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The mechanism by which sleeve gastrectomy (SG) improves glycometabolism has remained unclear so far.
Increasing evidence has demonstrated that bone is a regulator of glucose metabolism, and osteoblast-derived
forkhead box 01 (FoxO1) and lipocalin-2 (LCN2) are regulators of energy metabolism. The aim of this study
was to investigate whether the FOXO1/LCN2 signaling pathway is involved in the anti-diabetic effect of SG.
Insulin resistance was induced in Wistar rats, which were then intraperitoneally injected with streptozotocin to
induce a type 2 diabetic state. Levels of fasting blood glucose, serum insulin, HbAlc, and LCN2 were analyzed
at corresponding time points after SG and sham surgeries. The expressions of FOXO1, LCN2, and the melano-
cortin 4 receptor (MC4R) in bone and hypothalamus were detected by immunofluorescence. FOXO1 siRNA was
applied to downregulate FOXO1 expression in osteoblasts of rats. The influence of FOXO1 gene on expression
of LCN2 was investigated in cultured osteoblasts by western blot and PCR.

Glucose metabolism in the SG group was significantly improved. The LCN2 expression in bone in the SG group
was higher than that in the sham group, whereas FOXO1 expression in the SG group was lower than that in
the sham group. The binding rate of LCN2 and MC4R in the hypothalamus was also higher in the SG group
compared with that in the sham group. The downregulation of FOXO1 expression in osteoblasts was accom-
panied by upregulation of LCN2 expression.

These results suggest that the FOXO1/LCN2 signaling pathway participates in the anti-diabetic effect of SG.
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Background

Diabetes mellitus (DM) jeopardizes human health and is asso-
ciated with high disability and mortality rates [1]. Type 2 di-
abetes mellitus (T2DM) features disrupted glycometabolism,
largely due to insulin resistance (IR) in target tissue [2]. Among
the therapies of DM, metabolic surgery can significantly reduce
the weight of patients and improve glycometabolism. A meta-
analysis showed that the cure rate and remission rate of dia-
betes mellitus after metabolic surgery are 78.1% and 86.6%,
respectively [3]. At present, 2 of the most widely used meta-
bolic surgeries are sleeve gastrectomy (45.9%) and Roux-en-Y
gastric bypass (39.6%) [4]. SG surgery not only has a remark-
able effect on reducing weight and improving glycometabo-
lism, but also has the advantages of relatively simple surgery
process and fewer complications. In recent years, SG surgery
has become the first choice of metabolic surgery [5]. However,
the mechanism by which metabolic surgery improves glyco-
metabolism has remained unclear. In the past, it was believed
that the liver was the main organ for glycogen storage and the
trigger for circulating glucose flow [6]. Skeletal muscle plays
an important role in the body’s energy metabolism balance
and insulin resistance process, and over 80% of glucose up-
take and consumption occurs via skeletal muscles. However,
recent studies have found that the glucose absorption of the
femur, fibula, tibia, and even the skull is higher than tradition-
ally believed to occur in muscle and fat tissue [7,8]. In recent
years, studies have found that bone can exhibit the charac-
teristics of endocrine organs, which means they can secrete
multiple hormones to participate in the systemic endocrine cy-
cle [9-11]. The surface of osteoblasts contains insulin receptors.
Therefore, when insulin increases in the body, it can directly
stimulate osteoblasts and promote the synthesis and secre-
tion of collagen and bone matrix. Insulin deficiency can reduce
the number and activity of osteoblasts and affect bone forma-
tion. Thus, some scholars put forward the theory of a bone-
pancreatic endocrine feedback loop [7,10]. Lipocalin 2 (LCN2),
secreted by osteoblasts, is the latest hormone discovered that
has important regulatory functions for energy metabolism.

LCN2, a protein known as neutrophil gelatinase-associated li-
pocalin, is expressed in various tissues such as immune cells,
adipose tissue, and kidney, and is implicated in diseases asso-
ciated with inflammation and obesity and T2DM. Furthermore,
LCN2 also acts as a bone-derived lipid carrier protein, and is
mainly enriched in osteoblasts. LCN2 can increase insulin re-
lease to improve glycometabolism. LCN2 can pass through
the blood-brain barrier and act on the melanocortin 4 recep-
tor (MC4R) in the hypothalamus, thus activating the MC4R-
dependent anorexia pathway, and then affecting appetite and
regulating liver glycogen output [12]. Some studies showed that
forkhead box 01 (FoxO1) plays an important role in processes
associated with T2DM, such as insulin resistance, proliferation,
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differentiation, and apoptosis of islet B cells, and glucose and
lipid metabolism [13-15]. The participation of FoxO1 in the
regulation of blood glucose in osteoblasts has also been con-
firmed. Osteoblasts deficient in FoxO1 can reduce Esp expres-
sion and increase osteocalcin expression, thus increasing in-
sulin sensitivity and insulin production [16].

In the present study, we hypothesized that FOXO1 and LCN2
are involved in the anti-diabetic effect of SG. The expressions
of FOX01 and LCN2 in bone were observed, and the binding
rate of LCN2 and MC4R in the hypothalamus was measured
after SG and sham surgeries, showing that FoxO1 is an up-
stream regulators of LCN2 in osteoblasts. The results suggest
that the FOXO1/LCN2 signaling pathway is involved in the
anti-diabetic effect of SG. Here, we present new insights into
the mechanism by which metabolic surgery affects diabetes.

Material and Methods

T2DM animal models were established

Twenty male Wistar rats (55-60 days old, 200-220 g) were sup-
plied by the Laboratory Animal Center of Shandong University
(Jinan, China). The rats were maintained under the following
conditions: room temperature 24-26°C, humidity 50-60%, and
12 h light/dark cycle. All rats were fed a high-fat diet (40%
fat, Huafukang Biotech, China) for 4 weeks, then injected in-
traperitoneally with streptozotocin (30 mg/kg, Sigma Aldrich,
USA) dissolved in sodium citrate buffer (pH=4.2) to induce a
diabetic state after 12-h fasting. Rats with fasting blood glu-
cose (FBG) >11.1 mmol/l stable for 14 days were used for re-
search. Eighteen rats that were successfully induced to a dia-
betic state were randomly divided into the SG group (n=9) and
sham group (n=9). The sham group underwent sham surgery
to eliminate the effect of surgical stress on blood glucose. We
gave 10% Ensure (Abbott Laboratories, USA) to rats for 48 h
prior to surgery and 5 days after surgery. A high-fat diet (HFD)
was continuously provided to the end of the experiment. All
rats were euthanized by intravenous injection of a barbiturate
overdose prior to collection of samples.

Surgery procedures

After 8 h of fasting, rats in the SG and sham groups were
anesthetized by intraperitoneal injection of ketamine
(75 mg/kg) [17,18].

In the SG group [19-21], a midline incision (approximately
4 cm) of the upper abdomen was made and the gastric omen-
tum was dissected. Exploration of the abdominal cavity showed
that none of the rats had gastrointestinal anomalies or intra-
abdominal tumors. The cardia and the pylorus of the stomach
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were identified. Hemostatic forceps were used to clamp the
maximum curvature from the cardia to the pylorus to prevent
hemorrhage. The gastric omentum blood vessels were dissect-
ed and cut. Approximately 70% of the stomach outside the
clamped area, including the fundus, was removed. After the
sleeve gastrectomy was completed, the stomach incision was
sutured with 7-0 silk suture (Ningbo Medical Needle, China).
The abdominal wall was closed with 7-0 silk suture (Ningbo
Medical Needle, China). Finally, 15 mL sterile saline was in-
jected subcutaneously for postoperative hydration at the end
of the procedure.

In the sham group [22], laparotomy was performed to expose
the stomach and dissect the gastric omentum. The operation
time was extended to mimic that of the SG group.

Glucose homeostasis was determined

FBG (mIU/L) and body weight (g) were measured twice a week.
Serum samples were collected from the orbital vein. Fasting
serum insulin (mlIU/L) and HbA1lc (%) were assessed before
and after operations by enzyme-linked immunosorbent as-
say (ELISA). The oral glucose tolerance tests (OGTT) were per-
formed at the 4" week after surgery [23]. After fasting for 8 h,
the blood glucose levels of rats were measured at 0, 15, 30, 60,
90, and 120 min after glucose administration (1 g/kg). The glu-
cometer was from Roche (Germany), and ELISA kits were from
Wuhan USCN Business Co. (China).

Homeostatic model assessment-insulin resistance (HOMA-IR)
and the area under the curve (AUC) of the OGTT were calcu-
lated. HOMA-IR=fasting insulinxFBG/22.5.

Tissues were processed and prepared.

Rats were sacrificed 4 weeks after surgery. The femur and hy-
pothalamus were fixed in neutral buffered formalin for immu-
nofluorescence assay. The femur was decalcified with EDTA for
1 month at room temperature. Then, the femur and hypothala-
mus were dehydrated and embedded to make paraffin sections.

Enzyme-linked immunosorbent assay (ELISA)

An LCN2 ELISA kit (CUSABIO Life Science, Wuhan, China) was
used to detect fasting serum LCN2 before and after operations.

HE staining of femur and hypothalamus

HE staining was conducted according to routine protocols.
The paraffin sections were immersed in xylene (Chinese
Pharmaceutical Group, 10023418) and alcohol (Chinese
Pharmaceutical Group, 100092683). After deparaffinization
and rehydration, they were stained with hematoxylin solution
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(Google Biology, G1005) for 5min, then stained with eosin
(Google Biology, G1005) for 3 min and re-immersed in xylene
and alcohol. The slides were mounted using neutral balsam
(Chinese Pharmaceutical Group, 10004160) and photographed
using a positive optical microscope (Nikon Eclipse Cl, Japan).

Immunofluorescence of femur and hypothalamus

Femurs were dewaxed and antigen was repaired with a repair
box filled with citric acid antigen repair buffer solution (G1202,
Google Biology). The slides were washed in PBS (G0002, Google
Biology) and sealed at 25°C for 30 min after drying. After the
blocking solution was discarded, the primary antibody anti-
LCN2 (ab63929, Abcam) or Foxol (GB11286) was added to
the slides and incubated overnight at 4°C. For double immu-
nofluorescent staining, hypothalami were incubated with anti-
MC4R antibody (bs-11417R) overnight. After 24 h, the sections
were washed and incubated with anti-LCN2 (ab63929, Abcam)
for 2 h. Then, the slides were washed in PBS, and a second-
ary antibody, cy3-goat anti-rabbit (GB21303, Google Biology),
was added dropwise. The slides were incubated at 25°C for
50 min and washed in PBS. DAPI (G1012, Google Biology) was
added dropwise to slides and incubated at room temperature
for 10 min. Finally, the slides were sealed with an anti-fluores-
cence quenching tablet (G1401, Google Biology).

Five immunofluorescence images were randomly captured
on a Nikon Eclipse C1 confocal microscope at 400x magnifi-
cation. Images were captured with a camera (Nikon DS-U3).
Using Image ) software, the expressions of LCN2 and FOXO1
in femurs were detected by calculating the mean of 10D in im-
munofluorescence images. To quantify the double immuno-
fluorescence staining, the co-localization coefficient between
LCN2 and MC4R was shown as the Pearson coefficient in the
co-localization volume (1, completely correlated; 0, not corre-
lated; -1, completely negatively correlated).

Cell Cultures

CP-R091 rat osteoblasts were purchased from Procell Life Cell
Cultures Science & Technology Co. (Wuhan, China). Cells were
cultured in osteoblast basal medium (CM-R091) as recom-
mended by the supplier and maintained in a-minimal essen-
tial medium (a-MEM). The a-MEM (Gibco-BRL, Rockville, MD,
USA) contained 1% (v/v) of penicillin/streptomycin and 10%
(v/v) of heat-inactivated fetal bovine serum at 37°C in a hu-
midified atmosphere of 95% air and 5% CO,.

siRNA silencing
Lipofectamine RNAIMAX was used to transfect FOXO1 tar-

geting siRNA or control (scrambled) siRNA into CP-R091 cells.
FOXO1 silencing was achieved after 2 rounds of 100 nM siRNA
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Figure 1. Body weight (A) and food intake (B) between SG and sham groups after operation, * p<0.05.

transfection. Western blot (WB) analysis and RT-qPCR were
used to test the silencing efficiency of FOXO1. During the same
period, the gene and protein levels of LCN2 were detected.
The siRNA sequences were as follows:
5’-GCAAGUUUAUUCGAGUACAGA-3’ (forward),
5’-UGUACUCGAAUAAACUUGCUG-3’ (reverse).

WB

Cultured cells were lysed in RIPA buffer containing protease
cocktail inhibitor. The phosphorylated protein was extract-
ed using a phosphorylated protein extraction kit. The lysate
was separated on SDS-polyacrylamide gel for electrophore-
sis. Then, the protein was transferred to the polyvinylidene
fluoride membrane and incubated with primary anti-Foxol
(GB11286, 1: 1000), anti-LCN2 (ab63929, 1: 1000), and anti-
B-actin (GB12001, 1: 1000) at 4°C overnight. The membrane
was incubated with a horseradish peroxidase-conjugated
secondary antibody (Cell Signaling Technology, Beverly, MA,
USA) for 1 h and was visualized using chemiluminescent re-
agents. Imaging was done using a gel imaging system (Tanon,
Shanghai, China) and quantitative blotting was performed us-
ing Image J software.

RT-qPCR

Total RNA was isolated from osteoblasts using TRIzol reagent
(G3013, Servicebio) and transcription was performed using the
RevertAid First Strand cDNA Synthesis Kit (#K1622, Thermo).
The reverse transcription condition was set at 65°C for 5 min, at
42°C for 60 min, and at 70°C for 5 min, with PCR amplification
performed at the final stage. Analyses were performed on cDNA
using FastStart Universal SYBR Green Master (04 913 914 001,
Roche). All procedures were performed according to the man-
ufacturer’s instructions. The following primer pairs were used:
LCN2: 5’-AGCACCATCTATGAGCTACAGGA-3’ (forward),
5’-CGAATGTTCTGATCCAGTAGCG-3’(reverse).

FoxO1: 5’- ACTTCAAGGATAAGGGCGACAG-3’ (forward),
5’-ATTTCCCACTCTTGCCTCCCT-3'(reverse).

GAPDH: 5’-CTGGAGAAACCTGCCAAGTATG-3’(forward),
5’-GGTGGAAGAATGGGAGTTGCT-3'(reverse).

Statistical analysis

SPSS software (version 22.0) was used to analyze all statisti-
cal data. Graphpad Prism 8.0 software was used for drawing
graphs. K-S and S-W tests were used in the normality test of
measurement data. Combined with the data of P-P chart and
Q-Q chart, the measurement data conforming to normal dis-
tribution were expressed in the form of mean+standard (x+s)
deviation. The difference of measurement factors between the
2 groups was compared using a single-factor t test. Trapezoidal
integration was used to calculate AUC of the OGTT. P<0.05 was
considered as indicating a statistically significant difference.

Results

All surgeries were successfully conducted. One rat in the SG
group died of stomach stump hemorrhage after the opera-
tion. No statistically significant difference was observed be-
tween the 2 groups before surgery (p > 0.05, data not shown).

SG surgery had a remarkable effect on reducing weight
and improving glycometabolism

Body weight and food intake of the SG group were less than
that of the sham group after operations (p<0.05, Figure 1). As
shown in Figure 2A, there was a decrease in FBG levels in the
SG group compared with the sham group after operations
(p<0.05). The levels of fasting serum insulin were higher in the
SG group compared with the sham group 4 weeks after surgery
(p<0.05, Figure 2B). Levels of HOMA-IR and HbA1c were lower
than those of the sham group 4 weeks after surgery (p<0.05,
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Figure 2. SG improved glycometabolism in rats with T2DM. (A) Fasting blood glucose of the 2 groups after surgery. (B) Fasting serum
insulin levels of the 2 groups at the 4" week after surgery. (C) HOMO-IR of the 2 groups at the 4" week after surgery.
(D) HbA1c of the 2 groups at the 4" week after surgery. (E) OGTT of the 2 groups at the 4" week after surgery. (F) The AUC of
OGTT of the 2 groups at the 4" week after surgery. * p<0.05.

Figure 2C, 2D). The OGTT results of the 2 groups are presented Serum LCN2 levels increased after SG

in Figure 2E. The AUC of OGTT in the SG group was lower than

in the sham group at 4 weeks after surgery (p<0.05, Figure 2F). ELISA was used to evaluate the effect of SG on LCN2 levels
in peripheral blood. Our results demonstrated that levels of

These results showed decreased glucose levels, increased in- fasting serum LCN2 in the SG group were higher than those
sulin secretion, and improved insulin resistance after SG, indi- in the sham group at 4 weeks after surgery (p<0.05, Figure 3),
cating that SG had a significant anti-diabetic effect. suggesting that SG increased LCN2 levels in peripheral blood.
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Figure 3. Fasting serum LCN2 levels of the 2 groups at the 4t
week after surgery. * p<0.05.
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HE staining of femur and hypothalamus

HE Staining was performed to observe the histomorphology of
femurs and hypothalami (Figure 4). The area in the blue box
of Figure 4A shows the position of the femoral osteoblasts.
The area in the blue box of Figure 4B shows the position of
the hypothalamus. The area in the blue box corresponds to
the area detected by immunofluorescence.

LCN2 expression was higher and FOXO1 expression was
lower in bone after SG

Bone is the main secretory organ of LCN2. Based on the anal-
ysis of LCN2 level in the peripheral blood after SG, we hy-
pothesized that SG promotes the secretion of LCN2 in bone.
Immunofluorescence was used to semi-quantitatively analyze
the protein levels of LCN2 in femurs after SG, and the protein
levels of FOXO1 in femurs were analyzed after SG. As shown
in Figures 5, 6, LCN2 expression in the femur was higher in the

Figure 4. HE staining of femur and hypothalamus. The part in the blue box corresponds to the part detected by immunofluorescence.
The area in the blue box of figure A is the position of the femoral osteoblasts. The area in the blue box of figure B is the

position of the hypothalamus.
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Figure 5. Effects of SG and sham surgeries on the expression of LCN2 in femur using immunofluorescence assays at the 4th week
after surgery. (A) Immunofluorescence images showing the expression of LCN2. Red fluorescence indicates LCN2, while
blue fluorescence indicates DAPI-labeled nuclei. Scale bar: 50 pm. (B) The bar graph showed quantitative analysis of LCN2.

* p<0.05.

SG group than in the sham group, while FOXO1 expression in
the femur was lower in the SG group compared with the sham
group at 4 weeks after surgery (p<0.05). These results indi-
cate that the expressions of LCN2 and FOXO1 in bone are af-
fected by SG; therefore, we speculated that there is a correla-
tion with the expression of LCN2 and FOXO1.

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

Binding of LCN2 and MC4R in the hypothalamus was
enhanced after SG

To explore the effect of increased levels of LCN2 in the body
after SG on energy metabolism, the binding rate of LCN2 and
MC4R in the hypothalamus was tested by double immunoflu-
orescent staining. As shown in Figure 7, double immunofluo-
rescent staining using anti-MC4R (green) and anti-LCN2 (red)
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Figure 6. Effects of SG and sham surgeries on the expression of FOXO1 in femur using immunofluorescence assays at the 4t week
after surgery. (A) Immunofluorescence images showing the expression of FOXO1. Red fluorescence indicates FOXO1, while
blue fluorescence indicates DAPI-labeled nuclei. Scale bar: 50 pm. (B) The bar graph shows quantitative analysis of FOXO1.

* p<0.05.

identified the binding rate of LCN2 and MC4R in the hypothal-
amus. The co-localization coefficient was used to semi-quan-
titatively analyze the binding rate. There was a significant in-
crease in the co-localization coefficient of LCN2 and FOXO1
compared with that of the sham group after SG (p<0.05). This
result indicates that SG enhanced the binding of LCN2 and
MC4R in the hypothalamus.

Foxo1/LCN2 pathway exists in osteoblasts

Based on the analysis of the protein levels of LCN2 and FOXO1
in the bone after SG, we speculated that the decrease in FOXO1
levels after SG caused the increase in LCN2 levels. To confirm
this speculation, we downregulated FOXO1 gene expression in
osteoblasts through siRNA silencing technology and used RT-
PCR and western blot to detect the gene and protein levels of
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Figure 7. Effects of SG and sham surgeries on the expression of LCN2 and MC4R in hypothalamus using the double
immunofluorescence assays at the 4" week after surgery. (A) Double immunofluorescence images showing the expression
of LCN2 and MC4R. Red fluorescence indicated LCN2, green fluorescence indicated MC4R, blue fluorescence indicated DAPI-

labeled nuclei. Scale bar: 50 um. (B) The bar graph shows quantitative analysis of the co-localization coefficient between
LCN2 and MC4R. * p<0.05.
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Figure 8. After downregulation of FOXO1 expression, the expression of LCN2 in osteoblasts at both the protein and mRNA levels.
(A-C) Western blotting results of FOXO1 and LCN2. (D, E) RT-gPCR results of FOXO1 and LCN2. ** p<0.01.

LCN2 and FOXO1. With the downregulation of FOXO1 expres-
sion, the expression of LCN2 in osteoblasts at both the mRNA
and protein levels was increased (p<0.01, Figure 8), showing
that the Foxo1/LCN2 pathway exists in osteoblasts.

Discussion

Metabolic surgery has remarkable effects on reducing weight and
improving glycometabolism [24,25]. Theories on the anti-diabetic

effects of metabolic surgery have mainly focussed on increas-
ing insulin secretion and decreasing insulin resistance in liver,
muscle, and adipose tissues [18,26-28]. Bone has recently been
recognized as a pleiotropic endocrine organ. A growing num-
ber of studies have shown that some bone-derived hormones
that affect bone homeostasis affect glucose metabolism. These
findings have shown that there may be a channel between
the pancreas and bone to deal with metabolic and skeletal
stress [7,11,29-31]. Among the hormones released by bone,
FOXO1 and LCN2 can improve peripheral insulin sensitivity and
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modulate food intake and glucose homeostasis. Impaired FOXO1
or LCN2 can lead to disorders of energy homeostasis, result-
ing in a diet-induced obese phenotype in mice [12,16,32,33].

In the present study, bone immunofluorescence staining re-
sults showed that expression of FOXO1 was reduced and ex-
pression of LCN2 was increased in bone of diabetic rats after
SG. FOXO01 is the main regulator of redox balance in osteo-
blasts. When high glucose induces an increase in oxidative
stress, it can stimulate FOXO1 secretion [34-36]. Via integrat-
ed signals originating from the bone, FOXO1 can change the
function and mass of pancreatic  cells. Some studies also
found that insulin secretion and sensitivity can be regulated
by FoxO1 in osteoblasts. Osteocalcin, an osteoblast-secreted
hormone known to promote glucose homeostasis, can be up-
regulated by FoxO1 in osteoblasts [32,33,37-39].

Some data suggest that LCN2 is highly expressed in osteoblasts.
After LCN2 gene knock-out in mice, the number of islet cells,
B-cell function, and B-cell proliferation were all reduced, which
ultimately causes a decrease in glucose tolerance and insulin
sensitivity, leading to the occurrence of diabetes [12,40-42].
The effect of LCN2 on glucose tolerance might reflect its direct
effect on islet cells. Mosialou et al. also found that the upreg-
ulation of LCN2 is a protective mechanism against glucose in-
tolerance caused by obesity by reducing food intake and pro-
moting adaptive B-cell proliferation. Osteoblast-derived LCN2
suppress appetite and reduce fat mass, while improving glucose
metabolism [34]. Both FOXO1 and LCN2 can be secreted by os-
teoblasts, and can participate in regulation of glucose metab-
olism by affecting the mechanism of insulin resistance during
the pathogenesis of diabetes. However, there are few reports
on the interaction between FOXO1 and LCN2. In the present
study, FOXO1 siRNA was applied to downregulate FOXO1 ex-
pression in osteoblasts of rats. After downregulation of FOXO1
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expression in osteoblasts, expression of LCN2 was upregulat-
ed; therefore, we hypothesized that the FOXO1/LCN2 signaling
pathway in bone is involved in the anti-diabetic effect of SG.

Studies have found that osteoblast-derived LCN2 can pass
through the blood-brain barrier, combine with MC4R in the
paraventricular and ventromedial neurons of the hypothalamus,
activate the MC4R-dependent anorexia pathway, and then af-
fect appetite and regulate liver glycogen output. In the present
study, we found that the binding rate of LCN2 and MC4R in the
hypothalamus was significantly increased after SG. It is general-
ly believed that the pathogenesis of obesity and related diseas-
es (such as diabetes and hypertension) is closely related to the
regulatory role of the central nervous system [43-45]. The cen-
tral melanocortin signaling pathway plays a key role, mainly
by acting on MC4R. The interaction of arcuate proopiomela-
nocortin and neurons expressed with locus-related peptides
can coordinate long-term energy homeostasis [46]. The loss
of MC4R function can lead to development of obesity, insulin
resistance, and diabetes [47]. MC4Rs are widely expressed in
the central nervous system and are involved in energy balance
regulation and sympathetic nerve outflow [48,49].

Conclusions

Our results suggest that the FOXO1/LCN2 signaling pathway
in bone is involved in the anti-diabetic effect of metabolic sur-
gery. This finding provides new insights into the mechanism
of metabolic surgery and provides new ideas and directions
for the treatment of obesity and DM.
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