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Abstract The transformation of white to beige adipocytes is a promising method for the treatment of obesity. The
aim of this study was to investigate the effect of stachyose on the regulation of adipocytes browning. The 3T3-L1
preadipocytes and C3H10T1/2 multipotent stem cells were differentiated into mature adipocytes with stachyose (0.5,
2.0 mg/mL). Results showed that the treatment of stachyose significantly decreased intracellular lipid accumulation
and increased mitochondrial contents in 3T3-L1 adipocytes and C3H10T1/2 cells. Stachyose, which led to an
increase of the relative numbers of UCP1-positive cells, has not only promoted the expression of browning-specific
genes and proteins but also induced the phosphorylation of AMPK. Be-sides, the addition of AMPK inhibitor
(compound C) has reduced the increase in the protein expression of thermogenesis-related markers induced by
stachyose, suggesting that AMPK could affect the stachyose-mediated adipocyte browning process. These results
indicate that stachyose has a probable effect on the regulation of adipogenesis and prevention of obesity.
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1. Introduction

Obesity has been identified as an epidemic disease by
the World Health Organisation (WHO). According to the
data released by WHO in 2016, more than 1.9 billion
adults are overweighted (body mass index (BMI) > 25)
and more than 650million are classified as obese
(BMI > 30). According to the World Obesity Federation,
more than 1 billion people will be obese by 2030 [1]. The
cause of obesity is the imbalance between energy intake
and expenditure. Excess energy is stored within adipose
tissue in the form of triglyceride [2]. There have been
convincing evidences shown that obesity is a major risk
factor during the development of many common diseases,
including type Il diabetes, dyslipidaemia, non-alcoholic
fatty liver disease, cardiovascular disease, Alzheimer's
disease, and even some cancers [3]. Therefore, the
demand for developments of effective therapeutic and
preventative strategies for combating obesity is urgent.

The dysfunction in adipose tissues plays an important
role in the energy homeostasis, and has become the
primary target in the treatment of obesity and metabolic
disorders. Traditionally, the adipose tissue is divided into
brown adipose tissue (BAT) and white adipose tissue
(WAT). BAT contains a large number of mitochondria
and produces heat by consuming glucose and circulating

free fatty acids [4]. The thermogenic function of BAT is
mainly activated by the expression of uncoupling protein 1
(UCP1), a protein located in the mitochondrial inner
membrane. UCP1 uncouples the oxidative respiratory
chain of mitochondria from ATP synthesis with energy
dissipated as heat, thereby increasing the total energy
consumption [5]. WAT is the major energy storage organ
and also an important endocrine organ responsible for
regulating biochemical processes such as immunity and
metabolic homeostasis [6]. Recently, a subpopulation of
cells derived from WAT, known as brown-like adipocytes
or beige adipocytes, with phenotypic characteristics and
functions closer to brown adipocytes, have been shown to
manifest improved thermogenic capacity, increased
mitochondrion density, and augmented expression of
Ucpl and other thermogenic genes [7]. Beige adipocytes
are generated through WAT browning, a process
associated with augmented non-shivering thermogenesis
and metabolic capacity [8]. The browning of WAT, which
occurs under certain stimulations such as cold exposure,
B3-adrenergic receptors, cellular growth factors, and
nutritional factors [9], is regarded as a new direction for
obesity treatment.

More emerging evidence shows that dietary bioactive
compounds and  prebiotics  [4,10,11] including
polyphenols, oligosaccharide or polysaccharides [4,12]
have the ability to promote BAT activity as well as in-
duce the browning of WAT [9,10,11]. Stachyose, one of
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the non-reducing functional oligosaccharides, widely
exists in edible legumes, vegetables, and traditional
Chinese medicine [13]. As a non-digestive prebiotics,
stachyose can reach the colon without digestion therefore
it can interact with gut microbiota directly [14]. Recent
studies have indicated that stachyose can promote the
proliferation of beneficial intestinal bacteria, inhibit
pathogenic bacteria [15], ameliorate type Il diabetes [16]
and regulate inflammation [14]. It has been reported that
stachyose ameliorated metabolic disorders in both HFD
mice [17] and diabetic rat [14], indicating a potential role
of stachyose in combating obesity. However, whether
stachyose can promote the browning of WAT remains
unclear. In this study, we have investigated the effect of
stachyose on the thermogenic adipocyte differentiation in
both 3T3-L1 adipocytes and C3H10T1/2 cells. And the
underlying mechanism of stachyose was also explored.

2. Materials and Methods

2.1. Materials

The 3T3-L1 pre-adipocytes and C3H10T1/2
multipotent stem cells used were purchased from
American Type Culture Collection (ATCC, Manassas, VA,
USA). Triglyceride (TG) detection kits, dexamethasone,
insulin, 3-isobutyl-1-methylxanthine and dexamethasone
were purchased from Solarbio Science & Technology Co.,
Ltd (Beijing, China). The indomethacin used was
purchased from Aladdin Reagent Co. Ltd. (Shanghai,
China) and the 3,3",5-Triiodo-L-thyronine (T3) was
purchased from TCI chemicals (TCI, Shanghai, China).
MTT was privided by Sigma-Aldrich (St. Louis, MO,
USA). MitoTracker® Deep Red FM staining reagent and
lysis buffer was purchased from Beyotime Biotech. Inc.
(Jiangsu, China). Antibodies against UCP1 (#ab10983),
SIRT1 (#ab110304), PGCla (#ab54481), PRDMI6
(#ab106410) were obtained from Abcam (Cambridge, MA,
USA). Antibodies against t-AMPK (#5832S) and p-
AMPK (#2535S) were purchased from Cell Signaling
Technology (Beverly, MA, USA).

2.2. Cell culture, Differentiation and
Treatment

The 3T3-L1 pre-adipocytes and C3H10T1/2
multipotent stem cells were grown in Dulbecco's Modified
Eagle's Medium (DMEM) (Solarbio, Beijing, China),
supplemented with 10% fetal bovine serum (Biolnd,
Kibbutz Beit, IL) and 1% penicillin streptomycin
(HyClone, UT, USA). Cells were then placed in a
humidified 5% CO2 incubator at 37°C. To further induced
their differentiation, cells were inoculated in 6-well
culture plates to reach 70-80% confluence. Then, 3T3-L1
preadipocytes and C3H10T1/2 multipotent stem cells were
cultured for 2 days in differentiation medium containing
10 pg/mL insulin, 1.0 pM dexamethasone, 0.125 mM
indomethacin, 10 nM T3 and 0.5 mM 3-isobutyl-1-
methylxanthine. After that, cells were transferred to
growth medium containing 10 pg/mL insulin and 10 nM
T3 for another 6 days. During 8 days of the differentiation
period, cells were devided into 3 groups, according to the

level of stachyose in the incubation medium (0, 0.5 and
2.0 mg/mL correspondingly).

2.3. Cell Viability Assay

MTT assay was conducted to examine the cell viability.
Cells were inoculated into 96-well plates and stachyose at
0.01 — 16.00 mg/mL were added to the medium for 24 h.
After incubation, MTT solution (5 mg/mL) was added and
cells were incubated at 37 °C for another 4 h. Then the
medium containing MTT was removed and 180 pL of
DMSO solution was added into each well to solubilize cells.
The absorbance of each well was detected using a
microplate reader (Bio-Rad, Hercules, CA, USA) at 570 nm.

2.4. Oil Red O staining Assay and
Triglyceride Content Determination

The lipid accumulation was measured by Oil Red O
staining and TG content measurments. The Oil Red O
solution was prepared as described previously [18]. After
differentiation, the mature adipocytes were washed twice
using PBS and fixed with 4% paraformaldehyde for 10
min. Then the cells were washed with PBS twice and
treated with a filtered 0.3% Oil Red O solution to stain for
20 min. After staining, the cells were washed three times
with distilled water or PBS. Subsequently, the cells were
observed and photographed under an optical microscope
(Axiomager, Zeiss, Germany) at 200x magnification.
Isopropanol was added to the cells for 20 min at room
temperature to dissolve lipid droplets. The absorbance was
measured at 510 nm using a microplate reader (Bio-Rad,
Hercules, CA, USA). Thereafter, cells were transferred
into a 96-well culture plate and placed in an Enzyme-
linked Immunosorbent Assay (ELISA) reader to detect the
absorbance value at 510 nm. The TG levels after
stachyose treatment were measured with commercial TG
colorimetric essay kit following the manufacturer’s
instructions.

2.5. Ucpl Immunofluorescence and
Mitochondrial Content Analysis

The differentiated mature adipocytes were washed
using PBS for three times and then stained by
MitoTracker® Deep Red FM at 200 nM for 30 min. The
nucleus was stained with Hoechst 33342 (Beyotime
Biotech, Jiangsu, China) for 10 min. At the end of the
staining, cells were rinsed 3 times with PBS.
Immunofluorescence for UCP1 was performed as follows:
cells were blocked in a DMEM-based blocking buffer
supplemented with 10% FBS for 1 hour at room
temperature. Following this, a polyclonal antibody against
UCP1 (Sigma, U6382) was applied at a dilution of 1:500
in the blocking buffer and incubated overnight at 4 °C.
Next, the cells were washed with PBS and incubated with
an Alexa F488-conjugated secondary antibody against 1IgG
(Life Technologies, Molecular Probes, A21206) at a
dilution of 1:500. This incubation step lasted for 2 hours at
room temperature. After the final washes with PBS, the
cells were mounted using ProLong Gold Antifade Reagent
(Life Technologies, Molecular Probes).
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Images containing Ucpl immunofluorescence and
MitoTracker staining were observed and pictured by laser
confocal microscope.

Table 1. Primer sequences used for RT-PCR

Gene Forward Sequence (5'-3") Reverse Sequence (5'-3")
Ucpl ACTGCCACACCTCCAGTC CTTTGCCTCACTCAGG
ATTH ATTGGH
CCCTGCCATTGTTAAGAC TGCTGCTGTTCCTGTTT
Pecla CA TCH
Prdm CAGCACGGTGAAGCCATT GCGTGCATCCGCTTGT
16 CA GH
Cidea ATCACAACTGGCCTGGTT  TACTACCCGGTGTCCA
ACG TTTCT
Cox7a TTCGAGAACCGAGTAGCT CTGTTGCACCGCCCTTC
GAGAAC AC
oyt e CCAAATCTCCACGGTCTG ATCAGGGTATCCTCTC
TTC CCCAG
Tfam GAGGCCAGTGTGAACCAG  GTAGTGCCTGCTGCTC
TGA CTGA
GAP GTAACCCGTTGAACCCCA CCATCCAATCGGTAGT
DH TT AGCGA

2.6. Real-time PCR Analysis

Real-time PCR was conducted as described in [19].
After incubation, the total cellular RNA was extracted
using a total RNA isolation kit (Tiangen, Beijing, China)
in accordance with the manufacturer's instructions.
Subsequently, total RNA was reverse-transcribed into the
cDNA PrimeScript RT reagent kit (Tiangen, Beijing,
China). The resultant cDNA was amplified by the RT-
PCR instrument (Thermo Fisher, MA, USA). GAPDH
was used as a control to normalize the differences in
MRNA levels. The primer sequences used in this study are
listed in the supporting information Table S1. The
expression levels of each gene were quantified using that
comparative cycle threshold (2-AACt) method.

2.7. Western Blot Analysis

The cells were treated with cell lysis buffer containing
protease inhibitor cocktail. The mixture was then disrupted
by ultrasonic treatment and centrifuged at 4°C for 15 min.

The BCA protein assay kit was used to determine total
protein concentrations. The cell lysates (30 pg of protein)

were subjected to 10% sodium dodecyl sulfate-
polyacrylamide  gel  electrophoresis  (SDS-PAGE),
transferred to  polyvinylidene difluoride (PVDF)

membranes (Millipore Corporation, Billerica) and then
blocked by 5% skimmed milk for 1 h. The PVDF
membrane was incubated with primary antibodies
overnight at 4 °C. Then, the membrane was washed with
1xTBST for five minutes and incubated with peroxidase
conjugated secondary antibody for 1 h. After washing
with 1xTBST five times, immunoblots were developed
using enhanced chemiluminescence detection reagents
(CWBIo, Beijing, China) and images were detected using
a chemiluminescence detection system (Beyotime Biotech,
Jiangsu, China). Protein levels were normalized to those
of B-actin. The intensity of bands was quantified using the
software ImageJ 1.47v (NIH, Bethesda, MD).

2.8. Statistical Analyses

All values were presented as the as mean * standard

deviation (SD). Statistical analysis was performed with
one-way ANOVA followed by Tukey’s test. Differences
were considered statistically significant at P < 0.05. All
experiments were performed independently and on at least
three occasions.

3. Results

3.1. Effect of Stachyose on the Cell Viability
of 3T3-L1 Adipocytes and
C3H10T1/2 Cells

To investigate the effects of stachyose on the cell
viability, a series of concentrations of stachyose were
tested on 3T3-L1 adipocytes and C3H10T1/2 cells by
MTT analysis. The results showed that intervention of
stachyose (0.01-2.00 mg/mL) for 48 h had no significant
effect on cell viability in 3T3-L1 adipocytes and
C3H10T1/2 cells. And a significant decrease in cell
viability was observed after stachyose intervention at 8.00
or 16.00 mg/mL in 3T3-L1 adipocytes (Figure 1A) and
C3H10T1/2 cells (Figure 1B), compared to the control
group. Therefore, the concentrations of 0.50 and 2.00
mg/mL of stachyose were chosen for the following
experiments.
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Figure 1. Effect of stachyose on the cell viability of 3T3-L1 pre-
adipocytes and C3H10T1/2 multipotent stem cells. Cell viability of 3T3-
L1 pre-adipocytes (A) and C3H10T1/2 multipotent stem cells (B) were
assessed after stachyose treatment at various concentrations for 48 hours
by the MTT assay. Data are expressed as mean = SD (n = 6). * P < 0.05,
** P <0.01, and *** P < .001 versus the control group

3.2. Stachyose Alleviated Intracellular Lipid
Accumulation in 3T3-L1 Adipocytes and
C3H10T1/2 Cells

Oil Red O staining was performed and TG content were
measured to investigate the effect of stachyose on the lipid
accumulation in 3T3-L1 adipocytes and C3H10T1/2 cells.
As shown in Figure 2A and 2C, stachyose-treated groups
resulted noticeably smaller lipid droplets compared to the
control group in 3T3-L1 adipocytes and C3H10T1/2 cells.
The semi-quantitative analysis of Oil red O staining
showed that stachyose at 0.5 mg/mL and 2.0 mg/mL
significantly reduced the lipid accumulation of
C3H10T1/2 cells (Figure 2B). A significant reduction in
absorbance compared to the control group was observed in
the stachyose treatment group at a concentration of 2.0
mg/mL in 3T3-L1 adipocytes (Figure 2D). Besides,
stachyose intervention also decreased the level of TG
content in both 3T3-L1 adipocytes and C3H10T1/2 cells
(Figure 2E and 2F).
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3.3. Stachyose Enhanced Mitochondrial
Biogenesis in 3T3-L1 Adipocytes
and C3H10T1/2 Cells

To investigate the effect of stachyose on the

mitochondrial biogenesis, the cells were stained with
MitoTracker Deep Red to measure the mitochondria
abundance. Results showed that the red fluorescence
3T3-L1

intensity was significantly increased in
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adipocytes (Figure 3A and 3B) and C3H10T1/2 cells
(Figure 3C and 3D) after stachyose treatment, indicating
an elevation in mitochondrial content. Moreover,
stachyose up-regulated the mRNA expression of
mitochondria biogenesis-related genes (Cox7a, Cyt C,
and Tfam) in both 3T3-L1 adipocytes (Figure 3E) and
C3H10T1/2 cells (Figure 3F). These findings indicates
that the intervention of stachyose increased the
mitochondrial biogenesis.
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Figure 2. Effects of stachyose on the intracellular lipid accumulation in 3T3-L1 adipocytes and C3H10T1/2 cells. Typical pictures were observed with
light microscope after Oil Red O staining in 3T3-L1 adipocytes (A) and C3H10T1/2 adipocytes (C). (x80 magnification , scale bar=200 um). Semi-
quantitative analysis of Oil Red O stained 3T3-L1 adipocytes (B) and C3H10T1/2 cells (D). The level of TG content in 3T3-L1 adipocytes (E) and
C3H10T1/2 cells (F). Data are expressed as mean + SD (n = 6). * P <0.05, ** P <0.01, and *** P < .001 versus the control group
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Figure 3. Effects of stachyose on the mitochondrial biogenesis in 3T3-L1 adipocytes and C3H10T1/2 adipocytes. 3T3-L1 adipocytes (A) and
C3H10T1/2 adipocytes(C). Images were analyzed with a fluorescence microscope ( x200 magnification). Quantitative data for MitoTracker Red and
UCP1 immunofluorescence staining intensity in 3T3-L1 adipocytes (B) and C3H10T1/2 adipocytes (D). Relative mRNA expression of mitochondrial
biogenesis-related genes were measured by RT-PCR in 3T3-L1 adipocytes (E) and C3H10T1/2 adipocytes (F). Data are expressed as mean + SD (n =

4).*P<0.05,** P <0.01, and *** P < .001 versus the control group
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Figure 4. Effect of stachyose on the expression of browning-specific genes and proteins in 3T3-L1 adipocytes and C3H10T1/2 adipocytes. The mRNA
expression levels of browning-specific genes were measured by RT-PCR in 3T3-L1 adipocytes (A) and C3H10T1/2 adipocytes (B). The protein
expression of UCP1, PGClo, PDRM16 and SIRT1 were measured by western blot in 3T3-L1 adipocytes (C and D) and C3H10T1/2 adipocytes (E and
F). Data are expressed as mean = SD (n = 3). * P < 0.05, ** P < 0.01, and *** P < .001 versus the control group

3.4. Stachyose Promoted the Expression of
Browning-specific Genes and Proteins in
3T3-L1 Adipocytes and C3H10T1/2 Cells

Then, the effects of stachyose on the expression of
browning-specific genes and proteins were further
determined in 3T3-L1 adipocytes and C3H10T1/2 cells.
Stachyose intervention at 0.5 mg/mL or 2.0 mg/mL
demonstrated varying degrees of enhancement in the
expression of Ucpl, Pgcla, Prdml6, Sirtl in 3T3-L1
adipocytes (Figure 4A) and C3H10T1/2 cells (Figure 4B).
When the concentration of stachyose was at 2.0 mg/mL,
the UCP1, PGCla, PRDM16, SIRT1 expression in 3T3-
L1 adipocytes were raised up to 2.01 fold, 1.38 fold, 1.56
fold, 1.95 fold, respectively (Figure 4C and 4D), while
raised the UCP1, PGCla, PRDM16 and SIRT1 expression
in C3H10T1/2 cells up to 1.45 fold, 1.68 fold, 1.94 fold,
1.58 fold (Figure 4E and 4F). The above data
demonstrated that the stachyose treatment promoted the
expression of UCP1 and other browning markers, and
indeced the formation of beige cells as a result.

3.5. Stachyose Improved Degree of AMPK
Phosphorylation in 3T3-L1 Adipocytes
and C3H10T1/2 Cells

To investigate the effect of stachyose on the degree of
AMPK phosphorylation in 3T3-L1 adipocytes and
C3H10T1/2 cells, the ratio of p-AMPK/t-AMPK was
analysed by western blot. Results showed a higher ratio of

p-AMPK/t-AMPK in the stachyose-treated group, where
the stachyose treatment upregulated the phosphorylation
of AMPK in 3T3-L1 adipocytes (Figure 5A) and
C3H10T1/2 cells (Figure 5C), compared with the control
group. Furthermore, the band intensity that in the 2.0
mg/mL stachyose treatment group was significantly higher
than that in the control group in 3T3-L1 adipocytes
(Figure 5B) and C3H10T1/2 cells (Figure 5D).

3.6. Stachyose-mediated Thermogenesis is
Partially Dependent on the Activation
of AMPK in 3T3-L1 Adipocytes and
C3H10T1/2 Cells

To investigate whether stachyose-mediated
thermogenesis could be associated with AMPK
signaling pathway, the AMPK inhibitor compound C
was added to stachyose-treated differentiation medium.
Stachyose treatment alone led to a significant increase
in the expression of UCP1, PGCla, PRDM16 and the
ratio of p-AMPK/t-AMPK in 3T3-L1 adipocytes
(Figure 6A and 6B) and C3H10T1/2 cells (Figure 6C
and 6D), compared to the control group. On the
contrary, in the presence of compound C, the increase
in the expression of UCP1, PGCla, PRDMI16 and the
ratio of p-AMPK/t-AMPK mediated by stachyose was
significantly inhibited. These findings suggested that
the thermogenic effects induced by stachyose in 3T3-
L1 adipocytes and C3H10T1/2 cells was partially
dependent on the activation of AMPK,
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Figure 5. Effect of stachyose on the phosphorylation of AMPK in 3T3-L1 adipocytes and C3H10T1/2 cells. The phosphorylation of AMPK was
analysed by western blot in 3T3-L1 adipocytes (A and B) and C3H10T1/2 adipocytes (C and D). Data are expressed as mean = SD (n = 3). *P <0.05,

** P <0.01, and *** P < .001 versus the control group
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4. Discussion

Inducing the browning of white adipose tissue (WAT)
to exhibit the thermogenic phenotype is a promising way
for the treatment of obesity [6]. In this study, the effect of
stachyose on the brown remodeling of WAT in 3T3-L1
pre-adipocytes and C3H10T1/2 multipotent stem cells was
investigated. Our results indicated that stachyose not only
effectively alleviated the intracellular lipid accumulation
in 3T3-L1 adipocytes and C3H10T1/2 cells, but also
promoted the mitochondrial biogenesis and increased the
gene and protein expression of thermogenic markers. In
addition, the activation of thermogenesis mediated by

stachyose was closely related to AMPK pathway in 3T3-
L1 adipocytes and C3H10T1/2 cells. Collectively, our
data imply that stachyose induced the browning of WAT,
thus providing a potential strategy for the prevention of
obesity and its related metabolic disorders. The expansion
of adipose tissue in obesity can be attributed to the
augmentation in both the number (hyperplasia) and size of
adipocytes [20]. This hyperplasia is thought to arise from
the recruitment of preadipocytes from pluripotent stem
cells located within the vascular stroma of adipose tissue
[21]. It is followed by the mitotic clonal expansion that
takes place during preadipocyte differentiation [22]. The
3T3-L1 cell line is one of the most widely characterized
and extensively studied cell models for preadipocyte
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differentiation [23], which is derived from disaggregated
mouse embryo [24]. The C3H10T1/2 cell line is a
valuable model system for studying the commitment of
mesenchymal stem cells (MSCs) to the adipocyte lineage
[25]. This cell line represents an earlier stage of
development compared to the 3T3-L1 line [26,27], which
is isolated from 14 to 17-day-old C3H mouse embryos
[28]. Stachyose and four other oligosaccharides (galacto-
oligosaccharides, xylo-oligosaccharides, inulin and
resistant dextrin) at 0.125, 0.25, 0.5 mg/mL exerted anti-
inflammatory effect in LPS-stimulated RAW264.7
macrophages in a dose-dependent manner, whereas
stachyose was most effective in vitro [29]. Moreover, in
the range of 0.4-3.2 mg/mL, stachyose treatment did not
exhibit any inhibitory effects on the viability of Caco-2
cells[30]. Consistent with these findings, our study also
showed that stachyose at 0.5 or 2.0 mg/mL treatment
significantly promoted the formation of beige cells with
no toxicity in 3T3-L1 adipocytes and C3H10T1/2 cells.
Mounting evidence supporting the promising potentials
of functional oligosaccharides in the prevention of obesity
by regulating adipocyte differentiation. Low molecular

chitosan  oligosaccharide  significantly  decreased
intracellular lipid accumulation and inhibited the
differentiation of 3T3-L1 preadipocytes into white

adipocytes, thereby showing the anti-obesity effects [31].
Raffinose, an oligosaccharide isolated from Costus
speciosus, inhibited lipid accumulation by the activation
of fatty acid oxidation with the suppression of lipogenesis
in 3T3-L1 adipocytes [32]. Xylo-oligosaccharides
exhibited notable effects on the reduction of body weight
gain as well as the improvement of serum lipid profile in
obese rats [33]. Mannan oligosaccharides have
demonstrated a dose-dependent mitigation of weight gain
and metabolic syndrome induced by high-fat diet, and
coffee-derived mannan oligosaccharides have also shown
efficacy in promoting weight loss in overweight men [34].
Stachyose, a widely recognized and commonly used
oligosaccharide, has been extensively incorporated into
nutritional recommendations for the management of
metabolic syndromes [35]. Research has indicated that
stachyose plays a significant role in improving gut
function and regulating glucose metabolism, which has the
potential to improve type Il diabetes [16]. Consistent with
the aforementioned findings, we observed that the
stachyose-treated groups exhibited a significant reduction
in intracellular lipid accumulation and TG content in 3T3-
L1 adipocytes and C3H10T1/2 cells.

Mitochondria, serving as the powerhouse of cells, play
a crucial role in energy production by supplying over 95%
of the ATP required for cellular metabolism [31].
Mitochondrial biogenesis is a process associated with the
increase in mitochondrial mass and mtDNA copy number,
which occurs during the transformation of beige cells [36].
In our study, stachyose promoted mitochondrial
biogenesis by increasing mitochondrial abundance and up-
regulating gene expression of mitochondrial biogenesis-
related markers including Cox7a, Cyt C, and Tfam.
PGCla is a critical regulator of mitochondrial energy
metabolism[37], which stimulates the mitochondrial
biogenesis by activating various transcription factors, and
indirectly promote the level of Tfam (mitochondrial
transcription factor A)[ 38]. Cytochrome C (Cyt C) plays a

key role in mitochondrial oxidative phosphorylation.
Cytochrome oxidase (COX), such as COX7a, is an
endogenous enzyme located at the distal end of the
mitochondrial respiratory chain, exhibiting high expression
in brown adipocytes [39]. Previous research has shown that
stachyose elevated the expression of apoptotic proteins to
cause the loss of inner mitochondrial membrane potential,
leading to the up-regulation of Cyt C expression [30]. The
ganglioside GM1 oligosaccharide regulated mitochondrial
function by increasing mitochondrial density and an
enhanced mitochondrial activity in wild-type Neuro2a cells
[39,40]. Alginate oligosaccharide improved mitochondrial
biogenesis and maintained the mitochondrial integrity to
prevent cardiac dysfunction in D-galactose-induced
C57BL/6J ageing mice [41]. Consistent with theses results,
our results also revealed that stachyose treatment induced
an increase in expression of mitochondria biogenesis-
related genes and mitochondria abundance in 3T3-L1
adipocytes and C3H10T1/2 cells.

During the browning process, WAT shows thermogenic
proteins expressions, such as PRDM16, PGCla, UCPI1,
which have vital roles in the development and function of
adipocyte precursor cell lineages as well as beige or
brown adipocytes [42]. UCP1 is located within the
mitochondrial inner membrane and is involved in
uncoupling respiration in BAT by increasing glucose and
free fatty acid oxidation, thereby promoting heat
production through mitochondrial respiration [43]. PR
domain containing 16 (PRDM16) is an essential mediator
for the adipose tissue metabolism [44], serving as a
transcription factor that governs the browning and
thermogenesis of adipocytes, and controls the fate and
differentiation of brown and beige fat cells [45,46].
Evidence suggests that oligosaccharides, such as chitosan
oligosaccharide [47] and epilactose [48] induce an
upregulation in expression browning-specific proteins
containing UCP1, PRDM16, PGCla. Consistent with
these findings, our results showed that stachyose treatment
increased the expression of browning-specific genes and
proteins in 3T3-L1 adipocytes and C3H10T1/2 cells.
These results indicated that stachyose effectively promote
the browning of wladipose tissue in vitro.

AMPK functions as a pivotal regulator of energy
sensing and homeostasis [49]. Activation of AMPK
through phosphorylation promotes catabolic pathways,
such as fatty acid oxidation, while concurrently inhibiting
energy-consuming pathways [50]. AMPK activity is
subject to comprehensive regulation by multiple upstream
signals, thus positioning AMPK as a central hub utilized
by cells to synchronize their metabolism with specific
energy requirements [51]. In addition, AMPK
phosphorylate and inhibit transcription factors involved in
lipogenesis, such as SREBP1, thereby limiting lipid
synthesis and promoting fatty acid oxidation for energy
supply [52].Regulation of the AMPK phosphorylation by
dietary bioactive compounds promotes differentiation and
recruitment of beige adipocytes. SIRT1 [sirtuin (silent
mating type information regulation 2 homologue) 1] is a
cellular fuel sensor coexisting with AMPK, with both
molecules mutually regulating each other and exhibiting
similar roles in various biochemical processes, including
cellular energy metabolism [53]. Previous studies have
revealed that fructo-oligosaccharide [54] and chitosan
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oligosaccharides [55] induce AMPK activation via the
CASR signaling pathway. Our results suggested that the
ratio of p-AMPK/t-AMPK was significantly increased
after stachyose treatment versus control group in 3T3-L1
adipocytes and C3H10T1/2 cells. Compound C, also
known as dorsomorphin, is a cell-permeable inhibitor of
AMPK [56,57], and widely employed in various cellular,
biochemical, and in vivo experiments [58]. To investigate
whether stachyose-induced browning of WAT is mediated
through the AMPK pathway, we examined the expression
of browning-specific proteins with or without compound
C in 3T3-L1 adipocytes and C3H10T1/2 cells. Our results
revealed that the expression levels of browning-specific
proteins were significantly lower after treatment of
stachyose plus compound C compared to the stachyose-
treated group in 3T3-L1 adipocytes and C3H10T1/2 cells.
These results indicated that stachyose-mediated browning
of adipose tissue is partly dependent on the activation of
AMPK. However, the role of stachyose in the promotion
of WAT browning needs to be further investigated in vivo,
which can provide more data and basis for the use of
stachyose in obesity prevention and treatment.

5. Conclusions

In summary, our results supported that stachyose
promotes adipocyte browning, and this effect was
mediated through the AMPK signaling pathway.
Stachyose were found to improve mitochondrial
biogenesis and lipid accumulation in both 3T3-L1
adipocytes and C3H10T1/2 cells. It induced a brown-like
adipocyte phenotype by upregulating the expression of
UCP1, along with other thermogenic genes and beige cell
markers. Additionally, it remarkable promote the t-AMPK
phosphorylation in both 3T3-L1 adipocytes and
C3H10T1/2 cells. Therefore, stachyose may have
significant potential and value as a functional food
excipient for the treatment and prevention of obesity.
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