 nm.

Mitochondrial calcium level assay
According to the kit instructions, configure the Mediator 
Solution (Reagent C) and the Staining Solution (Reagent 
B) as the staining working solution; 100 μL of diluted 
purified mitochondrial solution, Reagent D, and Reagent 
E were added to the 96-well plate, respectively. After-
wards, 10 μL of staining working solution was added 
to each well, mixed well and subsequently incubated at 
22  °C for 30  min, placed at 37  °C for 30  min, and then 
detected using a fluorescent enzyme marker (excitation 
wavelength 550  nm) to calculate the concentration of 
mitochondrial calcium ions.

Data analysis
Statistical analysis of data differences was performed 
using GraphPad Prism 6.0 software. Data were compared 
using the t-test to analyze whether there was a significant 
difference between the two groups; data were compared 
in multiple groups using one-way or two-way analysis of 
variance (ANOVA) followed by the Bonferroni test. Data 
are expressed as mean ± standard deviation (mean ± SD). 
*p < 0.05, **p < 0.01 were considered to indicate statistical 
significance.

Results
Hoxa5 inhibits the formation of MERC induced by high‑fat 
diet
Long-term high-fat diet can lead to distortions of lipid 
metabolism and various metabolic diseases in the organ-
ism. We constructed an obese mouse model by feeding 
high-fat diets (HFD) and measured the levels of serum 
triglycerides and free fatty acids (FFAs) as well as the 
expression levels of lipid metabolism-related genes in 
subcutaneous white adipose tissue and found that the 
obese model mice showed significant distortions of lipid 
metabolism (Additional file 1: Fig.S1 A-C).

MERC structures as sites of physical contact between 
the endoplasmic reticulum and mitochondria mediated 
by proteins play a critical role in both energy and lipid 
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metabolism. Therefore, we studied the effect of HFD 
on the generation of MERC and assessed the close con-
tact of mitochondria with the ER membrane. We col-
lected inguinal white adipose tissue (iWAT) from mice 
in the Chow and HFD groups and prepared ultra-thin 
sections for examination using transmission electron 
microscopy, and statistic of the ratio of mitochondria in 
close contact with the ER to the total number of mito-
chondria was counted, and relative levels were calcu-
lated using the Chow group as a standard. The results 
showed that there was a significant increase (p < 0.05) 
in the contact between mitochondria and endoplas-
mic reticulum in mice in the HFD group (Fig. 1A). The 
structure formation of MERC depends on the interac-
tion of membrane proteins of the mitochondria with 
the ER, while its function depends on the action of a 
series of regulatory proteins, resulting in a dynamic 
structure that communicates with each other without 
membrane fusion [20]. Therefore, we examined the 
expression levels of MERC-related proteins such as 

STING, PACS-2, Sigma-1R and Mfn-2, and found that 
the expression changes were consistent with the TEM 
results (Fig. 1 B, C), which laterally indicated that HFD 
led to an increase in MERC production.

We further explored the intrinsic mechanism caus-
ing the changes in MERC and observed that along with 
the increased generation of MERC structures, the levels 
of Hoxa5 protein as well as mRNA expression in iWAT 
produced a downregulation (Additional file  1: Fig.S1 D, 
E). Therefore, we hypothesized that MERC formation 
might be regulated by Hoxa5, for which we constructed 
the overexpressing Hoxa5 adenovirus vectors (pAd-
Hoxa5) and interfering Hoxa5 adenovirus vectors (sh-
Hoxa5), and injected them intraperitoneally into high-fat 
mice, and detected variations in the expression levels of 
Hoxa5 in iWAT, Liver, eWAT, and BAT (Additional file 1: 
Fig.S1 F–H). We found that overexpression of Hoxa5 
reduced MERC in iWAT of mice and interference with 
Hoxa5 resulted in the opposite result (Fig.  1 D). Simi-
larly, the marker proteins of MERC and the expression of 

Fig. 1  Hoxa5 inhibits the formation of MERC induced by high-fat diet. A iWAT was collected from Chow and HFD groups, observed by TEM, 
and mitochondrial contact with the ER was counted. B iWAT was collected from Chow and HFD groups, Sting, Sigma1r, Pacs2, and Mfn2 were 
quantified using RT-qPCR. C iWAT was collected from mice in Chow and HFD groups, and immunoblotting analysis was performed on STING 
(46 kDa), PACS-2 (130 kDa), Sigma-1R (25 kDa), and MFN-2 (80 kDa). D After overexpression/disruption of Hoxa5 in the HFD group, iWAT 
was collected and observed using transmission electron microscopy, and mitochondrial contact with the ER was counted. E iWAT was collected 
from each group after overexpression/interference of Hoxa5, Sting, Sigma1r, Pacs2, and Mfn2 were quantified using RT-qPCR. F iWAT was collected 
from each group after overexpression/interference of Hoxa5, immunoblotting analysis was performed on STING (46 kDa), PACS-2 (130 kDa), 
Sigma-1R (25 kDa), and MFN-2 (80 kDa). G After enrichment of the MERC fraction, immunoblotting analysis was performed on STING (46 kDa), 
PACS-2 (130 kDa), Sigma-1R (25 kDa), and MFN-2 (80 kDa) in each group of MERC fraction. n = 4 in each group, values are mean ± SD. *p < 0.05, 
**p < 0.01. iWAT inguinal white adipose tissue, HFD high fat diet, TEM transmission electron microscope, ER endoplasmic reticulum, MERC 
mitochondria endoplasmic reticulum membrane contact
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the corresponding genes produced significant changes. 
(p < 0.05) (Fig. 1E, F).

The MERC fraction from adipocytes was further col-
lected using differential centrifugation and the levels of 
ER protein PACS-2 and mitochondrial protein VDAC 
were detected in each fraction, which showed that the 
MERC fraction was of a high purity (Additional file 1: Fig.
S1 I). Under minimizing the effect of non-MERC compo-
nents, we re-examined the changes in the levels of MERC 
marker proteins, and it was seen that overexpression of 
Hoxa5 led to a significant reduction in the expression lev-
els of MERC constituent proteins in obese mice, whereas 
the opposite was true for interference with Hoxa5 (Fig. 1 
G).

Hoxa5 alleviates MERC‑associated ER stress and Ca2+ 
homeostasis disruption
Although MERC is considered a key structure in energy 
metabolism and promotes cell adaptation to environmen-
tal changes, the presence of excessive MERC is harmful. 
Studies have shown that increased ER-mitochondrial 
coupling can promote mitochondrial respiration and bio-
energetic synthesis during the early stages of ER stress, 
but prolonged ER stress can result in extreme metabolic 
distortions [21]. Therefore, we further explored whether 
the high-fat diet-induced increase in MERC production 
leads to the generation of ER stress and probed the role 
of Hoxa5.

MERC structure is closely related to ER stress as an 
essential platform for ER stress generation and trans-
duction [22, 23]. Thus, we examined the mRNA expres-
sion levels of ER stress-related proteins GRP78, CHOP, 
and IRE1α in mouse iWAT and found that HFD led to a 
significant increase in the expression levels of ER stress 
marker proteins (p < 0.05) (Fig.  2A). In addition, we 
examined the levels of ER stress proteins in the enriched 
MERC fractions (Fig.  2B), further confirming that the 
increase in MERCs induced by a high-fat diet may cause 
ER stress to occur. Moreover, overexpression of Hoxa5 
led to a significant reduction in the expression of GRP78, 
CHOP, and IRE1α in iWAT and MERC fraction, effec-
tively alleviating ER stress, whereas interference with 
Hoxa5 expression produced the opposite effect (p < 0.05) 
(Fig.  2C, D). Therefore, we hypothesized that Hoxa5 
could reduce the occurrence of ER stress by decreasing 
MERC generation.

The opening of IP3R channels in the ER membrane 
under the stimulation of ER stress leads to a large amount 
of Ca2+ efflux, and MERC also plays an important role in 
this process and participates in the transport of Ca2+ [24]. 
Thus, we further explored the impaired calcium homeo-
stasis that may be caused by MERC abnormalities and ER 
stress and the effect of Hoxa5 on it. Our results indicate 

that a high-fat diet leads to significantly increased mRNA 
expression levels of Ip3r1 in mice iWAT (p < 0.01) (Addi-
tional file  1: Fig.S1 J). Meanwhile, the high-fat diet also 
led to a significant increase in the protein level of IP3R1 
in the enriched MERC fractions (Fig.  2E). In addition, 
we established a high-fat model by treating primary 
mouse adipocytes with palmitic acid (0.5  mM for 24  h) 
and detected intracellular Ca2+ concentrations using 
Ca2+ fluorescent probe. The results showed that the con-
centration of Ca2+ in cytoplasm increased significantly 
after treatment, indicating that high-fat induction may 
have affected MERC-mediated calcium homeostasis 
(Fig. 2F). Overexpression of Hoxa5 significantly reduced 
the mRNA expression level of Ip3r1 in iWAT, as well as 
reduced the protein level of IP3R1 in the enriched MERC 
fractions, whereas interference with Hoxa5 appeared to 
exacerbate the expression of IP3R1 (p < 0.05) (Additional 
file  1: Fig.S1 K, Fig.  2 G). Likewise, we observed that 
the overexpression of Hoxa5 considerably diminished 
the fluorescence intensity of intracellular Ca2+, whereas 
interference with Hoxa5 increased cytoplasmic Ca2+ lev-
els (Fig. 2 H). We also observed in vitro experiments that 
palmitic acid treatment led to an increase in the expres-
sion level of ER stress markers, while overexpression of 
Hoxa5 could reduce the occurrence of ER stress, and 
interference with Hoxa5 was the opposite (Additional 
file 1: Fig.S1 L, M).

Hoxa5 inhibits activation of cGAS‑cGAMP‑STING pathway 
induced by high‑fat diet
STING, is triggered by its upstream effector, Cyclic 
GMP-AMP synthase (cGAS), in response to specific acti-
vation by double-stranded DNA (dsDNA), which initi-
ates innate immune action [25]. It has been shown that 
STING is predominantly located on the ER, particularly 
enriched in the MERC region [26], and is affected by Ca2+ 
concentration, and its unique subcellular localization also 
permits STING to respond rapidly to alert signals gener-
ated by the mitochondria and ER [27].

Obesity induced by a high-fat diet is frequently accom-
panied by the development of chronic inflammation, as 
well as impairment of mitochondrial function, and the 
resulting mtDNA spillover can cause activation of the 
cGAS-STING pathway [28, 29]. We hypothesized that 
high-fat diet activates STING-mediated innate immune 
responses and is influenced by MERC levels. Therefore, 
changes in cGAS and STING levels in iWAT from mice 
on a high-fat diet were assessed and HFD was found to 
cause a significant increase in the levels of both (p < 0.05) 
(Fig. 3A, B). After that, we further examined the effect on 
cGAS-STING pathway after overexpressing/interfering 
with Hoxa5 on HFD group mice and found that mRNA 
and protein levels of cGAS and STING were significantly 
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reduced after overexpressing Hoxa5; while interfering 
with Hoxa5 led to the opposite result (p < 0.05) (Fig. 3C, 
D). Also, we have demonstrated that the level of STING 
in the enriched MERC fractions of adipose tissue also 
changed significantly with the level of Hoxa5 (p < 0.05) 
(Fig. 1G). As can be seen, changes in STING, an impor-
tant functional protein of MERC, appear to be influenced 
by MERC formation and are also accompanied by cGAS 
activation, which may be due to mitochondrial and ER 
stress.

To further confirm the effect of Hoxa5 on the cGAS-
STING pathway, we conducted overexpression and inter-
ference experiments on mouse primary adipocytes and 
exposed them to palmitic acid (0.5 mM for 24 h) to simu-
late a high-fat environment. The results demonstrated 
that overexpression of Hoxa5 significantly reduced cGAS 
and STING expression levels in primary adipocytes, 
interfering with Hoxa5 expression promoted the activa-
tion of the cGAS-STING pathway (Fig. 3E, F). Together 
with the results of in  vivo experiments, this finding 

Fig. 2  Hoxa5 alleviates MERC-associated ER stress and Ca2 + homeostasis disruption. A iWAT was collected from mice in Chow and HFD groups, 
Chop, Grp78, and Ire1α were quantified using RT-qPCR; B After enrichment of the MERC fraction, immunoblotting analysis was performed on GRP78 
(75 kDa), CHOP (31 kDa), and IRE1α (107 kDa). C iWAT was collected from each group of mice after overexpression/interference of Hoxa5 using 
adenovirus, Chop, Grp78, and Ire1α were quantified using RT-qPCR. D After overexpression/interference of Hoxa5 and enrichment of the MERC 
fraction, immunoblotting analysis was performed on GRP78 (75 kDa), CHOP (31 kDa), and IRE1α (107 kDa). E After enrichment of the MERC fraction, 
immunoblotting analysis was performed on IP3R1 (314 kDa) in Chow and HFD groups.F After treatment of mouse primary adipocytes with palmitic 
acid, the cells were stained with Fluo-3, AM Calcium probe and observed using IFM. G After overexpression/interference of Hoxa5 and enrichment 
of the MERC fraction, immunoblotting analysis was performed on IP3R1 (314 kDa). H Mouse primary adipocytes were treated with palmitic acid 
after overexpression/interference of Hoxa5, stained with Fluo-3, AM Calcium probe. n = 4 in each group. Values are mean ± SD. *p < 0.05, **p < 0.01. 
iWAT inguinal white adipose tissue, HFD high-fat diet, MERC mitochondria–endoplasmic reticulum membrane contact, IFM inverted fluorescence 
microscope
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further suggests that Hoxa5 is able to inhibit the activa-
tion of the cGAS-STING pathway caused by a high-fat 
diet, which may be related to its ability to reduce MERC 
production in adipocytes.

In the mammalian immune system, cytoplasmic DNA 
activates cGAS to synthesize second messenger-cyclic 
dinucleotides (2’, 3’-cGAMP). cGAMP binds to STING to 
form a dimer, recruit TBK1, phosphorylate and activate 
IRF3, induce type I expression of interferons and other 
cytokines [30]. To validate the activation of the cGAS-
STING pathway in adipocytes, we analyzed cGAMP lev-
els (ELISA kit, ARBOR ASSAYS) in iWAT of normal and 
HFD mice and observed a significant increase in cGAMP 
levels under high-fat feeding conditions (Fig.  3G). We 
discovered that overexpression of Hoxa5 in HFD mice 
caused a marked reduction in cGAMP levels, while inter-
ference with Hoxa5 resulted in a rise in cGAMP levels 
(Fig. 3 H). The above results support the notion that the 
distortion of MERC function due to high-fat diet may 
be associated with aberrant activation of the cGAS-
cGAMP-STING pathway, and that Hoxa5 is able to ame-
liorate MERC dysfunction while alleviating activation 

of the STING pathway. However, we may not be able to 
determine a direct causal relationship between activation 
of the immune response and increased MERC.

Hoxa5 inhibits the cGAS‑STING‑TBK1‑IRF3 pathway 
and promotes energy metabolism
TANK-binding kinase 1 (TBK1) is a crucial down-
stream factor of STING, which serves to phosphorylate 
the transcription factor IRF3, leading to the transcrip-
tion of IFN-β and, consequently, activation of the innate 
immune response [31]. Research suggests that activa-
tion of the interferon pathway triggers the production of 
downstream inflammatory factors and cytokines, which 
in turn suppress adipocyte thermogenesis and reduce 
UCP-1 expression [32, 33].

We have found that HFD can lead to structural–
functional abnormalities of MERC in adipocytes with 
concomitant activation of the STING pathway, and 
therefore, we hypothesize that its mediated innate 
immune response would further contribute to metabolic 
disruption in adipose tissue. Comparing the expression 
levels of TBK1, IRF-3, and UCP-1 in the adipose tissue 

Fig. 3  Hoxa5 inhibits activation of cGAS-cGAMP-STING pathway induced by high-fat diet. A iWAT was collected from mice in Chow and HFD 
groups; Cgas and Sting were quantified using RT-qPCR. B iWAT was collected from mice in Chow and HFD groups; immunoblotting analysis 
was performed on cGAS (58 kDa) and STING (46 kDa). C iWAT was collected from each group of mice after overexpression/interference of Hoxa5 
using adenovirus; Cgas and Sting were quantified using RT-qPCR. D iWAT was collected from each group of mice after overexpression/interference 
of Hoxa5 using adenovirus; immunoblotting analysis was performed on cGAS (58 kDa) and STING (46 kDa). E Mouse primary adipocytes were 
treated with palmitic acid after overexpression/interference of Hoxa5; Cgas and Sting were quantified using RT-qPCR. F Mouse primary adipocytes 
were treated with palmitic acid after overexpression/interference of Hoxa5; immunoblotting analysis was performed on cGAS (58 kDa) and STING 
(46 kDa). G iWAT was collected from mice in Chow and HFD groups; 2’, 3’-cGAMP levels were detected in the supernatants. H iWAT was collected 
from each group of mice after overexpression/interference of Hoxa5; 2’, 3’-cGAMP levels were detected in the supernatants. n = 4 in each group. 
Values are mean ± SD. *p < 0.05, **p < 0.01. iWAT inguinal white adipose tissue, HFD high-fat diet
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of mice fed a normal diet and a high-fat diet (Fig.  4A), 
we found that HFD-induced activation of the STING 
pathway led directly to downstream phosphorylation of 
TBK1 and IRF3, while decreasing the expression of the 
thermogenic gene UCP-1. After that, we further explored 
the effect of Hoxa5 on the activation of the TBK1-IRF3 
pathway. The findings indicated that upregulation of 
Hoxa5 resulted in a marked decrease in the phospho-
rylation state of TBK1. Conversely, downregulation of 
Hoxa5 resulted in a notable increase in the phosphoryla-
tion status of TBK1, concomitant with a corresponding 
alteration in the downstream transcription factor IRF3’s 
phosphorylation level (p < 0.05) (Fig. 4B). Meanwhile, the 

expression of UCP-1 also suggest that Hoxa5 promoted 
energy metabolism in adipose tissue (Fig. 4B), which sug-
gests that Hoxa5 may ameliorate the impaired mitochon-
drial function caused by HFD, which is closely related 
to STING pathway activation as well as the function of 
MERC. Therefore, we examined the expression levels of 
genes related to mitochondrial genesis and found that 
overexpression of Hoxa5 significantly promoted mito-
chondrion generation, whereas interference with Hoxa5 
further suppressed mitochondrial function (Fig. 4C).

In order to further confirm the impact of Hoxa5 on the 
activation of the STING-TBK1-IRF3 pathway, we treated 
mouse primary adipocytes in a high-fat environment 

Fig. 4  Hoxa5 inhibits the cGAS-STING-TBK1-IRF3 pathway and promotes energy metabolism. A iWAT was collected from mice in Chow and HFD 
groups; immunoblotting analysis was performed on p-TBK1/TBK1 (84 kDa), p-IRF3/IRF3 (57 kDa), and UCP1 (33 kDa). B iWAT was collected from each 
group of mice after overexpression/interference of Hoxa5; immunoblotting analysis was performed on p-TBK1/TBK1 (84 kDa), p-IRF3/IRF3 (57 kDa), 
and UCP1 (33 kDa). C iWAT was collected from each group of mice after overexpression/interference of Hoxa5, Pgc1α, Tfam, Nrf1, and Nrf2 were 
quantified using RT-qPCR. D Mouse primary adipocytes were treated with palmitic acid with the addition of 2’, 3’-cGAMP after overexpression/
interference of Hoxa5; immunoblotting analysis was performed on STING (46 kDa), p-TBK1/TBK1 (84 kDa), p-IRF3/IRF3 (57 kDa), and UCP1 (33 kDa). E 
Mouse primary adipocytes were treated with palmitic acid with the addition of C-178 after overexpression/interference of Hoxa5; immunoblotting 
analysis was performed on STING (46 kDa), p-TBK1/TBK1 (84 kDa), p-IRF3/IRF3 (57 kDa), and UCP1 (33 kDa). F Mouse primary adipocytes were 
treated with palmitic acid with the addition of C-178 after overexpression/interference of Hoxa5, followed by incubation with the NRF2 antibody, 
labeling by fluorescent secondary antibody followed by imaging by fluorescence microscopy. G Mouse primary adipocytes were treated 
with palmitic acid with the addition of 2’, 3’-cGAMP after overexpression/interference of Hoxa5; immunoblotting analysis was performed on Nrf2 
(66 kDa). H Mouse primary adipocytes were treated with palmitic acid with the addition of  amlexanox after overexpression/interference of Hoxa5; 
immunoblotting analysis was performed on STING (46 kDa), p-TBK1/TBK1 (84 kDa), p-IRF3/IRF3 (57 kDa), and UCP1 (33 kDa). n = 4 in each group. 
Values are mean ± SD.*p < 0.05, **p < 0.01. iWAT inguinal white adipose tissue, HFD high fat diet
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with the STING activator (2’,3’-cGAMP) and inhibi-
tor (C-178), while regulating the expression of Hoxa5 
by overexpression/interference. We discovered a note-
worthy increase in STING protein expression and cor-
responding phosphorylation levels of TBK1 and IRF3 
following cGAMP treatment of primary adipocytes. 
This was accompanied by a significant decrease in the 
level of UCP-1, which is linked to energy metabolism. 
Overexpressing Hoxa5 effectively suppressed STING 
protein expression and partially hindered STING activa-
tion by cGAMP. This resulted in notable reductions in 
the phosphorylation levels of TBK1 and IRF3 and sig-
nificant increases in UCP-1 levels. Conversely, inhibition 
of Hoxa5 exposure had a contrasting significant effect 
(p < 0.05) (Fig.  4D). Likewise, administration of C-178 
exhibited a significant suppression of the TBK1-IRF3 
pathway in adipocytes. Whereas overexpression of Hoxa5 
exacerbated the inhibitory effect of C-178, while inter-
ference with Hoxa5 showed the inverse effect (p < 0.05) 
(Fig.  4E). In addition, immunofluorescence experiments 
as well as immunoblotting showed that supplementa-
tion with C-178 or up-regulation of Hoxa5 increased the 
expression of the mitochondrial biosynthesis gene Nrf2, 
resulting in improved energy metabolism (Fig. 4F, G).

Subsequently, we administered the TBK1 inhibi-
tor amlexanox to adipocytes and observed a significant 
reduction (p < 0.05) in both TBK1 and IRF3 phospho-
rylation levels. However, STING expression appeared 
to be minimally affected, whereas there was a consider-
able increase (p < 0.05) in UCP1 expression. Remarkably, 
Hoxa5 overexpression in combination with amlexanox 
treatment synergistically contributed to decreased phos-
phorylation levels of TBK1 and IRF3, while also increas-
ing UCP1 expression levels (Fig. 4H).

Hoxa5 alleviates calcium distortions and improves insulin 
resistance
MERC plays a vital role in cellular homeostasis and can 
impact insulin sensitivity through multiple pathways 
such as Ca2+ signaling, regulation of lipid metabolism, 
and maintenance of mitochondrial and endoplasmic 
reticulum functions [34–36]. Therefore, we attempted 
to explore the relationship between MERC and calcium 
homeostasis as well as insulin sensitivity and to uncover 
the role of Hoxa5 in this regard.

For this purpose, we monitored the body weight of 
the mice as well as changes in insulin sensitivity. After 
7 weeks of being fed a HFD, there was a significant dif-
ference (p < 0.05) in body weight when compared to the 
Chow group (Additional file  1: Fig.S2 A). By the tenth 
week of feeding, significant differences in body size and 
iWAT size were also observed between mice on differ-
ent diets (Additional file  1: Fig.S2 B). Furthermore, the 

outcomes of both the glucose tolerance test (GTT) and 
insulin tolerance test (ITT) indicated that mice in the 
HFD group displayed notable impairments in glucose 
regulation and insulin sensitivity (Additional file  1: Fig.
S2 C, D). In addition, we also found that overexpression 
of Hoxa5 alleviated insulin resistance caused by a high-
fat diet to some extent, whereas the opposite was true 
for interference with Hoxa5 (Additional file  1: Fig.S2 E, 
F). Hoxa5 may also slow down the rate of weight gain in 
mice, but it did not appear to be significant in the short 
term (Additional file 1: Fig.S2 G).

AKT is a key molecule in the insulin signaling path-
way, and studies have shown that insulin stimulates the 
recruitment of AKT to MERC and phosphorylation at 
the Ser473 site [16]. Several MERC-resident proteins are 
substrates for AKT, including IP3R1 and PACS-2 [37]. 
Thus, we investigated the alterations in AKT phospho-
rylation levels in the iWAT of mice and observed a sig-
nificant decrease in AKT phosphorylation levels in mice 
of the HFD group (p < 0.05). Furthermore, acute insulin 
stimulation failed to demonstrate a significant increase in 
AKT phosphorylation levels (Fig. 5A). In contrast, over-
expression of Hoxa5 restored the phosphorylation level 
of Akt in adipose tissue, while the phosphorylation level 
of GSK-3β, a key protein downstream of AKT, was sig-
nificantly increased (p < 0.01); whereas interfering with 
Hoxa5 reduced the basal phosphorylation level of both 
(Fig.  5B). It is evident that high Hoxa5 expression may 
alleviate the impairment of insulin signaling caused by 
HFD.

Insulin sensitivity is closely related to calcium sign-
aling, and studies have shown that obesity may cause 
an increase in MERC production, which leads to an 
enhancement of IP3R-VDAC-mediated calcium trans-
port, resulting in a disruption of calcium homeostasis 
and causing insulin resistance to develop [38, 39]. There-
fore, we hypothesized that Hoxa5 may have alleviated 
insulin resistance in mice by affecting MERC produc-
tion and IP3R1-VDAC function. Hence, we examined 
the changes in the protein levels of IP3R1 and VDAC in 
iWAT after transfection with Hoxa5 and found that the 
expression of Hoxa5 was negatively correlated with the 
changes in IP3R1-VDAC (Fig. 5C), which was also con-
sistent with the changes in MERC levels. Therefore, we 
hypothesized that Hoxa5 could regulate intracellular 
Ca2+ flow and alleviate HFD-induced insulin resistance 
by activating AKT to inhibit the expression and function 
of IP3R1.

Primary adipocytes were treated with the AKT pro-
tein inhibitor KRX-0401 while also undergoing Hoxa5 
overexpression/interference. The results showed that 
the phosphorylation levels of Akt and GSK-3β were sig-
nificantly reduced in primary cells after treatment with 
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KRX-0401, accompanied by upregulation of IP3R1 and 
VDAC expression, and to antagonized with overexpres-
sion of Hoxa5, while synergistic with interference with 
Hoxa5 (Fig. 5D). Likewise, fluorescent probe staining for 
Ca2+ illustrates that suppressing the Akt-GSK-3β pathway 
results in increased levels of cytoplasmic Ca2+ (Fig. 5E). 
In addition, we isolated mitochondrial fractions from 
iWAT and quantified the levels of Ca2+ concentration 
in mitochondria using the mitochondrial Ca2+-specific 
fluorescent probe Rhod-2 (tissue intramitochondrial 
calcium ion concentration fluorescence quantification 
assay kit, GENMED, USA), further confirming that a 

HFD increased MERC-mediated Ca2+ transport, whereas 
Hoxa5 decreased calcium accumulation in mitochondria 
(Fig. 5F).

Moreover, we further examined the effects of Hoxa5 on 
the changes in the phosphorylation level of Akt in liver 
tissues and likewise found that Hoxa5 restored the phos-
phorylation level of AKT to a certain extent (Fig.  5G). 
Similarly, we examined the effects of serum triglycerides, 
FFAs, and lipid metabolism genes in iWAT of HFD mice 
after overexpression/interference of Hoxa5 and found 
that increasing the expression level of Hoxa5 some-
what relieved the adipose tissue and systemic metabolic 

Fig. 5  Hoxa5 alleviates calcium distortions and improves insulin resistance. A After 5 h of fasting, insulin (0.5 U/kg) was injected intraperitoneally; 
after 30 min to collect iWAT, immunoblotting analysis was performed on p-AKT/AKT (56 kDa). B iWAT was collected from each group of mice 
after overexpression/interference of Hoxa5; immunoblotting analysis was performed on p-AKT/AKT (56 kDa) and p-GSK-3β/GSK-3β (47 kDa). 
C iWAT was collected from each group of mice after overexpression/interference of Hoxa5; immunoblotting analysis was performed on IP3R1 
(314 kDa) and VDAC (32 kDa). D After overexpression/interference of Hoxa5 on mouse primary adipocytes, the cells were treated with palmitic 
acid with the addition of KRX-0401; immunoblotting analysis was performed on p-AKT/AKT (56 kDa), p-GSK-3β/GSK-3β (47 kDa), IP3R1 (314 
kDa), and VDAC (32 kDa). E After overexpression/interference of Hoxa5 on mouse primary adipocytes, the cells were treated with palmitic acid 
with the addition of KRX-0401, stained with Fluo-3, AM Calcium probe, and visualized using an IFM. F The iWAT was collected, mitochondrial 
fractions were extracted, and Ca2+ levels were detected using the tissue intramitochondrial calcium ion concentration fluorescence quantification 
assay kit, and relative values were calculated by taking the level of mitochondrial protein Cox-2 as an internal reference. G Liver was collected 
from each group of mice after overexpression/interference of Hoxa5; immunoblotting analysis was performed on p-AKT/AKT (56 kDa). n = 4 in each 
group. Values are mean ± SD. *p< 0.05, **p < 0.01. iWAT inguinal white adipose tissue, HFD high-fat diet, IFM inverted fluorescence microscope
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distortions (Additional file  1: Fig.S2 H-J). In addition, 
overexpression of Hoxa5 also led to a decrease in iWAT 
weight in mice, whereas interference did the opposite, 
but not significantly (Additional file 1: Fig.S2 K).

Discussion
A significant portion of material exchange among orga-
nelles occurs at specialized contact sites on their mem-
branes through interactions between proteins and lipids 
[40, 41]. The connection between mitochondria and the 
ER is mediated by proteins at the organelle membrane 
contact sites, as evidenced by the interference of MERC 
structure by proteases [42]. As one of the most exten-
sively studied metabolic organelles in cells, the MERC 
plays a pivotal role in regulating intracellular calcium 
homeostasis, phospholipid biosynthesis, autophagy, 
mitochondrial dynamics, apoptosis, and the ER stress 
response [43, 44]. However, the excessive production of 
MERC structures may have detrimental effects. Through 
transmission electron microscopy observations and the 
use of molecular indicators, our current experiment has 
confirmed that a high-fat diet can elevate the contact 
between mitochondria and ER membranes in adipocytes. 
This elevation is due to an increase in the expression of 
MERC-associated proteins which can interfere with the 
normal functioning of MERC, resulting in ER stress. 
Nevertheless, we have yet to ascertain the precise rea-
son behind the significant elevation in mitochondrial–ER 
membrane contact resulting from heightened lipid stim-
ulation. This could possibly be an adaptive mechanism 
employed by the body to counter metabolic distortions 
by enhancing mitochondrial respiration and reducing 
lipid accumulation. Ultimately, it results in severe ER 
stress and insulin resistance.

As a critical transcription factor, HOXA5 plays a piv-
otal role in regulating various metabolic processes in 
the body. Previous studies have revealed a significant 
reduction in Hoxa5 expression levels in adipocytes when 
exposed to a HFD [45], indicating its potential involve-
ment in metabolic diseases related to obesity. Recent 
studies have additionally verified the possible involve-
ment of Hoxa5, including its ability to alleviate ER stress 
by impeding transcriptional activation of the eIF2α/
PERK signaling pathway and the PPARγ pathway [46]. 
Additionally, it facilitates the process of browning white 
adipose tissue by hindering Tenascin c/Toll-like recep-
tor 4/NFκB inflammatory signaling in mice [47]. Our 
study investigated the potential mechanism by which 
Hoxa5 regulates metabolic distortions induced by high-
fat diets, by decreasing the formation of MERC struc-
tures in adipocytes. This leads to a reduction in ER stress 
and disruption of Ca2+ homeostasis, thus alleviating the 

observed metabolic abnormalities. However, the mecha-
nism behind how Hoxa5 results in a decrease in MERC 
structure and impacts MERC function remains unclear.

During an intensive exploration of the effect of Hoxa5 
on MERC, we noticed the key role played by STING, 
which is located in the ER, especially in the MERC struc-
ture [48]. Numerous studies in recent years have shown 
a close connection between STING and the structure 
and function of MERC. In the presence of relatively weak 
ER–mitochondrial interactions, MERC may provide a 
platform for STING to mediate IFN signaling and inflam-
matory vesicle formation. In contrast, when mitochon-
drial dynamics are abnormal, higher ER–mitochondrial 
coupling and calcium exchange may result in STING 
residing within the Ca2+ microdomains of MERC, lead-
ing to severe ER stress [49]. Moreover, STING exhibits 
a close association with metabolic distortions that stem 
from a high-fat diet. Adipocytes can undergo activa-
tion of the cGAS-STING pathway due to mitochondrial 
stress, leading to an inflammatory response, and insulin 
resistance [50]. In the present study, we found that MERC 
dysfunction caused by a high-fat diet may be associated 
with abnormal activation of the cGAS-cGAMP-STING 
pathway, while Hoxa5 may regulate MERC structure and 
function by affecting intracellular immune responses. 
Further, Hoxa5 is also able to inhibit the activation of 
the TBK1-IRF3 pathway by affecting the cGAS-STING 
pathway to reduce the occurrence of innate immune 
responses, thereby affecting mitochondrial function and 
promoting thermogenesis in adipose tissue. However, 
we have not yet established a direct causal link between 
elevated MERC structure and cGAS-STING pathway 
activation. Additionally, the mechanism by which Hoxa5 
regulates the immune response mediated by MERCs 
requires further investigation.

Meanwhile, HOXA5 is associated with lipid metabo-
lism as well as insulin sensitivity. Therefore, we further 
investigated the relationship between merc-mediated 
regulation of Ca2+ homeostasis and insulin sensitivity. 
In MERC, the Ca2+ release channel IP3R and the mito-
chondrial outer membrane pore protein VDAC form a 
complex via GRP75 that facilitates the transport of Ca2+ 
from the ER to the mitochondria, which is regulated 
by a protein complex including AKT kinase and other 
components [51]. Therefore, we focused on the effect of 
Hoxa5 on the expression level as well as phosphoryla-
tion of AKT and observed the role of the AKT pathway 
on IP3R1-mediated calcium transport, which explains 
the regulation of adipose tissue metabolism as well as 
insulin signaling by the transcription factor HOXA5 
from a new perspective. However, we have not yet clari-
fied how HOXA5 acts on the AKT pathway, and although 
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some studies have shown that HOXA5 can upregulate 
AKT1 expression or activate the PI3K-AKT pathway, 
direct evidence is still lacking [52, 53]. Research has also 
shown that HOXA5 can induce precursor adipose dif-
ferentiation and alleviate insulin resistance by promoting 
miR574-5p expression [54]. These findings may help us 
to explain the functional exercise of in-depth Hoxa5 and 
also provide a possible direction for us to further explore 
the mechanism of action of Hoxa5.

In addition, several shortcomings and limitations still 
exist in our study. For example, GAPDH is commonly 
used as a housekeeping gene as an internal reference pro-
tein in immunoblotting analyses, including some stud-
ies related to metabolic distortions [55, 56]. However, 
in some reports, the expression of GAPDH was affected 
by metabolic processes [57, 58]. Although we have reas-
sessed that GAPDH expression levels were not signifi-
cantly affected in our study using β-actin as an internal 
reference, there may still be a potential risk. Additionally, 
the assessment of the MERC structure by TEM is also 
affected by the randomness of sample preparation and 
photographic field of view and could only be referenced 
as a semi-quantitative result. In subsequent studies, we 
hope to further precisely quantify the effect of Hoxa5 on 
MERC formation and related protein interactions using 
more intuitive methods such as Proximity Ligation Assay 
(PLA). Furthermore, intuitive dynamic tracking of Ca2+ 
flow between mitochondria and endoplasmic reticulum 
was also lacking in our study, and relying only on fluores-
cent staining may have some limitations. Our hope is that 
a more intuitive calcium tracking method can be used 
in subsequent studies to accurately assess the calcium 
exchange problem in MERC.

Conclusions
In summary, our study found that high-fat diet leads 
to structural and functional dysregulation of MERC in 
mouse adipocytes, resulting in ER stress and impaired 
calcium homeostasis, which induces interferon (IFN) 
responses centered on STING, as well as triggers insulin 
resistance. Meanwhile, Hoxa5, as an important transcrip-
tion factor, may affect the expression of MERC-related 
proteins, thereby reducing MERC production. It may 
also alleviate metabolic distortions in adipose tissue and 
insulin resistance by affecting the cGAS-STING pathway 
and the AKT-IP3R axis, and promote energy metabolism. 
Our study focused on the relationship between Hoxa5 
and MERC, expanding a new pathway for Hoxa5 to regu-
late the metabolism of adipose tissue, which is expected 
to be a potential target for the treatment of obesity-
related diseases, as well as providing an experimental 
basis for the refinement of the molecular functional net-
work related to MERC.

Abbreviations
MERC	� Mitochondria–endoplasmic reticulum membrane contact
HFD	� High-fat diet
Hox	� Homeobox
TCA cycle	� Tricarboxylic acid cycle
FFAs	� Free fatty acids
iWAT​	� Inguinal white adipose tissue
MERCs	� Mitochondria–endoplasmic reticulum membrane contact 

components
ERs	� Endoplasmic reticulum components (ERs)
PMs	� Pure mitochondria components
RCs	� Residual components
PACS-2	� Phosphofurin acidic cluster sorting protein 2
VDAC	� Voltage-dependent anion channel protein 1
cGAS	� Cyclic GMP-AMP synthase
dsDNA	� Double-stranded DNA ()
2’, 3’-cGAMP	� Cyclic dinucleotides
TBK1	� TANK-binding kinase 1
GTT​	� Glucose tolerance test
ITT	� Insulin tolerance test
IP3Rs	� IP3 receptors
RyRs	� Ryanodine receptors
IFN	� Interferon

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12915-​024-​02047-0.

Additional file 1. Fig. S1. A Serum was collected from the Chow and 
HFD groups of mice, and TG levels in serum were measured using a kit 
(Nanjing Jiancheng, China); B Serum was collected from the Chow and 
HFD groups of mice, and FFAs levels in serum were measured using a kit 
(Nanjing Jiancheng, China); C, iWAT was collected from mice in Chow 
and HFD groups, Fasn,Acc1, Hsl, and Atgl were quantified using RT-qPCR; 
D iWAT was collected from mice in Chow and HFD groups, immunoblot-
ting analysis was performed on HOXA5 (29 kDa); E iWAT was collected 
from mice in Chow and HFD groups, Hoxa5 were quantified using 
RT-qPCR; F iWAT was collected from mice after overexpression/interfer-
ence of Hoxa5,immunoblotting analysis was performed on HOXA5 (29 
kDa); G iWAT was collected from mice after overexpression/interference 
of Hoxa5, Hoxa5 were quantified using RT-qPCR; H After overexpression/
interference of Hoxa5, Hoxa5 were quantified using RT-qPCR in liver, eWAT 
and BAT; I After enrichment of the MERC fraction, immunoblot analysis 
of PACS-2 (130 kDa) and VDAC (32 kDa) in each fraction was performed; 
J iWAT was collected from mice in Chow and HFD groups, Ip3r1 were 
quantified using RT-qPCR; K iWAT was collected from mice after over-
expression/interference of Hoxa5, Ip3r1 were quantified using RT-qPCR; 
L After palmitic acid treatment of primary adipocytes, Chop, Grp78 and 
Ire1α were quantified using RT-qPCR; M Mouse primary adipocytes were 
treated with palmitic acid after overexpression/interference of Hoxa5, 
Chop,Grp78 and Ire1α were quantified using RT-qPCR. n = 4 in each 
groups, Values are mean±SD. * p<0.05, ** p<0.01. HFD, high fat diet; TG, 
triglyceride; FFAs, free fatty acids; iWAT, inguinal white adipose tissue; 
MERCs, mitochondria-endoplasmic reticulum membrane contact compo-
nents; ERs, endoplasmic reticulum components; PMs, pure mitochondria 
components; RCs, residual components. eWAT, epididymal white adipose 
tissue; BAT, brown adipose tissu

Additional file 2. Fig. S2. A Changes in body weight of Chow and HFD 
groups of mice during 13 weeks of feeding a high-fat diet (60% fat for 
energy); B Comparison of body size (left) and iWAT size (right) between 
Chow and HFD groups of mice after 13 weeks of feeding; C After 16 h of 
fasting, mice were injected intraperitoneally with glucose (1.5 g/kg), and 
tail-vein blood glucose levels were measured with a glucometer before 
(0 min) and 15, 30, 45, 60, 90, and 120 min after injection; D After 5 h of 
fasting, mice were injected intraperitoneally with insulin (0.4 U/kg), and 
tail-vein blood glucose levels were measured with a glucometer before 
(0 min) and 15, 30, 45, 60, 90, and 120 min after injection; E Glucose 
tolerance test in mice after overexpression/disruption of Hoxa5;F Insulin 
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tolerance testing of mice after overexpression/disruption of Hoxa5; G 
Changes in body weight of mice in each group during overexpression/
interference with Hoxa5;H Mice serum was collected after overexpression/
interference with Hoxa5, TG levels in serum were measured using a kit 
(Nanjing Jiancheng, China); I Mice serum was collected after overexpres-
sion/interference with Hoxa5, FFAs levels in serum were measured using 
a kit (Nanjing Jiancheng, China); J iWAT was collected from each group of 
mice after overexpression/interference of Hoxa5,Fasn, Acc1, Hsl, and Atgl 
were quantified using RT-qPCR;K Relative change in iWAT weight (two 
articles)/weight ratio. n = 4 in each groups, Values are mean±SD. * p<0.05, 
** p<0.01. HFD, high fat diet; TG, triglyceride; FFAs, free fatty acids; iWAT, 
inguinal white adipose tissue
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