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Abstract
Osteoarthritis (OA) is considered to be a highly heterogeneous disease with 
progressive cartilage loss, subchondral bone remodeling, and low-grade inflam-
mation. It is one of the world's leading causes of disability. Most conventional 
clinical treatments for OA are palliative drugs, which cannot fundamentally cure 
this disease. The stromal vascular fraction (SVF) from adipose tissues is a hetero-
geneous cell population. According to previous studies, it contains a large number 
of mesenchymal stem cells, which have been used to treat OA with good 
therapeutic results. This safe, simple, and effective therapy is expected to be 
applied and promoted in the future. In this paper, the detailed pathogenesis, 
diagnosis, and current clinical treatments for OA are introduced. Then, clinical 
studies and the therapeutic mechanism of SVF for the treatment of OA are 
summarized.

Key Words: Arthritis; Articular cartilage; Stromal vascular fraction; Mesenchymal stem 
cells; Cell therapy
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Core Tip: Osteoarthritis (OA) is one of the world's leading causes of disability. Clinically, palliative drugs 
cannot fundamentally cure this disease. The stromal vascular fraction (SVF) from adipose tissues is a 
heterogeneous cell population. According to studies, it contains a large number of mesenchymal stem 
cells, which have been used to treat OA with good therapeutic effects. In this review, we present an 
updated status of the comprehensive and systematic review of pathogenesis, diagnosis, and current clinical 
treatments for OA, especially focusing on therapeutic applications of adipose-derived SVF.

Citation: Tang Q, Zhao XS, Guo A, Cui RT, Song HL, Qi ZY, Pan Y, Yang Y, Zhang FF, Jin L. Therapeutic 
applications of adipose-derived stromal vascular fractions in osteoarthritis. World J Stem Cells 2022; 14(10): 744-
755
URL: https://www.wjgnet.com/1948-0210/full/v14/i10/744.htm
DOI: https://dx.doi.org/10.4252/wjsc.v14.i10.744

INTRODUCTION
Osteoarthritis (OA) was once thought to be a degenerative joint disease, but recent research has revealed 
that cartilage, subchondral bone, and synovium in the joints can all develop and form varying degrees 
of inflammation. As a result, OA is considered a whole joint disease. It is marked by an imbalance in the 
catabolic and anabolic processes of articular cartilage, as well as compensatory changes in bone and 
synovial inflammation, all of which ultimately lead to joint dysfunction[1,2].

The major feature of OA is the degeneration of articular cartilage and subchondral bone, which 
eventually results in joint swelling, pain, stiffness, limited mobility, effusion and inflammation, and 
even disability. This disease not only causes patients to experience considerable pain but also places a 
great economic burden on them and on society. Aging, genetic susceptibility, obesity, high bone mineral 
density (BMD), joint overuse, and injury are among the main causes of OA, according to researchers[3].

The Global Burden of Disease study for 2017 was published in The Lancet in 2018, and Safiri used it 
to conduct a systematic analysis of OA. From 1990 to 2017, the global age-standardized point pre-
valence, annual incidence, and years lived with disability rates of OA increased by 9.3% (95% UI: 8%-
10.7%), 8.2% (95% UI: 7.1%-9.4%), and 9.6% (95% UI: 8.3%-11.1%), respectively. It is worth noting that 
the prevalence of OA in females was higher than that in males. Furthermore, both the morbidity and 
prevalence of OA rise with age, with the prevalence of cases peaking at 60-64 years old[4].

Obesity, in addition to age, is a significant risk factor for OA. Obesity puts more strain on weight-
bearing joints. At the same time, adipocytes may also play a role in the pathogenesis of OA by secreting 
inflammatory factors. These factors increase the production of matrix metalloproteinases (MMPs) and 
prostaglandins while inhibiting the synthesis of proteoglycans and type II collagen, affecting cartilage 
function[5]. Obese patients (BMI > 30 kg/m2) are more likely to need total knee arthroplasty and have 
higher rates of postoperative complications, according to studies[6].

Genetic factors account for 30%-65% of OA cases. A genome-wide association scanning study has 
identified 21 independent OA susceptibility loci[7]. Articular cartilage injury, anterior cruciate ligament 
(ACL) rupture, and meniscus tear (MT) all greatly increase the risk of OA. According to one study, 
people who have had knee injuries are four times more likely to develop OA than those who have not 
had knee injuries[8]. In addition, a low vitamin D diet[9] and excessive joint use[10] may also increase 
the risk of OA. High BMD increases the risk of knee OA and joint space narrowing, but does not worsen 
the imaging progression of existing knee OA, according to one study[11].

Since OA can cause great personal and economic losses, we must pay attention to it. The purpose of 
this paper is to introduce the pathogenesis, diagnosis and current clinical treatment methods of OA and 
briefly summarize the clinical researches and mechanisms of SVF in the treatment of osteoarthritis.

PATHOGENESIS OF OA
Cartilage destruction, subchondral bone remodeling, osteophyte formation, and joint capsule thickening 
are all parts of the pathogenesis of OA, which may take several years. It should be noted that 
prearthritic deformities of the limbs could also lead to osteoarthritis. For example, severe valgus or 
varus malalignment leads to lateral or medial gonarthritis. This can produce a change in the distribution 
of high stresses within the joint, resulting in a force imbalance, which in turn accelerates arthritic 
pathology[12]. The inflammation of OA is low-grade and chronic, causing both the innate and adaptive 
immune systems to be activated (primarily the innate immune system), distinguishing OA from 
rheumatoid arthritis[13].

https://www.wjgnet.com/1948-0210/full/v14/i10/744.htm
https://dx.doi.org/10.4252/wjsc.v14.i10.744
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Normally, articular cartilage consists of water, chondrocytes, and extracellular matrices. The 
extracellular matrix is synthesized and secreted by chondrocytes and contains collagen (mainly type II 
collagen), proteoglycans, hyaluronic acid (HA), and small-molecule glycoproteins. Type II collagen and 
other extracellular matrices can form a reticular structure, which provides pressure resistance for 
articular cartilage[14]. When OA occurs, chondrocytes produce a variety of inflammatory cytokines and 
chemokines that cause inflammation, such as interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), 
and interleukin-6 (IL-6). Concurrently, chondrocytes produce MMPs, as well as disintegrin and metallo-
proteinase with thrombospondin-like motifs (ADAMTS). Type II collagen is the target of disintegrin, 
and proteoglycans are the targets of ADAMTS; together, these proteins eventually lead to increased 
cartilage catabolism and reduced synthetic metabolism and repair[15]. It is worth noting that 
osteoblasts, synovial cells, and monocytes in joints can produce IL-1β, TNF-α, MMPs, etc[15].

Subchondral bone, which is located beneath the calcified layer of articular cartilage and contains 
blood vessels and nerves, may provide mechanical support for articular cartilage. In the early stage of 
OA, osteoclasts mediate the remodeling of subchondral bones. Magnetic resonance imaging (MRI) can 
detect various degrees of subchondral bone sclerosis, osteophytes, and subchondral bone cysts as OA 
progresses[16,17]. This modification may reduce the mechanical support provided by subchondral 
bones to articular cartilage, making the articular cartilage vulnerable to damage.

Synovitis is one of the most common complications of OA. The synovium may proliferate 
significantly during the progression of OA, and synovial cells may also secrete proinflammatory factors 
and MMPs to aid in the development of OA[18]. In addition to the local inflammatory mechanism of 
joints, increasing evidence suggests that obesity can keep the human body in a low-degree inflam-
matory environment for an extended period of time. Obese people have a significantly higher risk of 
OA than people with a normal BMI[6].

DIAGNOSIS AND THERAPY OF OA
The primary method of diagnosing OA is imaging examination, which mainly includes X-rays, 
computed tomography (CT), MRI, ultrasonography, and arthroscopy. X-ray examination is one of the 
preferred methods for the clinical diagnosis of OA[19,20]. It can detect key features of OA, such as joint 
space narrowing, osteophytes, subchondral bone sclerosis, and cysts. However, because X-ray images 
can only visualize cartilage damage indirectly by observing changes in joint spaces and bones, it cannot 
be used as the sole criterion for OA diagnosis, and it is not suitable for OA diagnosis in the early stages
[21]. CT scan can reveal subtle bone changes in the subchondral bone. The images can clearly show the 
loose bodies formed by osteophyte shedding around the joints on different sides. As a result, it is more 
sensitive for detecting osteophytes and subchondral cysts[22]. Because MRI has higher tissue resolution, 
it can provide information about the size and structural integrity of cartilage, as well as directly show 
articular cartilage damage and changes in thickness[23]. Furthermore, because MRI can detect OA-
inducing factors such as injuries to the ACL and meniscus, it is useful for detecting OA at an early stage
[23]. Although ultrasonography can detect joint exudation and inflammation, it cannot diagnose deeper 
joints as well as MRI[24]. Arthroscopy is the use of an arthroscope to penetrate deep into the joint cavity 
and directly observe tissues such as the articular cartilage and meniscus. It can not only pinpoint the 
location of synovitis but can also clean up the joints by removing loose bodies, removing torn meniscus 
tissue, and trimming bone surfaces. This diagnostic method can both diagnose and treat OA, making it 
the most promising diagnostic tool for assessing joint damage[25]. When features of OA appear on 
images in the clinic, it usually means that the patient has irreversible cartilage damage.

Biomarkers have won a place in the diagnosis of OA because they can be used as indicators for its 
early diagnosis and prognosis. Biomarkers of OA are distributed in the blood, urine, and joint fluid and 
primarily consist of cytokines related to joint metabolism, extracellular matrix components, inflam-
matory factors, etc. Currently, commonly used indicators are cartilage oligomeric matrix protein, HA, 
proteoglycan, MMP, C-telopeptide of type II collagen (CTX-II), IL-6, and lactate dehydrogenase[26]. 
Although biomarkers can be used to make an early diagnosis of OA, their sensitivity and specificity are 
not satisfactory[27]. Because each of the methods listed above has advantages and disadvantages, it is 
necessary to combine them to provide comprehensive and reliable information for the diagnosis of OA, 
as well as a scientific reference for developing an OA treatment plan.

Treatment for OA primarily consists of lifestyle changes, physical therapy, drug therapy, intra-
articular therapy, and surgery. However, there is no complete cure for OA. The goal of treatment in the 
early stage of OA is to reduce pain and stiffness. Therapeutic approaches normally involve moderate 
exercise, diet, and oral medication. The goal of treatment in the intermediate and late stages of OA is to 
maintain physical function. The therapeutic approaches normally include intraarticular injection 
therapy and surgery. According to the Osteoarthritis Research Society International, suitable structured 
land-based exercise is one of the most effective ways to treat OA, as it can reduce joint pain and 
stiffness. Furthermore, losing weight is also one of the important ways for obese patients to improve OA
[28]. Physical therapy includes electrotherapy, thermotherapy, and acupuncture. Analgesic, anti-inflam-
matory, and cartilage-protecting drugs are commonly used in drug therapy. However, these therapies 
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can only alleviate pain symptoms and slow the inflammatory process; they cannot prevent the 
development of OA. In clinical practice, articular cavity injection therapy is a minimally invasive 
treatment method. The injected treatment agents include glucocorticoids, sodium hyaluronate, platelet-
rich plasma (PRP), bone morphogenetic protein 7 (BMP-7), and stem cells. It should be noted that 
ultrasound can be used to guide the use of intraarticular injections in patients with advanced 
osteoarthritis and obesity. A novel intraarticular injectable drug-loaded delivery system using nanoscale 
materials, including micelles, liposomes, and dendrimers, has been proposed. This method can slow 
drug release and prolong drug retention time in the joint cavity[29]. The surgical therapies for OA 
treatment mainly include arthroscopic debridement, microfracture, allogeneic/autologous cartilage 
transplantation, and artificial joint replacement. For example, for frontal malalignment and varus or 
valgus malalignment, high tibial osteotomy could be used to correct the proximal tibial angle, thereby 
reducing pain and delaying the progression of arthritis[30]. However, surgery is invasive and comes 
with certain risks. Therefore, it is only applicable for patients who have severe degenerative changes in 
their joints, such as reduced or eliminated joint space, which severely impairs their quality of life[31]. 
This therapy is not appropriate for the treatment of early-stage OA.

STROMAL VASCULAR FRACTION
SVF is a multicellular component extracted from adipose tissues through a process that includes 
collagenase digestion, centrifugation, washing, and filtration. Clinically, liposuction, for example, can be 
used to obtain adipose tissues from areas such as the abdomen, groin, forearm, and hip. Methods 
currently used to extract SVF mainly include enzyme digestion and mechanical separation. Because the 
cell yield obtained by enzyme digestion is higher than that obtained by mechanical separation, 
researchers prefer enzyme digestion[32-34]. However, if the final product of the enzyme digestion 
method is not completely washed, it may retain exogenous collagenase, so it is subject to strict 
regulatory standards in use.

The cell components of SVF could be identified by cell surface molecules such as the cluster of differ-
entiation (CD)[35]. According to the International Federation for Adipose Therapeutics and Science and 
the International Society for Cellular Therapy, SVF is primarily composed of adipose mesenchymal stem 
cells (ADSCs), hematopoietic stem/progenitor cells, lymphocytes, monocytes/macrophages, endothelial 
cells, and pericytes[36]. According to research, CD45-CD235a-CD31-CD34+ is a marker combination to 
identify SVF cells. ADSCs are a critical component of SVF, accounting for approximately 10% of the SVF 
cell population[37]. ADSCs endow SVF with characteristics of stem cells, and other cells also play a 
positive role in secreting active cytokines and regulating body immunity. Because SVF has dem-
onstrated excellent therapeutic value in tissue regeneration, vascular reconstruction, and anti-inflam-
matory properties, it is widely used in clinical practice.

The keywords "stromal vascular fraction" and "osteoarthritis" were used to search the clinical research 
database (https://www.clinicaltrials.gov/). After the withdrawn studies were removed, the current 
clinical trial studies of SVF in the treatment of osteoarthritis were obtained, as shown in Table 1.

CLINICAL RESEARCHES OF SVF IN OA
Clinically, drug therapy for OA can relieve pain and some symptoms, but it cannot repair or inhibit the 
damage to cartilage and other joint tissues. As a result, it can neither fundamentally solve the problem 
of cartilage degeneration nor prevent the progression of OA. Although surgical therapy may be used to 
repair cartilage damage, the long-term treatment effect of OA is limited, and there are numerous 
drawbacks and risks. Additionally, it should be noted that surgical treatment is only suitable for the 
treatment of patients with OA in the middle and late stages. Therefore, the minimally invasive, safe, and 
rapid therapy of stem cell injection into the joint cavity has gained more attention and use.

Mesenchymal stem cells (MSCs) are derived from the mesoderm and can differentiate into 
adipocytes, osteoblasts, chondrocytes, and other mesoderm cells[38]. This differentiation potential 
makes MSCs a promising alternative treatment for OA. MSCs can be derived from the umbilical cord, 
bone marrow, and adipose tissue. When compared to other source tissues, adipose tissues are rich in 
content, easier to obtain (through liposuction), and contain more stem cells (ADSCs)[39]. ADSCs are a 
type of MSC. Furthermore, ADSCs have higher genetic stability, a higher ability for proliferation and 
differentiation, a lower rate of aging, and longer telomere length[40], making them the most promising 
treatment option for OA.

ADSCs can be obtained by SVF after in vitro adherence culture and amplification. However, because 
the cumbersome and time-consuming in vitro amplification step poses a contamination risk, as well as 
time and economic costs, the researchers shifted their focus to SVF, which does not require culture. The 
rich cellular components in SVF can not only differentiate into chondrocytes to aid in tissue repair but 
also secrete active cytokines and regulate the body's immune system to exert anti-inflammatory effects, 
among other things. As a result, clinical researchers prefer SVF.

https://www.clinicaltrials.gov/
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Table 1 Clinical trials of stromal vascular fraction in the treatment of osteoarthritis

Main conditions NCT number Phase

Osteoarthritis NCT03818737 Phase III

Osteoarthritis NCT02846675, NCT02967874 Phase II

Knee osteoarthritis NCT04050111 Phase II

Phase IKnee osteoarthritis NCT02276833, NCT04043819, NCT03940950

Phase I

PreclinicalOsteoarthritis NCT03166410, NCT02697682, NCT02726945

Preclinical

PreclinicalKnee osteoarthritis NCT04440189, NCT02726945, NCT04440189

Preclinical

NCT:  National Clinical Trial.

This study used the keywords "stromal vascular fraction" and "osteoarthritis" to search PubMed, Web 
of Science, Cochrane Library, and Google Scholar, and after removing duplicates and non-English 
literature, we screened clinical trials of SVF treatment for OA published between 2016 and 2020. Finally, 
22 studies were obtained, as shown in Table 2[41-62].

The majority of the studies in Table 2 are for knee OA, and approximately half of the clinical studies 
are uncontrolled and without combination therapy, with only SVF being used to treat OA. No serious 
adverse reactions, such as infection, acute pain, or cancer, were reported in any of these studies, 
indicating that SVF treatment for OA is safe. Most studies used adipose tissue from the abdomen, 
buttocks, and lateral thigh, with a volume (for one knee) ranging from 60 to 215 mL; the number of SVF 
cells varied from 2 × 106 to 3 × 107; and the final volume of SVF preparation used for intra-articular 
injection varied from 2.5 to 5 mL. Although it is difficult to maintain a unified standard for the degree of 
OA, the volume of adipose tissues, and the number and viability of SVF cells, existing studies have 
demonstrated a positive therapeutic effect, with VAS, WOMAC, ROM, MRI, KOOS, Lysholm, and other 
scores improving, the patient's pain decreasing, and inflammation symptoms decreasing. Simultan-
eously, joint function has been improved to a certain extent[43,44,47-55,60-62]. Figure 1 depicts the 
general steps of using SVF to treat OA in a current clinical setting.

It is worth noting that Garza found a significant difference in the final treatment effect of OA patients 
between the high-dose SVF (3 × 107) and low-dose SVF (1.5 × 107) groups. They pointed out that the 
median WOMAC score changes in the two groups after 6 mo of treatment were 83.9% and 51.5%, 
respectively. At the same time, the WOMAC scores of the high-dose and low-dose groups differed 
significantly from that of the control group, indicating that the degree of OA improvement is SVF dose-
dependent[60].

Interestingly, Michalek used collagenase digestion and mechanical methods to obtain SVF. The 
results showed that the cell yield of the former was 3.4 times higher than that of the latter, and the cell 
activity was similar. The researchers then used the obtained SVF to randomly treat OA patients, and 
they discovered that the SVF obtained by the two extraction methods had the same therapeutic effect on 
OA, with no significant difference. As a result, it can be concluded that the SVF extraction method has 
little effect on OA treatment[47].

THERAPEUTIC MECHANISMS OF SVF IN OA TREATMENT
When the body is damaged, signaling molecules are produced in the damaged area, activating the 
homing effect of stem cells, causing them to migrate to the damaged location and play a role in tissue 
repair[63]. However, cartilage tissues lack blood vessels. Even for bone marrow MSCs, it is difficult to 
migrate to the injury, so exogenous stem cell injection is needed. After SVF is injected into the joint 
cavity of patients, the ADSCs in the SVF can migrate to the damaged area through the interaction of 
various chemokine receptors (such as CXCR4, integrin, selectin, and vascular cell adhesion molecule-1)
[64].

Although numerous studies have demonstrated that ADSCs can be induced to differentiate into 
chondrocytes in vitro, there is insufficient evidence to prove that ADSCs can differentiate into 
chondrocytes in vivo to repair damaged cartilage tissues during OA treatment. Existing evidence 
indicates that an important mechanism of the therapeutic effect of ADSCs is the nourishing effect of 
ADSCs; they can secrete growth factors and cytokines, such as transforming growth factor-β (TGF-β), 
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Table 2 Clinical researches on the treatment of osteoarthritis with stromal vascular fraction

Study type
Ref. Treatment 

OA position/number
Patients Follow-

up time
Outcome 
assessments Consequences 

Case reportPak et al[41,42] 
(2016, 2018) 

SVF + HA + 
PRP

Knee

3 patients: 1 male, age: 
68; 2 females, age: 60 
and 87

3.5 mo FRI, MRI, ROM, 
VAS

Cartilage repaired showed by 
MRI; all scores improved

Fodor et al[43] 
(2016) 

Pilot study

NCT02357485

SVF

Knee/8 OA

6 patients: 1 male, 5 
females, mean age: 59

12 mo ROM, WOMAC, 
VAS, TUG, MRI

All scores improved, no MRI 
evidence of cartilage regeneration

Case reportYokota et al[44] 
(2017) 

SVF

Knee/26 OA

13 patients: 2 males, 11 
females, mean age: 
74.5

6 mo VAS, JKOM, 
WOMAC

All scores improved

Nguyen et al[45] 
(2017) 

Comparative study

NCT02142842

AM vs AM + 
SVF + PRP

Knee

30 patients (15 per 
group: 3 males, 12 
females) mean age: 58

18 mo VAS, Lysholm, 
WOMAC, MRI

All scores improved compared 
with AM group; AM + SVF + PRP 
group had obvious cartilage 
repair show by MRI

Case control multi-
centric non-
randomized study

Michalek et al
[46] (2017) 

SVF

Knee and hip/1856 
OA

1128 patients: 596 
males, 532 females, 
median age: 62

17.2 mo Modified 
KOOS/HOOS

KOOS/HOOS improved, most 
patients gradually improved, 
obesity and more severe OA 
healed slowly

Case reportTantuway et al
[47] (2017) 

SVF

Knee/201 OA

101 patients: 41 males, 
60 females, age: 29-84

3-24 mo KOOS KOOS and joint function 
improved, pain relieved, patients 
could move normally

Retrospective studyRusso et al[48,
49] (2017, 2018) 

SVF

Diffuse degenerative 
keen

30 patients: 21 males, 9 
females, median age: 
43

12-36 mo Lysholm, VAS, 
IKDC-subjective, 
KOOS

41%, 55%, 55%, 64% of the 
patients improved in the scores, 
respectively

Case reportBright et al[50] 
(2018) 

SVF

Knee and hip

1 patient: female, age: 
27 

3 yr WOMAC, HOOS Symptoms of OA reduced, all 
scores improved, ankylosing 
spondylitis, depression, anxiety 
and fatigue improved

Barfod et al[51] 
(2019) 

Prospective cohort 
study

NCT02697682

SVF

Knee

20 patients, mean age: 
49

12 mo KOOS KOOS improved

Case reportRoato et al[52] 
(2019) 

SVF

Knee

20 patients: 9 males, 11 
females, mean age: 
59.6

18 mo VAS, WOMAC Pain relieved, scores improved

Prospective, non-
randomized and single 
center study

Hudetz et al[53] 
(2019) 

SVF

Knee

20 patients: 15 males, 5 
females

12 mo VAS, WOMAC, 
KOOS

All scores improved, pain and 
symptoms relieved for up to a 
year 

Berman et al[54] 
(2019) 

Case report

NCT10953523

SVF

Knee

2586 patients 2-5 yr Questionnaire 
(visual acuity pain 
scores, sustained 
improvement in 
function) 

Over 80% of patients' pain 
relieved, joint function improved 
and maintain 1 yr; outcomes 
between male and female or 
between SVF alone and SVF + 
PRP showed no difference

Multicenter case-
control study

Michalek et al
[55] (2019) 

SVF

Knee and hip

29 patients: 9 males, 20 
females, mean age: 
83.3

36 mo Modified 
KOOS/HOOS

Apart from 3 elderly patients died 
from aging, other patients' pain 
and weekly dosage of analgesics 
were reduced, KOOS/HOOS 
improved

Retrospective cohort 
study

Yokota et al[56] 
(2019) 

ADSC vs SVF

Knee/128 OA

ADSC: 42 patients; 
SVF: 38 patients

6 mo VAS, KOOS No major complications occurred, 
knee joint effusion was more 
likely to occur in SVF group than 
ADSC group (SVF 8%, ADSC 2%); 
VAS and KOOS improved in both 
groups

Mayoly et al[57] 
(2019)

Case reportSVF +PRP 3 patients: 1 male, 2 
females, mean age: 62

12 mo VAS, PRWE, DASH All scores improved
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NCT03164122 Wrist

Double-blind 
randomized self-
controlled trial

Hong et al[58] 
(2019) 

SVF vs HA

Knee

16 patients (with 
bilateral symptomatic 
knee OA) one side: 
SVF, the other side: 
HA. 3 males, 13 
females, mean age: 52

12 mo VAS, WOMAC, 
ROM, MRI 
(MOCART, 
WORMS) 

Significant improvement of VAS, 
WOMAC and ROM in SVF group, 
but no improvement in HA 
group; SVF group was superior to 
HA group in cartilage repair 
showed by MOCART and 
WORMS

Single-center, non-
randomized, placebo-
controlled study

Tran et al[59] 
(2019) 

SVF + AM vs 
AM

Knee

33 patients, placebo 
group (AM): 3 males, 
12 females, mean age: 
58.2; SVF group (SVF 
+ AM): 5 males, 13 
females, mean age: 59

24 mo VAS, WOMAC, 
Lysholm, OS

VAS, WOMAC of SVF group 
reduced significantly compared 
with placebo group, and 
maintained 24 mo; Lysholm, OS 
of SVF group improved

Garza et al[60] 
(2020)

Double-blinded 
prospective 
randomized controlled 
study

NCT02726945

SVF

Knee

39 patients (randomly 
assigned to high-, low-
dose SVF, or placebo 
at 1:1:1)

12 mo WOMAC, MRI Symptoms and pain relieved by 
SVF treatment for up to at least 12 
mo; changes in WOMAC scores 
reached statistical significance in 
the high- and low-dose groups 
compared to the placebo group; 
the improvements were dose 
dependent

Retrospective studyLapuente et al
[61] (2020) 

SVF

Knee/100 OA

50 patients: 28 males, 
22 females, age: 50-89

12 mo Lequesne, WOMAC, 
VAS

All scores improved

Case reportTsubosaka et al
[62] (2020) 

SVF

Knee

57 patients: 41 males, 
16 females, mean age: 
69.4

13.7 mo ROM, WOMAC, 
VAS, KOOS, MRI

WOMAC, VAS and KOOS 
improved, while no significant 
difference in hip-knee-ankle 
angle, T2 mapping values of 
lateral femur and tibia improved 
significantly 

HA: Hyaluronic acid; FRI: Functional rating index; MRI: Magnetic resonance imaging; VAS: Visual analogue score; ROM: Range of motion; WOMAC: 
Western Ontario and McMaster Universities Osteoarthritis Index; TUG: Timed up-and-go; JKOM: Japanese knee osteoarthritis measure; AM: Arthroscopic 
microfracture; OS: Outerbridge classification system; KOOS/HOOS: Knee/hip osteoarthritis outcome score; IKDC: International knee documentation 
committee-subjective; PRWE: Patient-rated wrist evaluation scores; DASH: Disabilities of the arm and shoulder; MOCART: Magnetic resonance 
observation of cartilage repair tissue score; BME: Bone marrow edema lesions; WORMS: Whole-organ magnetic resonance imaging score.

Figure 1 Procedures for isolating stromal vascular fraction to treat osteoarthritis. SVF: Stromal vascular fraction.

bone morphogenetic proteins (BMP-2, BMP-4, and BMP-7), insulin-like growth factor 1 (IGF-1), and 
fibroblast growth factor-2 (FGF-2). As a result, ADSCs may promote cartilage formation, induce cell 
proliferation, differentiation, and migration and ultimately promote cartilage injury repair[65]. 
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Furthermore, ADSCs may secrete NO, TNF-α, IL, and other cytokines, which play a role in regulating 
the body's immunity and anti-inflammatory response[66]. At the same time, ADSCs can inhibit 
chondrocyte apoptosis by expressing antiapoptotic proteins, thereby slowing the onset of OA[67].

Many researchers have used PRP in combination with stem cells to treat OA and have achieved 
satisfactory therapeutic effects. This is because PRP can release a variety of growth factors, such as 
platelet-derived growth factor, TGF, FGF, and various ILs. These growth factors can not only regulate 
the body's immune response but can also promote and enhance the repair function of stem cells. 
Therefore, PRP can stimulate the proliferation and differentiation of chondrocytes, regulate the 
synthesis of endogenous hyaluronic acid, and help to repair cartilage tissue damage[68].

SVF is a multicellular component that, in addition to ADSCs, also contains progenitor cells, pericytes, 
endothelial cells, fibroblasts, and various immune cells. These cells also aid in the promotion of cartilage 
repair by forming the microenvironment, secreting cytokines, and regulating immunity[56].

DISCUSSION
Unfortunately, no complete cure exists for OA, and once a cartilage lesion occurs, it will gradually 
degenerate. As a result, the early diagnosis and treatment of OA are critical. Considering that oste-
oarthritis is a whole joint disease, OA should be treated with combined therapy. Through intraarticular 
injection therapy, treatment agents can directly reach the damaged site, which can not only allow drugs 
and especially stem cells to avoid being cleared by the body but also reduce the potential systemic 
effects of drugs[69]. Especially for traumatic arthritis, cartilage adipose stem cells provide a new avenue 
for the treatment of this type of arthritis through their powerful differentiation ability and paracrine and 
anti-inflammatory effects. Therefore, intraarticular injection therapy should be added to the combined 
treatment of OA. Increasing evidence shows that intraarticular injection of SVF is an effective treatment 
option for repairing articular cartilage damage, but there is a lack of clinical outcome data for long-term 
follow-up. Studies have indicated that the functional effect of cell therapy depends more on the quality 
of cytokines, chemokines and growth factors released by stem cells than on the number of stem cells. 
The stem cell activity of adipose-derived SVF was three times higher than that of bone marrow 
mesenchymal stem cells (BM-MSCs). At the same time, SVF does not require to be cultured in vitro, and 
its extraction and processing are also easier[70]. Therefore, AD-SVF has more advantages than BM-
MSCs in the performance and ethical review of the treatment of osteoarthritis. Furthermore, the use of 
SVF to treat OA has certain individual differences, such as differences in extraction methods and 
equipment, which result in a variation in the number and quality of extracted cells. Simultaneously, the 
amount of fat acquired and the final cell yield of different patients are difficult to reconcile. The number 
of SVF cells used in the final treatment of OA varies by up to 10-fold in different studies. As a result, 
more detailed and comprehensive extraction standards and treatment guidelines for the use of SVF for 
OA treatment are needed.

The fact that SVF has a high safety profile in the treatment of OA is encouraging. Some researchers 
have used SVF in conjunction with other measures (such as the use of HA, microfracture, and PRP), and 
the results have been promising. As a result, in the future, a combination of multiple treatments, such as 
SVF combined with weight loss, exercise, and acupuncture to treat OA, may be considered, providing 
new treatment options for this disease. All of the patients who received SVF treatment had no serious 
adverse reactions, such as infection, acute pain, or cancer. Although patients occasionally experience 
minor reactions, such as joint effusion, swelling, pain congestion, and itching at the liposuction site, they 
can recover without intervention or improve with simple treatment. However, most clinical studies 
have certain limitations, such as a small number of clinical patients, a short follow-up period, and a lack 
of randomized controlled trials. As a result, in future studies, a more comprehensive and appropriate 
study design is needed. Recently, it has been concluded that clodronate can reduce pain and improve 
joint mobility by intraarticular injection for OA treatment. Combined with HA, clodronate can also 
relieve pain and reduce bone marrow lesions in early OA. In the future, it may be used in conjunction 
with SVF for better results[71].

CONCLUSION
In conclusion, SVF is an effective treatment for repairing articular cartilage damage, especially for 
relieving pain and other symptoms and improving joint function in OA patients. At the same time, 
clinical treatment with SVF is very safe. Relevant mechanistic studies revealed the beneficial role of SVF 
and its paracrine molecules in the treatment of osteoarthritis, which can mediate intercellular 
communication and interact with the cellular microenvironment and a variety of cell types, thus 
triggering appropriate cellular responses, inhibiting inflammation, promoting cartilage repair and 
regeneration and restoring joint homeostasis to reduce pain. However, various factors can change the 
characteristics of SVF and its secretion, such as individual differences in donors and different 
preparation standards, which may limit its therapeutic effect. Therefore, a further in-depth research is 
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still needed to make stem cells a routine clinical treatment for diseases such as osteoarthritis.
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Abstract
BACKGROUND 
The effects of inappropriate dietary calcium intake in early life on later obesity 
have not been fully elucidated.

AIM 
To raise the mechanism of maternal calcium intake on the multi-differentiation 
potential of mesenchymal stem cells among their male offspring.

METHODS 
Four-week-old female C57BL/6N mice were fed by deficient, low, normal and 
excessive calcium reproductive diets throughout pregnancy and lactation. Bone 
MSCs (BMSCs) were obtained from 7-day-old male offspring to measure the 
adipogenic differentiation potential by the Wnt/β-catenin signaling pathway. The 
other weaning male pups were fed a high-fat diet for 16 wk, along with normal-
fat diet as the control. Then the serum was collected for the measurement of 
biochemical indicators. Meanwhile, the adipose tissues were excised to analyze 
the adipocyte sizes and inflammatory infiltration. And the target gene expressions 
on the adipogenic differentiation and Wnt/β-catenin signaling pathway in the 
adipose tissues and BMSCs were determined by real-time reverse transcription 
polymerase chain reaction.
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RESULTS 
Compared with the control group, maternal deficient, low and excessive calcium intake during 
pregnancy and lactation aggravated dietary-induced obesity, with larger adipocytes, more serious 
inflammatory infiltration and higher serum metabolism indicators by interfering with higher 
expressions of adipogenic differentiation (PPARγ, C/EBPα, Fabp4, LPL, Adiponectin, Resistin and/or 
Leptin) among their male offspring (P < 0.05). And there were significantly different expression of 
similar specific genes in the BMSCs to successfully polarize adipogenic differentiation and 
suppress osteogenic differentiation in vivo and in vitro, respectively (P < 0.05). Meanwhile,  it was 
accompanied by more significant disorders on the expressions of Wnt/β-catenin signaling 
pathway both in BMSCs and adulthood adipose tissues among the offspring from maternal 
inappropriate dietary calcium intake groups.

CONCLUSION 
Early-life abnormal dietary calcium intake might program the adipogenic differentiation potential 
of BMSCs from male offspring, with significant expressions on the Wnt/β-catenin signaling 
pathway to aggravate high-fat-diet-induced obesity in adulthood.

Key Words: Calcium; Obesity; Bone mesenchymal stem cells; Wnt/β-catenin signaling pathway; Adipogenic 
differentiation; Male offspring

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Maternal inappropriate dietary calcium intake could aggravate high-fat-diet-induced obesity 
among male offspring, with larger adipocytes and more serious inflammatory infiltration by interfering 
with the higher expressions of adipogenic genes, which was accompanied by significant expressions of 
specific genes on the adipogenic and osteogenic differentiation. It was worsened by the disorders of Wnt/β
-catenin signaling pathway both in the BMSCs and adipose tissues. So the importance of this study was 
that the prevention of adulthood obesity could be moved forward to the appropriate calcium intake in the 
neonatal period, even the formation of maternal germ cells and fertilized egg.

Citation: Li P, Wang Y, Li P, Liu YL, Liu WJ, Chen XY, Tang TT, Qi KM, Zhang Y. Maternal inappropriate 
calcium intake aggravates dietary-induced obesity in male offspring by affecting the differentiation potential of 
mesenchymal stem cells. World J Stem Cells 2022; 14(10): 756-776
URL: https://www.wjgnet.com/1948-0210/full/v14/i10/756.htm
DOI: https://dx.doi.org/10.4252/wjsc.v14.i10.756

INTRODUCTION
Obesity has become a worldwide noncommunicable health crisis with rising prevalence in the past few 
decades due to excess calorie intake, fat accumulation, and adiposity[1,2]. It can cause severe metabolic 
disorders such as nonalcoholic steatohepatitis, type 2 diabetes, cardiovascular diseases, and cancer[1-3]. 
These above pathological complications are characterized by more hypertrophy and hyperplasia of 
adipocytes to cause dynamic expansion in the adipose tissues, in which hyperplasia is a complicated 
process including disruption of the commitment of mesenchymal stem cells (MSCs) to form 
preadipocytes, and terminal differentiation from preadipocytes to mature adipocytes[4-6]. And MSCs 
(CD29+, CD90+, Sca-1+, CD31-, CD34-, CD45− and CD49d−), as a group of cells with multi-lineage 
differentiated potential and self-renewal capacity, are the major original sources of mature adipocytes. , 
in which the key coordinated cascade of transcription factors were mainly included PPARγ, C/EBPα, 
LPL and FABP4, with the significant secretory molecules such as Leptin, Adiponectin and Resistin[7,8]. In 
this process, the mechanisms governing the adipogenic differentiation of MSCs can be regulated by the 
coordination of complex networks in many signaling pathways, such as JAK2/STAT3, SIRT1/SIRT2, 
ERK1/ERK2, TGF-β/BMP, Wnt/β-catenin and RHO-family GTPase[9,10], in which the activation of 
Wnt/β-catenin signaling can inhibit adipogenic differentiation and promote osteogenic differentiation 
through endogenous regulatory genes (CTNNB1, Wnt1, Wnt10a, Wnt10b, Wnt5a, Gsk3β, Axin2 and 
TGF7L2)[11,12]. It has been demonstrated that the differentiation potential of MSCs mainly occurs in 
early life, and the numbers and differentiation potential significantly decline with the age[12], so the 
nutritional status and exposure to adverse factors at this stage, especially pregnancy and lactation, are 
important for the differentiation potential of MSCs to affect later metabolic disturbances in adulthood
[13-16].
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Calcium is an important functional nutrient on the regulation of energy balance and glucose uptake 
in the battle against obesity[17-19]. However, daily calcium intake is still lower than its recommended 
nutrient intake among pregnant women[20,21], so the imbalance of calcium intake in early life may have 
detrimental effects on later health. Both our high-fat-diet (HFD) induced obese mouse mode and 
epidemiological cohorts showed that both dietary insufficient and excessive calcium intake during 
pregnancy and lactation increased body weight gain by affecting the gut microbiota structure, and 
abnormal expression of lipolysis and liposynthesis among their male offspring [22-24]. However, the 
specific mechanisms by which maternal calcium intake modulates body weight and fat and glucose 
homeostasis of their infants are still not fully understood. Some research had found that Ca2+ formed in 
the culture medium had osteo-inductive properties to promote osteogenic differentiation of MSCs[25]. 
Previous studies also had demonstrated that neonatal calcium deficiency could reduce the osteogenic 
priming of MSCs by enlarging the subpopulation with adipogenic potential in piglets and mice in vivo
[26]. Furthermore, it is competing and reciprocal on the balance of  adipogenic and osteogenic differen-
tiation of MSCs[27,28]. However, whether maternal inappropriate dietary calcium intake can increase 
the adipogenic differentiation potential of MSCs among their male offspring is still unclear.

Thus, this study was designed to investigate whether abnormal dietary calcium intake during 
gestation and lactation affected the multi-differentiation potential of bone MSCs (BMSCs) to aggravate 
the development of adulthood obesity among their male offspring and explore the possible signaling 
pathways. This deeper understanding of early-life calcium intake could play a significant role on 
preventing later obesity.

MATERIALS AND METHODS
Animal procedures 
Sixty 4-week-old C57BL/6N female mice were obtained from Beijing Vital River Laboratory Animal 
Technology (License SCXK-Beijing) and housed at the Animal Center in the Academy of Military 
Medical Sciences under a 12-h light/dark cycle (lights-on 08:00 h) with adequate food and water intake 
at 22°C and 50% humidity. All mice were randomly divided into four groups (n = 15/group) and fed 
with the deficient (DC, 0.05%), low (LC, 0.25%), normal (NC, 0.70%) and high-calcium (HC, 1.20%) 
reproductive diets respectively for 6 wk. Five mice in each group (n = 5/group) were killed to determine 
the maternal contents of calcium and other metabolic indicators in the serum before mating. Then the 
remaining mice (n = 10/group) were mated with 10-week-old C57BL/6N male mice from Beijing Vital 
River Laboratory Animal Technology (2:1/cage), and continued on their own diets throughout gestation 
and lactation. According to the previous studies[21-23], the male offspring were used to study the 
development of obesity after the different calcium interventions during pregnancy and lactation. The 7-
day-old male offspring (n = 9/group from more than three cages) in each group were killed to obtain 
BMSCs. While at age 21 d, the male offspring in the DC, LC, NC and HC groups (n = 10/group) were 
respectively weaned onto the HFD (34.9% fat by weight, 60% kcal, No. H10060) for 16 wk (NC-HFD, 
DC-HFD, LC-HFD and HC-HFD groups); with the normal fat diet (4.3% fat by weight, 10% kcal, No. 
H10010) as the control (NC-C group). All above diets were prepared by Beijing HFK Bioscience Co. Ltd. 
(http://www.hfkbio.com/) (Table 1). Body weight, food intake and energy intake in the NC-C, NC-
HFD, DC-HFD, LC-HFD and HC-HFD groups were recorded weekly. Their blood samples were 
collected through the eye-drop, then they were anesthetized by the carbon dioxide inhalation. 
Immediately, their adipose tissues including the epididymal white adipose tissue (eWAT), inguinal 
white adipose tissue (iWAT), kidney adipose tissue (KAT) and brown adipose tissue (BAT) were freely 
dissected from the surrounding tissues, in which some were fixed in 10% phosphate-buffered formalin, 
some were stored in phosphate-buffered saline (PBS) to analyze the percentage of immune cells, and the 
remainder was frozen in liquid N2. The serum samples were separated at 3000 r/min for 15 min after 
they were kept for 30 min at room temperature. All biological samples were stored in a –80°C 
refrigerator until use.

All animal studies were approved and conducted in accordance with the Beijing Academy of Military 
Medical Sciences Guide for the Care and Usage Committee of Laboratory Animals. The animal protocol 
was approved by the Ethics of Animal Experiments in the Academy of Military Medical Sciences in 
China (No. IACUC-DWZX-2019-704).

Measurement of the biochemical indicators
The concentrations of serum calcium, glucose, triglyceride (TG) and total cholesterol (TC) were 
respectively measured by the coloristic methods using the enzymatic assay kits (Maccura Biotechnology 
Co. Ltd., Sichuan, China). The male offspring mice in each group were orally gavaged with 20% glucose 
(weight/volume: 2.0g/kg) after a 10-h overnight fast and blood samples were collected from the tail 
vein at 15, 30, 60, 90 and 120 min to determine the glucose content (oral glucose tolerance test, OGTT) at 
13 wk. The insulin tolerance test (ITT) was performed 1 wk after the OGTT, in which the blood samples 
were collected from the tail vein for the determination of blood glucose after 2 h fasting.

http://www.hfkbio.com/
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Table 1 Details of diet formulations in this study (g/kg diet)

Reproductive diets Feeding diets (0.70%)
Ingredients (g) Deficient calcium 

diet (0.05%)
Low calcium 
diet (0.25%)

Normal calcium 
diet (0.70%)

High calcium 
diet (1.20%)

Normal fat diet 
(H10010)

High fat diet 
(H10060)

Casein 200.00 200.00 200.00 200.00 189.58 258.45

Cystine 3.00 3.00 3.00 3.00 2.84 3.88

Cornstarch 396.30 391.30 380.00 367.50 298.59 161.53

Maltodextrin 132.00 132.00 132.00 132.00 33.18 88.91

Sucrose 100.00 100.00 100.00 100.00 331.77 ---

Fibrin 50.00 50.00 50.00 50.00 47.40 64.61

Soybean oil 70.00 70.00 70.00 70.00 23.70 32.31

Lard oil --- --- --- --- 18.96 316.60

Mineral mixture without 
calcium (M1004)

35.00 35.00 35.00 35.00 --- ---

Mineral mixture (M1002) --- --- --- --- 9.48 12.92

Calcium bicarbonate --- --- --- --- 12.32 16.80

Calcium carbonate 
(CaCO3)

1.25 6.25 17.50 30.00 5.21 7.11

Potassium citrate. H2O --- --- --- --- 15.64 21.32

Vitamin mixture (V1002) 10.00 10.00 10.00 10.00 9.48 12.92

Choline Bitartrate 2.50 2.50 2.50 2.50 1.90 2.58

Antioxidant (TBHQ) 0.014 0.014 0.014 0.014 0.047 0.065

Analysis of the immune cells in the adipose tissues
Stromal vascular fraction cells (SVFs) were extracted from the eWAT and iWAT in PBS. The infiltration 
and percentages of M1 macrophages (CD45+CD64+CD11C+), M2 macrophages (CD45+CD64+CD11C–) 
and adipose tissue dendritic cells (ATDCs, CD45+CD64–CD11C+) were determined using the BD 
FACSCanto II Flow Cytometer (BD Biosciences, USA), and analyzed by FlowJo flow cytometry software 
(Treestar Inc., Ashland, OH, USA).

Histological analysis of adipose tissues
eWAT, iWAT, KAT and BAT in the NC-C, DC-HFD, LC-HFD, NC-HFD and HC-HFD groups were 
embedded in parafn and cut into 6-μm sections, and stained with hematoxylin and eosin to measure 
the adipocyte size and inflammatory infiltration under a light microscope at 200× magnification, and 
analyzed by Image-pro Plus. All above histological experiments were performed by Servicebio (Beijing, 
China).

Gene expression related to adipogenic differentiation and Wnt/β-catenin signaling pathway in 
adipose tissues 
Total RNA in eWAT, iWAT, KAT and BAT was extracted using TRIzol Reagent (Invitrogen, Carlsbad, 
CA, USA), and cDNA was reverse transcribed by Transcript® One-Step gDNA Removal and cDNA 
Synthesis SuperMix (TransGen Biotech, China).

The genes related to adipogenic differentiation (PPARγ, C/EBPα, LPL, Fabp4, Adiponectin, Resistin and 
Leptin) and Wnt/β-catenin signaling pathway (CTNNB1, Wnt1, Wnt10a, Wnt10b, Wnt5a, Gsk3β, Axin2 
and TGF7L2) were determined by real-time reverse transcription polymerase chain reaction (RT-PCR) 
(No. AQ101-03, TransStart® Green qPCR SuperMix, TransGen Biotech, China) (CFX-96; Bio-Rad, USA), 
and 36B4 was the invariant internal gene (Supplementary Table 1). Gene expression was normalized 
using the 2CT method.

BMSC derivation and maintenance from male offspring
BMSCs from 7-day-old male offspring in the NC, DC, LC and HC groups were isolated and cultured as 
follows. The tibia and fibula from three pups with different mothers were isolated after washing with 
PBS to remove the residual muscle and blood under sterile conditions. They were shredded into small 
pieces of 2 mm3 and digested in 0.1% type II collagenase (Gibco) at 37C for 40 min, and transferred into α

https://f6publishing.blob.core.windows.net/caf2bbd8-3316-4616-b46c-c7a74ff6fbbf/WJSC-14-756-supplementary-material.pdf
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-minimal essential medium (α-MEM) ( Gibco) containing 10% fetal bovine serum (FBS; Gibco), 100 
U/mL penicillin, and 100 mg/mL streptomycin. The medium with FBS was changed every 3 d. When 
the adherent BMSCs reached 80%–90% confluence, they were collected in 0.25% trypsin (Gibco) and 
subcultured at a ratio of 1:3 for the further expansion and identification until the P3 generation, and 
used for subsequent experiments.

Detection of cell cycle and surface antibodies of BMSCs by flow cytometry 
P3 generation BMSCs (1 × 106) from the DC, LC, NC and HC groups were phenotypically fixed, stained 
and characterized by the antibody permeabilization process. Mouse phycoerythrin-conjugated 
monoclonal antibodies Sca-1 (AB_2539218, MA5-17834), CD90 (AB_469640, 25-0900-82) and CD31 
(AB_657735, 17-0311-82) (eBioscience, Waltham, MA, USA), and fluorescein-isothiocyanate-conjugated 
antibodies including CD29 (AB_2572449, 11-0291-82), CD34 (AB_465021, 11-0341-82) and CD45 
(AB_465050, 11-0451-82) and CD49d (AB_465083, 11-0492-82) (eBioscience) were used to detect the 
purity of BMSCs. The Cell Cycle and Apoptosis Analysis kit (Beyotime) was obtained to measure the 
cell cycle of BMSCs. All above signals were recorded by flow cytometry with the FACScalibur system 
(Becton Dickinson) and analyzed using FlowJo software (Supplementary Figure 1 and Table 2).

Differentiation potential of BMSCs
To identify the adipogenic differentiation potential of BMSCs in the NC, DC, LC and HC groups, P3 
BMSCs (8 × 104) were cultured with α-MEM containing 10% FBS and the related adipogenic inducer (103 

mM dexamethasone, 0.5 mM isobutyl methylxanthine, 0.2 mM indomethacin, and 10 μg/mL insulin) 
(Sigma, Germany) for 7 d, in which the medium was changed every 3 d. Self-differentiated BMSCs 
without the above inducers (3 × 104) were as the controls. The induced and self-differentiated BMSCs 
were stained with Oil Red O (Sigma, Germany) and measured the gene expression related to adipogenic 
differentiation[29].

The osteogenic differentiation capacity of BMSCs was assessed by incubating the cells (3 × 104) with α-
MEM containing 10% FBS and osteogenic inducer (107 mM dexamethasone, 0.5 mM ascorbic acid, and 
10 mM β-glycerol phosphate) (Sigma, Germany) for 10 d, while the self-differentiated BMSCs without 
the above inducers (3 × 104) were as the controls. To demonstrate the osteogenic differentiation capacity 
of BMSCs, they were identified by immunocytochemical staining with alkaline phosphatase[29]. 
Expression of genes related to osteogenic differentiation were determined by RT-PCR.

Quantitative RT-PCR of BMSCs
Total RNA was extracted from the P3 BMSCs, adipogenic and osteogenic differentiated BMSCs and 
their related self-differentiated BMSCs using TRIzol Reagent (Invitrogen), and their cDNA samples 
were reverse transcribed by Transcript® One-Step gDNA Removal and cDNA Synthesis SuperMix 
(TransGen Biotech, China). The genes involved in adipogenic differentiation (PPARγ, C/EBPα, LPL, 
Fabp4, Adiponectin, Resistin and Leptin), osteogenic differentiation (Runx2, ALP, COL1A1, Osteocalcin and 
Osteopontin) and Wnt/β-catenin signaling pathway (Wnt1, Wnt10a, Wnt10b, Wnt5a, CTNNB1, Gsk3β, 
Axin2 and TGF7L2) (Supplementary Table 1) were determined by the RT-PCR (No. AQ101-03, 
TransStart® Green qPCR SuperMix, TransGen Biotech, China), and 36B4 was the invariant internal 
control. The assays were performed in triplicate and normalized to the internal standard mRNA levels 
using the 2CT method.

Statistical analysis 
All statistical analyses were conducted using SPSS 21.0, with an α level of 0.05 and effect coefficient of 
0.90. All values were expressed as mean ± standard deviation (or standard error), in which the 
Percent–Percent plot was chosen to determine data normality. The differences among all groups were 
tested and analyzed for the repeated measurement data based on whether the data were normally 
distributed (normal distribution: t test and ANOVA for continuous variables and χ2 test for categorical 
variables; non-normal distribution: Kruskal Wallis H test). P < 0.05 was considered to be statistically 
significant.

RESULTS
Abnormal dietary calcium intake during pregnancy and lactation aggravated development of obesity 
among male offspring
As shown in Supplementary Figure 2, there were no significant differences in body weight, daily dietary 
intake, related indexes of glucose (OGTT and ITT) and lipid (TC and TG), and bone Ca/P among the 
maternal DC, LC, NC and HC groups (P > 0.05), with lower bone calcium and phosphorus in the DC 
and LC groups than in the NC group and higher levels in the HC group (P < 0.05), which all proved that 
the animal model was successful.

https://f6publishing.blob.core.windows.net/caf2bbd8-3316-4616-b46c-c7a74ff6fbbf/WJSC-14-756-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/caf2bbd8-3316-4616-b46c-c7a74ff6fbbf/WJSC-14-756-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/caf2bbd8-3316-4616-b46c-c7a74ff6fbbf/WJSC-14-756-supplementary-material.pdf
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Table 2 Effects of maternal different calcium intake on cell cycle and purity of bone marrow mesenchymal stem cells among male 
offspring

Indicators (%) NC group (n = 9) DC group (n = 9) LC group (n = 9) HC group (n = 9) χ2 P value
Cell cycle

G0G1 Phase 91.27 ± 3.14 94.26 ± 2.09 95.08 ± 2.54 92.46 ± 5.01

G2M Phase 0.85 ± 0.0091 0.94 ± 0.011 1.05 ± 0.013 0.79 ± 0.0082

S Phase 7.89 ± 0.81 4.81 ± 0.56 3.87 ± 0.75 6.75 ± 0.94

1.774 0.939

Flow cytometry

Sca-1 (+) 95.03 ± 4.85 98.72 ± 6.12 99.31 ± 5.48 95.49 ± 3.84 4.788 0.188

CD90 (+) 98.12 ± 7.15 99.15 ± 2.04 99.07 ± 8.12 99.31 ± 6.74 0.608 0.895

CD29 (+) 99.13 ± 6.48 99.90 ± 3.46 97.02 ± 8.07 99.62 ± 7.01 0.549 0.908

CD34 (-) 99.08 ± 7.42 96.67 ± 2.93 97.94 ± 1.48 97.29 ± 1.92 0.364 0.546

CD31 (-) 99.46 ± 6.82 99.42 ± 4.12 98.94 ± 1.38 99.26 ± 1.57 0.159 0.690

CD45 (-) 99.79 ± 1.08 99.83 ± 2.54 98.48 ± 1.12 98.65 ± 1.75 0.287 0.963

CD49d (-) 99.13 ± 6.21 98.16 ± 2.32 99.06 ± 2.98 98.11 ± 1.09 5.087 0.166

Four-week-old C57BL/6J female mice were respectively fed with deficient (DC, 0.05%), low (LC, 0.25%), normal (NC, 0.70%) and high (HC,1.20%) calcium 
reproductive diets for 6 wk before mating and continued their diets throughout gestation and lactation. After weaning, male offspring at 7-day-old from 
DC, LC, NC and HC groups were chosen to determine the cell cycle and purity of bone marrow mesenchymal stem cells (1 × 106) by flow cytometry. All 
values were shown as mean ± standard deviation (n = 9/group), and comparisons were made by χ2 test. NC: Normal-calcium reproductive diet; DC: 
Deficient-calcium reproductive diet; LC: Low-calcium reproductive diet; HC: High-calcium reproductive diet.

Among the male offspring, the body weight and mental state at weaning were not significantly 
different among the NC-C, DC-HFD, LC-HFD, NC-HFD and HC-HFD groups (P > 0.05, Figure 1A). 
During the HFD-induced adulthood, body weight (Figure 1A), energy intake (Figure 1B) and concen-
trations of serum metabolism-related indicators (TG, TC and glucose; Figure 1C-F) were all higher in the 
HFD groups (DC-HFD, LC-HFD, NC-HFD and HC-HFD) than in the NC-C group (P < 0.05). Likewise, 
the circulating glucose responses to the glucose load, as indicated by OGTT and ITT (Figure 1G and H), 
showed that there were higher glucose levels in the HFD groups after intraperitoneal glucose adminis-
tration (P < 0.05). Compared with those in the NC-HFD group, maternal low (LC-HFD) and excess (HC-
HFD) dietary calcium intake aggravated development of obesity, with significantly higher TC and TG (
P < 0.05). In contrast, body weight in the DC-HFD group was lower. However, the content of TG was 
higher than in the NC-HFD group (P < 0.05).

Abnormal dietary calcium intake during pregnancy and lactation caused disorder of infiltration and 
percentages of immune cells in adipose tissues among male offspring
The percentages of M1 macrophages, M2 macrophages and ATDC cells were demonstrated in eWAT 
(Figure 1I) and iWAT (Figure 1J). The percentages of M1 macrophages and ATDCs in eWAT were 
higher, and M2 macrophages were lower in the obese (DC-HFD, LC-HFD, NC-HFD and/or HC-HFD) 
groups than in the NC-C group (P < 0.05). Further comparison among all the HFD groups showed that 
the percentages of M1 macrophages and ATDCs were increased in the DC-HFD, LC-HFD and HC-HFD 
groups when compared with the NC-HFD group (P < 0.05). In iWAT, the percentages of M1 
macrophages and ATDCs were significant higher, and M2 macrophages were lower in the HFD groups 
than in the NC-C group (P < 0.05). Compared with the NC-HFD group, maternal low (LC-HFD) and 
high (HC-HFD) dietary calcium intake aggravated disorder of M1 and M2 macrophages (P < 0.05), 
which was not found in the DC-HFD group (P > 0.05).

Abnormal dietary calcium intake during pregnancy and lactation affected weight and morphology of 
adipose tissues among male offspring
The weights of eWAT, iWAT, KAT and BAT (Figure 2A) and adipose tissue weight/body weight 
(Figure 2B) were all higher in the four HFD groups than in the NC-C group (P < 0.05). Compared the 
NC-HFD group, maternal deficient (DC-HFD, eWAT and eWAT/body weight), low (LC-HFD, eWAT, 
KAT, BAT, eWAT/body weight, KAT/body weight and BAT/body weight) and excess (HC-HFD, BAT 
and BAT/body weight) dietary calcium intake groups showed increased weights of eWAT, iWAT, KAT 
and/or BAT, and related adipose tissue weight/body weight (P < 0.05). Compared with the NC-C 
group, the differentiation of adipocytes (number and diameter) in eWAT (Figure 2C and D), iWAT 
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Figure 1 Abnormal dietary calcium intake during pregnancy and lactation aggravated development of obesity among male offspring. A: 
Body weight; B: Energy intake; C: Contents of serum calcium; D: Contents of serum glucose; E: Contents of serum triglyceride; F: Contents of serum total cholesterol; 
G: Oral glucose tolerance test; H: Insulin glucose tolerance test; I and J: The infiltration and percentages of M1 macrophages, M2 macrophages and ATDC cells in the 
epididymal white adipose tissue and inguinal white adipose tissue. All pooled data was represented as mean ± standard error (n = 10/group). One-way analysis of 
variance was performed to compare the differences among the above four groups, and then Student–Newman–Keuls test was used to determine the differences 
between each two groups. Compared to the NC-C group, aP < 0.05. Compared to the NC-HFD group, bP < 0.05. NC-C: Normal-calcium reproductive diet and normal-
fat diet after weaning; NC-HFD: Normal-calcium reproductive diet and high-fat-diet (HFD) after weaning; DC-HFD: Deficient-calcium reproductive diet and HFD after 
weaning; LC-HFD: Low-calcium reproductive diet and HFD after weaning; HC-HFD: High-calcium diet and HFD after weaning; eWAT: Epididymal white adipose 
tissue; iWAT: Inguinal white adipose tissue.

(Figure 2C and E), KAT (Figure 2C and F) and BAT (Figure 2C and G), was more prominent in the DC-
HFD, LC-HFD, NC-HFD and HC-HFD groups (P < 0.05). Compared with the NC-HFD group, maternal 
abnormal dietary calcium intake (DC-HFD, LC-HFD and HC-HFD groups) aggravated disorder of 
proliferation and differentiation of adipocytes in eWAT, iWAT and BAT among male offspring, with 
larger adipocytes (P < 0.05).

Abnormal dietary calcium intake during pregnancy and lactation regulated target gene expression in 
adipose tissues among male offspring
As shown in Figure 3, compared with the NC-HFD group, gene expression related to adipogenic differ-
entiation (PPARγ, C/EBPα, LPL, Fabp4, Adiponectin, Resistin and Leptin) and Wnt/β-catenin signaling 
pathway (Wnt1, Wnt10a, Wnt10b, Wnt5a, CTNNB1, Gsk3β, Axin2 and TGF7L2) in eWAT, iWAT, KAT and 
BAT among the DC-HFD, LC-HFD and HC-HFD groups was more disordered.

Exactly, in eWAT (Figure 3A and B), compared with the NC-HFD group, there were higher 
expressions of PPARγ, Adiponectin and Wnt5a, and lower expressions of C/EBPα, CTNNB1 and TCF7L2 
in the DC-HFD group (P < 0.05), and higher expressions of C/EBPα, Fabp4, LPL, Adiponectin and Leptin, 
and lower expressions of Resist, CTNNB1 and TCF7L2 in the LC-HFD group (P < 0.05). Higher 
expressions of PPARγ, C/EBPα, LPL, Fabp4, Adiponectin, Leptin and Wnt5a, and lower expressions of 
Wnt1, CTNNB1 and TCF7L2 were demonstrated in the HC-HFD group (P < 0.05). In iWAT (Figure 3C 
and D), expressions of PPARγ, Adiponectin, Resistin and Leptin were higher in the DC-HFD, LC-HFD, 
and HC-HFD groups (with higher Fabp4 in the HC-HFD) than in the NC-HFD group (P < 0.05), with 
significantly lower expressions of C/EBPα, Wnt1,Wnt10a, Wnt10b, Wnt5a, CTNNB1 and Gsk3β in the DC-
HFD group (P < 0.05), lower expressions of C/EBPα, Wnt1,Wnt10a, Axin2 and TCF7L2 in the LC-HFD 
group (P < 0.05), and lower expressions of CTNNB1 and TCF7L2 in the HC-HFD group (P < 0.05). As 
shown in KAT among the four HFD groups (Figure 3E and F), expressions of PPARγ, LPL, Wnt10b and 
Gsk3β were higher, with the significantly low levels of Wnt5a, CTNNB1 and Axin2 in the DC-HFD 
(accompanied with higher expressions of Adiponectin and Resistin), LC-HFD (higher expressions of 
Adiponectin, with lower expressions of C/EBPα and Resistin), and HC-HFD (lower expressions of Wnt10a 
and Resistin) groups than in the NC-HFD group (P < 0.05). In BAT (Figure 3G and H), expressions of 
C/EBPα, LPL, Adiponectin, Resistin, Leptin and TGF7L2 were higher, with the significantly lower 
expressions of Wnt10a, Wnt5a and CTNNB1 in the DC-HFD (lower expressions of Wnt1), LC-HFD 
(higher Wnt10b and lower Gsk3β expressions), and HC-HFD groups (lower expressions of Wnt1 and 
Gsk3β) than in the NC-HFD group (P < 0.05).

Effects of dietary calcium intake during pregnancy and lactation on adipogenic and osteogenic 
differentiation potential of BMSCs 
The morphology of BMSCs at P0 (Figure 4A) and P3 generations (Figure 4B) was similar in the DC, LC, 
NC and HC groups, with no significant differences in the pluripotent stem cells (G0/G1 phase) and 
purity of BMSCs (Sca-1+, CD90+, CD29+, CD34, CD31, CD45 and CD49d) in the P3 generation (P > 0.05, 
Table 2 and Supplementary Figure 1).

https://f6publishing.blob.core.windows.net/caf2bbd8-3316-4616-b46c-c7a74ff6fbbf/WJSC-14-756-supplementary-material.pdf
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Figure 2 Abnormal dietary calcium intake during pregnancy and lactation affected the weight and morphology of adipose tissues among 
male offspring. A: Weights of the eWAT, iWAT, KAT and BAT; B: Percentage of eWAT, iWAT, KAT and BAT in body weight; C–G: Morphology of adipocytes in 
eWAT, iWAT, KAT and BAT by hematoxylin and eosin staining. All pooled data was represented as mean ± standard error (n = 10/group). One-way analysis of 
variance (ANOVA) was performed to compare the differences among the above four groups, and then Student–Newman–Keuls was involved to determine the 
differences between each two groups. Compared to the NC-C group, aP < 0.05. Compared to the NC-HFD group, bP < 0.05. NC-C: Normal-calcium reproductive diet 
and normal-fat diet after weaning; NC-HFD: Normal-calcium reproductive diet and high-fat-diet (HFD) after weaning; DC-HFD: Deficient-calcium reproductive diet and 
HFD after weaning; LC-HFD: Low-calcium reproductive diet and HFD after weaning; HC-HFD: High-calcium reproductive diet and HFD after weaning; eWAT: 
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Epididymal white adipose tissue; iWAT: Inguinal white adipose tissue; KAT: Kidney adipose tissue; BAT: Brown adipose tissue.

Figure 3 Effects of different dietary calcium intake during pregnancy and lactation on expression of target genes for adipogenic 
differentiation and Wnt/β-catenin signaling pathway in adipose tissues among male offspring. A, C, E and G: Expression of genes related to 
adipogenic differentiation in eWAT, iWAT, KAT and BAT; B, D, F and H: Expression of genes related to the Wnt/β-catenin signaling pathway in eWAT, iWAT, KAT and 
BAT. All data presented as mean ± standard error (n = 10/group). One-way analysis of variance was performed to compare the differences among the above four 
groups, and then Student–Newman–Keuls test was used to determine the differences between each two groups. Compared to the NC-C group, aP < 0.05. Compared 
to the NC-HFD group, bP < 0.05. NC-C: Normal-calcium reproductive diet and normal-fat diet after weaning; NC-HFD: Normal-calcium reproductive diet and high-fat-
diet (HFD) after weaning; DC-HFD: Deficient-calcium reproductive diet and HFD after weaning; LC-HFD: Low-calcium reproductive diet and HFD after weaning; HC-
HFD: High-calcium reproductive diet and HFD after weaning; eWAT: Epididymal white adipose tissue; iWAT: Inguinal white adipose tissue; KAT: Kidney adipose 
tissue; BAT: Brown adipose tissue.

In the P3 generation of BMSCs, compared with the NC group, maternal deficient (DC group) and low 
(LC group) dietary calcium intake promoted adipogenic differentiation potential of BMSCs, with higher 
levels of PPARγ, C/EBPα, Fabp4, Adiponectin and Leptin (Figure 4C, P < 0.05). Maternal excess dietary 
calcium intake (HC group) induced osteogenic differentiation and inhibited adipogenic differentiation 
of BMSCs, with higher levels of Runx2, ALP, COL1A1, Osteocalcin and Osteopontin, and lower levels of 
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Figure 4 Effects of maternal dietary calcium intake during pregnancy and lactation on multi-differentiation potential of bone marrow 
mesenchymal stem cells among male offspring. A: Morphology of P0 BMSCs; B: Morphology of P3 BMSCs; C: Expression of genes related to adipogenic 
differentiation; D: Expression of genes related to osteogenic differentiation. All data presented as mean ± standard error (n = 9/ group). One-way analysis of variance 
was performed to compare the differences among the above four groups, and then Student–Newman–Keuls test was used to determine the differences between 
each two groups. Compared to the NC group, aP < 0.05. NC: Normal-calcium reproductive diet; DC: Deficient-calcium reproductive diet; LC: Low-calcium reproductive 
diet; HC: High-calcium reproductive diet; BMSCs: Bone marrow mesenchymal stem cells.

PPARγ, LPL, Adiponectin and Leptin (Figure 4C and D, P < 0.05).
Under the adipogenic induction (Figure 5), compared with the NC group, maternal abnormal dietary 

calcium intake (DC, LC and HC groups) promoted adipogenic differentiation of BMSCs, with more lipid 
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Figure 5 Effects of maternal dietary calcium intake during pregnancy and lactation on adipogenic differentiation potential of bone 
marrow mesenchymal stem cells among male offspring under agent induction. A: Morphology of BMSCs under adipogenic differentiation; B and C: 
Expression of target genes related to adipogenic differentiation under adipogenic induction and self-differentiation status; D: Ratio of gene expressions between 
adipogenic differentiation and self-differentiation. All data presented as mean ± standard error (n = 9/group). One-way analysis of variance was performed to compare 
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the differences among the above four groups, and then Student–Newman–Keuls test was used to determine the differences between each two groups. Compared to 
the NC group, aP < 0.05. NC: Normal-calcium reproductive diet; DC: Deficient-calcium reproductive diet; LC: Low-calcium reproductive diet; HC: High-calcium 
reproductive diet; BMSCs: Bone marrow mesenchymal stem cells.

drops (Figure 5A) and higher expressions of PPARγ, C/EBPα, Fabp4, LPL, Adiponectin, Resistin and Leptin 
(Figure 5C and D). As with expressions of genes related to adipogenic differentiation in the P3 
generation (Figure 4C), compared with that in the NC group, expressions of PPARγ, C/EBPα, Fabp4, LPL, 
Adiponectin, Resistin and Leptin in the DC and LC groups were higher under the self-differentiation 
status (Figure 5B), with lower expressions in the HC group. Under osteogenic induction (Figure 6), 
compared with the NC group, maternal excess dietary calcium intake (HC group) promoted osteogenic 
differentiation of BMSCs, with more calcium nodules (Figure 6A) and higher expressions of Runx2, ALP, 
COL1A1 and Osteocalcin (Figure 6C and D), which was similar to that under the self-differentiation 
status (Figure 6B). Furthermore, compared with the NC group, the osteogenic differentiation potential 
of BMSCs was weaker in the DC and LC groups under osteogenic induction and self-differentiation 
status (Figure 6A, C and D), with lower expressions of Runx2, ALP, COL1A1 and Osteocalcin.

Abnormal dietary calcium intake during pregnancy and lactation regulated gene expressions of 
BMSCs in the Wnt/β-catenin signaling pathway under different interventions
In the P3 generation of BMSCs without induction, compared with the NC group, maternal deficient (DC 
group) and low (LC group) dietary calcium intake inhibited expressions of Wnt1, Wnt10a, CTNNB1 and 
Axin2 (P < 0.05) (Figure 7), while there were significantly higher expressions of Wnt10b, CTNNB1, Gsk3β 
and TGF7L2, with lower expressions of Wnt10a and Wnt5a in the HC group (P < 0.05) (Figure 7A).

Under adipogenic induction, compared with the NC group, maternal abnormal dietary calcium 
intake (DC, LC and HC groups) decreased expressions of Wnt10a, Wnt10b, CTNNB1, Gsk3β and TGF7L2 
to promote the adipogenic differentiation potential of BMSCs (Figure 7D, P < 0.05), while under the self-
differentiation status, maternal deficient (DC group) and low (LC group) dietary calcium intake 
inhibited expressions of Wnt1, CTNNB1 and Axin2 (P < 0.05), while there were significantly higher 
levels of Wnt1, Wnt10a, Wnt10b, Wnt5a, CTNNB1, Axin2, Gsk3β and TGF7L2 in the HC group compared 
with the NC group (Figure 7B, P < 0.05), which was consist with the P3 BMSCs.

Under osteogenic induction, compared with the NC group, expressions of Wnt1, Wnt5a and TGF7L2 
were lower in the DC group (P < 0.05), Wnt1 expressions was lower in the LC group (P < 0.05), and 
there were significantly higher levels of Wnt10a, Wnt10b, CTNNB1, Axin2, Gsk3β and TGF7L2 in the HC 
group (Figure 7E, P < 0.05). Under the self-differentiation status, maternal DC and LC intake inhibited 
expressions of Wnt1, Wnt10a, Wnt5a, CTNNB1 and TGF7L2 (P < 0.05), while there were significantly 
higher expressions of Wnt1, Wnt10a, Wnt10b and Axin2 in the HC group than in the NC group 
(Figure 7C, P < 0.05).

DISCUSSION
The correlation between the inappropriate consumption of nutrient and occurrence of obesity presents a 
greatest global public health problem, which needs more novel therapies[30]. A lot of researches have 
demonstrated that chronically deficient and excessive calcium exposure is as an important contributing 
factor to the development of obesity by controlling the de novo lipogenesis and lipolytic signals through 
regulating related gene expressions[31-33]. There is also compelling evidence that maternal calcium 
dysfunction directly affects fat synthesis and metabolism of their offspring[34-37]. In agreement with 
our findings using a mouse model that maternal inappropriate dietary calcium intake during pregnancy 
and lactation aggravated development of obesity by elevating cytosolic calcium, with more and larger 
adipocytes, and disorders of immune cells (M1 macrophages, M2 macrophages and ATDC cells) in the 
adipose tissues.

It is agreed that the development of obesity is driven by hypertrophy and hyperplasia of the 
adipocytes in the process of adipogenic differentiation to cause the expansion of fat depots[38]. Lineage-
tracing models have shown that the numbers of adipocytes are primarily determined in early life and 
mostly stable through to adulthood for the remarkable hypertrophic potential of differentiated 
adipocytes with HFD induction[39-42]. The modulation of cytosolic calcium can regulate the early stage 
of adipocyte differentiation and thermogenic capacity of BAT in mice[43]. The propensity of 
adipogenesis to generate new adipocytes in different adipose tissues (eWAT, iWAT, KAT and BAT) 
highlights the unique characteristics of fat depots. Thus, we should discuss the roles of abnormal dietary 
calcium intake during pregnancy and lactation on the adipogenic differentiation potential in different 
adipose tissues among male offspring. This was consistent with our findings that the imbalance of 
dietary calcium intake in early life could affect the proliferation and differentiation of eWAT, iWAT and 
BAT, with higher weight of adipose tissue. However, the mechanism remains to be elucidated.
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Figure 6 Effects of maternal dietary calcium intake during pregnancy and lactation on osteogenic differentiation potential of bone 
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marrow mesenchymal stem cells among male offspring under agent induction. A and B: Morphology of BMSCs under osteogenic differentiation; C 
and D: Expression of target genes on osteogenic differentiation under osteogenic induction and self-differentiation status; E: Ratio of gene expressions between 
osteogenic differentiation and self-differentiation. All data presented as mean ± standard error (n = 9/group). One-way analysis of variance was performed to compare 
the differences among the above four groups, and then Student–Newman–Keuls test was used to determine the differences between each two groups. Compared to 
the NC group, aP < 0.05. NC: Normal-calcium reproductive diet; DC: Deficient-calcium reproductive diet; LC: Low-calcium reproductive diet; HC: High-calcium 
reproductive diet; BMSCs: Bone marrow mesenchymal stem cells.

Lineage-tracing studies in animal models have suggested that there are two-step phases in the 
adipogenic differentiation, including specific preadipocyte formation (MSCs to preadipocytes) and 
terminal adipocyte maturation (preadipocytes to mature adipocytes), in which the committed 
preadipocytes from the pluripotent MSCs are activated by a number of critical transcription factors (
PPARγ, C/EBPα, C/EBPβ and FABP4) and related extracellular signals. At the differentiation of mature 
adipocytes (second stage), they express all the biomarkers of early adipocyte differentiation as well as 
the peptide hormones, such as Adiponectin, Resistin, Leptin, ATGL, LPL and Perilipin 1[44,45]. All the 
above transcription factors are involved in the specific Wnt signaling pathway to affect adipogenic 
differentiation[46-48]. In our study, abnormal dietary calcium intake during pregnancy and lactation 
(DC-HFD, LC-HFD and HC-HFD) aggravated expressions of genes related to proliferation and differen-
tiation of adipocytes and Wnt/β-catenin signaling pathway in eWAT, iWAT, KAT or BAT in the 
adulthood of their male offspring, which could more clearly explain the possible causes for the 
development of obesity. In the early stage, MSCs, as multipotential progenitor cells, are delicately 
balanced for their terminal adipo-osteogenic differentiation commitment[49-51]. It has also been 
reported that this decision process of MSCs is competing and reciprocal, and is precisely achieved by a 
variety of critical and external cues, including phytocannabinoids, conjugated linoleic acid, calcium, and 
chemical, physical and biological factors[52-58]. Many investigations in vitro had demonstrated that 
deficient calcium exposure inhibited osteogenesis[59-61]. Conversely, little was known about the effects 
of inappropriate dietary calcium intake during pregnancy and lactation on adipogenic differentiation, to 
aggravate the development of obesity in adulthood under HFD induction[55,62]. The major novel 
finding of our study was that maternal deficient and low dietary calcium intake aggravated the 
potential adipogenic differentiation and suppressed osteogenic differentiation of BMSCs. Maternal 
excess dietary calcium intake could play an opposing differentiation role without the exogenous stimuli. 
In response to reagent induction, both maternal deficient, low and excessive dietary calcium intake 
could polarize adipogenic differentiation and suppress osteogenic differentiation. All the above results 
were consistent with the results in the adult offspring with HFD induction.

Terminal differentiation of BMSCs is achieved through a coordinated and highly orchestrated 
program of triggering different signaling pathways, and activated by various transcription factors that 
guide the programming alterations of BMSCs to commit the lineage to cause the pathophysiological 
processes of obesity[63-66]. Thus, it is necessary that our research for screening out the roles of different 
calcium exposure in early life on the expressions of related transcription factors and signaling pathways 
could regulate both osteogenic and adipogenic differentiation of BMSCs. This proves that the imbalance 
of terminal adipo-osteogenic differentiation by abnormal calcium exposure in early life results from the 
above disorders of gene expressions and Wnt/β-catenin signaling pathway on the differentiation of 
BMSCs among male offspring.

There were some limitations to this study. Firstly, we required more complex and explicit procedures, 
including western blotting, to explore the related mechanisms more clearly. Secondly, our conclusions 
need to be verified in other MSCs and animal models to ensure their feasibility and effectiveness. 
Finally, the inconsistent results of maternal deficient calcium intake still need to be further discussed.

CONCLUSION
Our results suggest that abnormal dietary calcium intake during gestation and lactation aggravates the 
development of obesity by programming the adipogenic differentiation potential of BMSCs among male 
offspring, which is related to the significantly different expressions of target genes for adipogenic differ-
entiation on the Wnt/β-catenin signaling pathway to aggravate dietary-induced obesity in the 
adulthood. Maternal deficient calcium exposure can inhibit the osteogenic differentiation to cause low 
body weight. So the importance of this study is that the prevention of adulthood obesity could be 
moved forward to the appropriate calcium intake in the neonatal period, even the formation of maternal 
germ cells and fertilized egg.
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Figure 7 Effects of maternal different dietary calcium intake on gene expressions of bone marrow mesenchymal stem cells at the Wnt/β-
catenin signaling pathway under different interventions among male offspring. A: P3 BMSCs; B and D: Adipogenic induction and self-differentiation 
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status of BMSCs; C and E: Osteogenic induction and self-differentiation status of BMSCs. All data presented as mean ± standard error (n = 9/group). One-way 
analysis of variance was performed to compare the differences among the above four groups, and then Student–Newman–Keuls test was used to determine the 
differences between each two groups. Compared to the NC group, aP < 0.05. NC: Normal-calcium reproductive diet; DC: Deficient-calcium reproductive diet; LC: Low-
calcium reproductive diet; HC: High-calcium reproductive diet; BMSCs: Bone marrow mesenchymal stem cells.

ARTICLE HIGHLIGHTS
Research background
Obesity is characterized by the hypertrophy and hyperplasia of adipocytes, in which the commitment 
from bone mesenchymal stem cells (BMSCs) to preadipocytes is the important process for their 
hyperplasia. Our previous study showed that dietary insufficient and excessive calcium intake during 
pregnancy and lactation increased the body weight of offspring, using a high-fat-diet-induced obese 
mouse model and epidemiological cohorts. However, whether maternal inappropriate dietary calcium 
intake could affect the adipogenic differentiation potential of MSCs is still unclear.

Research motivation
This study was designed to investigate the effects of abnormal dietary calcium intake during gestation 
and lactation on the muti-differentiation potential of BMSCs among male offspring, and explore the 
possible role of the Wnt/β-catenin signaling pathway, which might aggravate the development of 
obesity, with more excessive lipid accumulation in adulthood.

Research objectives
We presented the possibility that abnormal dietary calcium intake during pregnancy and lactation could 
derive hyperplasic adipogenesis from BMSCs by regulating target gene expressions profiles through the 
fetus to adulthood among their male offspring.

Research methods
Four-week-old female C57BL/6N mice were fed by deficient, low, normal and excessive calcium 
reproductive diets throughout pregnancy and lactation. The BMSCs were obtained from 7-day-old male 
offspring to measure their adipogenic differentiation potential through the Wnt/β-catenin signaling 
pathway. The other weaning male pups were fed a high-fat diet for 16 wk along with a normal-fat diet 
as the control. Serum was collected for biochemical analysis. Adipose tissues were excised for 
histological examination, immunohistochemistry, determining the proportions of immune cells by flow 
cytometry, and gene expressions related to adipogenic differentiation and Wnt/β-catenin signaling 
pathway by real-time reverse transcription polymerase chain reaction.

Research results
Maternal deficient, low and excess dietary calcium intake aggravated dietary-induced obesity with 
more/larger adipocytes and higher serum metabolism indicators, along with disordered expressions of 
genes related to adipogenic differentiation (PPARγ, C/EBPα, Fabp4, LPL, Adiponectin, Resistin and Leptin) 
in the adipose tissues among the male offspring. We also showed significantly different expressions of 
similarly specific genes in BMSCs to successfully polarize adipogenic differentiation and suppress 
osteogenic differentiation in vivo and in vitro, respectively. The related mechanistic insights were gained 
to worsen this adipogenic differentiation through the Wnt/β-catenin signaling pathway in the BMSCs 
and adult adipose tissues.

Research conclusions
Abnormal dietary calcium intake during pregnancy and lactation might program the adipogenic differ-
entiation potential of BMSCs among male offspring, which was related to the significantly different 
expressions of target genes in the Wnt/β-catenin signaling pathway to preserve more adipocytes to 
aggravate dietary-induced obesity in adulthood.

Research perspectives
The importance of this study is that the prevention of adulthood obesity could be moved forward to the 
appropriate calcium intake in the neonatal period, even the formation of maternal germ cells and 
fertilized egg.
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