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Abstract
Background  Adipose tissue affects not only the meat quality of domestic animals, but also human health. Adipocyte 
differentiation is regulated by a series of regulatory genes and cyclins. Four and half-LIM protein (FHL2) is positively 
correlated with the hypertrophy of adipocytes and can cause symptoms such as obesity and diabetes.

Result  In the transcriptome sequencing analysis of intramuscular adipocytes after three days of differentiation, 
the differentially expressed gene FHL2 was found. To further explore the biological significance of the differentially 
expressed gene FHL2, which was downregulated in the mature adipocytes. We revealed the function of FHL2 in 
adipogenesis through the acquisition and loss of function of FHL2. The results showed that the overexpression of FHL2 
significantly increased the expression of adipogenic genes (PPARγ, C/EBPβ) and the differentiation of intramuscular 
and subcutaneous adipocytes. However, silencing FHL2 significantly inhibited adipocyte differentiation. The 
overexpression of FHL2 increased the number of adipocytes stained with crystal violet and increased the mRNA 
expression of proliferation marker genes such as CCNE, PCNA, CCND and CDK2. In addition, it significantly increased 
the rate of EdU positive cells. In terms of apoptosis, overexpression of FHL2 significantly inhibited the expression of 
P53 and BAX in both intramuscular and subcutaneous adipocytes, which are involved in cell apoptosis. However, 
overexpression of FHL2 promoted the expression of BCL, but was rescued by the silencing of FHL2.

Conclusions  In summary, FHL2 may be a positive regulator of intramuscular and subcutaneous adipocyte 
differentiation and proliferation, and acts as a negative regulator of intramuscular and subcutaneous adipocyte 
apoptosis. These findings provide a theoretical basis for the subsequent elucidation of FHL2 in adipocytes.
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Introduction
Adipose tissue is multifunctional and affects not only 
the meat quality of domestic animals, but also human 
health [1–3]. In domestic animals, the distribution of 
adipose tissue affects meat taste and carcass mass [4–
6]. In humans, adipose tissue is closely related to many 
major diseases such as diabetes and obesity [7–9]. 
Therefore, elucidating the development of adipose tis-
sue and the molecular mechanisms of their regulation 
is essential for human life and health. Many studies 
have reported that the adipocyte differentiation is reg-
ulated by a series of regulatory genes, such as peroxi-
some proliferator activated receptor gamma (PPARγ), 
CCAT enhancer binding protein (C/EBPα) and cyclin 
D1 (CCND) [10, 11].

In the transcriptome sequencing analysis of intra-
muscular adipocytes after three days of differentia-
tion, we focused on FHL2, which was downregulated 
in the mature intramuscular adipocytes. FHL2 is a 
member of the LIM-only subclass of the LIM protein 
superfamily [12], which is widely distributed in differ-
ent cells (epithelial cells), forms different tissues (ova-
ries and muscles), and finally forms different organs 
[13–15]. FHL2 has been shown to play an important 
role in differentiation, proliferation of skeletal muscle 
satellite cells and inducing apoptosis in mesangial cell 
[16–18]. In addition, FHL2 is positively correlated with 
the hypertrophy of adipocytes and can cause symp-
toms such as obesity and diabetes [19, 20]. In addition, 
FHL2 regulates the expression of many transcriptional 
genes. For example, overexpression of FHL2 leads to 
downregulated expression of cylin D1 (CCND) and 
upregulated expression of P21 and P27, thereby inhib-
iting the cell proliferation of murine fibroblasts [21]. 
The E4 transcription factor (E4F1) is associated with 
FHL2 and inhibition of E4F1, which represses cell pro-
liferation [22]. In osteoblasts, FHL2 stimulates osteo-
blast differentiation and contributes to bone formation 
[23]. FHL2 may be associated with radiation-induced 
apoptosis [24], as a marker gene for apoptosis, the 
presence of FHL2 increases P53 expression, in addition 
to enhancing P53 expression in turn stimulating FHL2 
expression [25]. In addition, transient overexpression 
of SKI protein (SKI) and FHL2 in ski (-/-) melanocytes 
synergistically enhanced cell growth [26]. These differ-
ent studies show that FHL2 performs different func-
tions in nonbiological processes. It remains unclear 
whether FHL2 regulates the development of the goat 
subcutaneous and intramuscular adipocytes.

Therefore, the function of FHL2 in regulating the 
development of adipocytes was revealed by using 
goat intramuscular and subcutaneous adipocytes 
in vitro. First, the coding sequence of the goat FHL2 
gene was cloned, and its function in intramuscular and 

subcutaneous adipocytes was explored by silencing 
and overexpression techniques. Oil Red O, BODIPY 
and EdU staining were used to determine the effect of 
FHL2 on the differentiation and proliferation of adipo-
cytes, and MTT was used to detect the effect of FHL2 
on the cell proliferation. In addition, flow cytometry 
was used to detect the effect of FHL2 on adipocyte 
apoptosis. Finally, real time quantitative polymerase 
chain reaction (RT-qPCR) was used to detect the 
expression of differentiation, proliferation, and apop-
tosis marker genes. FHL2 may be a positive regulator 
of intramuscular and subcutaneous adipocyte differen-
tiation and proliferation, and acts as a negative regu-
lator of intramuscular and subcutaneous adipocyte 
apoptosis. These findings provide a theoretical basis 
for the subsequent elucidation of FHL2 in adipocytes.

Results
Screening of FHL2 gene
Filters for differentially expressed genes between pre-
adipocytes and mature adipocytes can promote fur-
ther study of fat deposition in goats. Numerous studies 
have shown that RNA-seq helps reveal transcrip-
tome differences in tissues and cells [27–30]. In this 
study, the DEG-Seq was used to analyse the DEGs in 
intramuscular preadipocytes and adipocytes. When 
the p value < 0.05, we obtained 4749 DEGs, of which 
2556 were upregulated and 2193 were downregu-
lated (Fig.  1A). Studies have shown that FHL2 plays 
an important regulatory role in the development of 
adipocytes. Therefore, we focused on FHL2, which is 
downregulated in mature intramuscular adipocytes 
and validated by RT-qPCR. The expression of FHL2 
in mature intramuscular adipocytes was lower than 
in intramuscular preadipocytes, which was consistent 
with the RNA-seq trend (Fig. 1B).

Cloning of the FHL2 gene in goats, and its tissue and time 
expression profile
To further explore the biological significance of FHL2, 
the cDNA of goat triceps tissue was used as template, 
and the primers FHL2-S and FHL2-A were used. The 
FHL2 gene was successfully cloned after PCR ampli-
fication. The FHL2 gene fragment was cloned with a 
length of 1353  bp (Fig.  2A), in which the CDS region 
is 838  bp with the start codon ATG and stop codon 
TGA, while the 5’ UTR was 779  bp and the 3’UTR 
was 338  bp (Fig.  2B). RT-qPCR was used to detect 
the expression level of FHL2 gene in various goat tis-
sues, and the results showed that FHL2 gene was 
expressed in 8 tissues. FHL2 expression is significantly 
higher in the heart and kidneys than in other tissues 
(P < 0.05, Fig. 2C). The results showed that the expres-
sion of FHL2 gene was specific in tissues. The results 
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showed that the relative expression level of the gene 
showed an upwards trend with time during the differ-
entiation of subcutaneous adipocytes, and the expres-
sion was highest at 108 h and significantly higher than 
0 h (P < 0.05, Fig. 2D). The relative expression level of 
FHL2 in intramuscular adipocytes showed an upward 
trend, and the expression level was the highest at 60 h 
(P < 0.05, Fig. 2E).

Effect of overexpression and silencing of FHL2 on 
intramuscular adipocyte differentiation
Two bands matching the lengths of FHL2 and 
PCDNA3.1 appeared in the gel electropherogram 
(Supplementary Fig. S2). According to the analysis 
data, the overexpression of FHL2 was 300-fold com-
pared to the control group (Fig.  3A). This indicates 
that the FHL2 overexpression vector was successfully 
constructed. Oil Red O staining and Bodipy staining 
showed a significant increase in subcutaneous adipo-
cytes lipid aggregation and OD values after FHL2 over-
expression (Fig.  3B, C). In summary, FHL2 promotes 
intramuscular adipocyte differentiation and secre-
tion of lipid droplets. Preadipocytes differentiate into 
adipocytes and mature adipocytes are regulated by 
adipocyte markers and genes related to triglyceride 
synthesis. Therefore, we detected the mRNA levels of 
these genes through RT‒qPCR. The results showed 

that FHL2 overexpression significantly promoted the 
expression levels of C/EBPβ (P < 0.05), PPARγ (P < 0.01) 
and SREBP (P < 0.05), and inhibited the expression of 
C/EBPα (P < 0.05), PREF-1 (P < 0.01) and AP2 (P < 0.05, 
Fig. 3D). However, FHL2 overexpression decreased the 
mRNA levels of triglyceride synthesis (TG) -related 
genes (Fig.  3E). Interestingly, FHL2 increased the 
expression of LPL (P < 0.01) in subcutaneous adipo-
cytes, but decreased LPL (P < 0.05) expression in intra-
muscular adipocytes.

For explore the mechanism of FHL2 in adipocytes 
differentiation in more detail, we explored the effects 
of FHL2 silencing on adipocytes. The results showed 
that FHL2 silencing inhibited the expression of FHL2 
gene expression by approximately 50% (Fig.  3F). 
Bodipy and Oli Red O staining showed a significant 
decrease in the number of adipocytes and the degree 
of lipid droplet secretion after FHL2 silence in intra-
muscular adipocytes (Fig.  3G). The OD values were 
reduced by one-third (Fig.  3H). For the adipocyte 
differentiation marker genes, in the intramuscular 
adipocytes, the expression of C/EBPα (P < 0.01) and 
PREF-1 (P < 0.05) significantly increased (Fig.  3I, J), 
while C/EBPβ (P < 0.05) and PPARγ (P < 0.05) expres-
sion decreased significantly. In the intramuscular adi-
pocyte group, the expression of ACC (P < 0.01) and 

Fig. 1  Transcriptome sequencing comparison of mature adipocytes and preadipocytes. A Volcano plot of DEGs. Volcano plot of DEGs in preadipocytes 
and mature adipocytes, the screening condition is P < 0.01; B Validation of DEGs by PCR. Validation of differential expression gene using RT-qPCR (n = 5). 
The RT-qPCR data were analyzed using 2−ΔΔCt method, and ubiquitously expressed transcript (UXT) was used as endogenous control. “*” denotes P < 0.05
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LPL (P < 0.05) in the genes associated with triglyceride 
synthesis increased significantly.

Effect of overexpression and silencing of FHL2 on 
subcutaneous adipocyte differentiation
In subcutaneous adipocytes, overexpression of FHL2 
was detected with effectiveness as it achieved 400-
fold changes compared to the control group (Fig. 4A). 
Oil Red O and BODIPY staining showed a signifi-
cant increase in the number of subcutaneous adipo-
cytes and lipid droplet secretion. In addition, the OD 
value after FHL2 overexpression was also increased 
significantly (Fig.  4B, C). In summary, the FHL2 gene 

promotes intramuscular adipocyte differentiation and 
lipid aggregation. Next, FHL2 overexpression signifi-
cantly promoted the expression of PPARγ (P < 0.05), 
C/EBPβ (P < 0.05), and SREBP (P < 0.01), and inhibited 
the expression of CEBPα (P < 0.01), PREF-1 (P < 0.01), 
AP2 (P < 0.05, Fig.  4D). However, FHL2 overexpres-
sion increased the expression of the TG-related genes 
ACC (P < 0.05), ADRP (P < 0.05), and LPL (P < 0.05) 
and decreased the expression of ATGL and GPAM 
(P < 0.05, Fig. 4E).

In the subcutaneous adipocyte group, the silenc-
ing efficiency reached 50% (Fig.  4F), and a significant 
decrease in the number of subcutaneous adipocytes 

Fig. 2  Goat FHL2 gene sequence analysis. A Amplification of FHL2 gene in goat. DL 2000 DNA marker, FHL2 target strip; B Sequence of nucleotide and 
derived amino acids Jian Zhou Da-er goat FHL2 cDNA; C The expression of FHL2 gene in different goat tissues. “**” indicates that the difference is extremely 
significant difference between the data (P < 0.01), “*” indicate significant difference (P < 0. 05); D The relative expression of FHL2 during the differentiation 
of subcutaneous adipocytes. E The relative expression of FHL2 during the differentiation of intramuscular adipocytes
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Fig. 3  The over-expression efficiency analysis of FHL2 gene in intramuscular adipocytes. A The over-expression efficiency of FHL2 was detected in mRNA 
level, n = 5; B Morphological observation of Bodipy staining and Oil Red O staining; C The OD value at 492 nm was detected by Oil Red O staining, n = 8; D 
Effects of FHL2 overexpression in intramuscular adipocytes on differentiation marker genes; E Effects of FHL2 overexpression in intramuscular adipocytes 
on triglyceride synthesis marker genes (n = 6). UXT was the internal reference gene to normalize the expression levels; F siFHL2 efficiency of FHL2 was 
detected in mRNA level, n = 5; G Morphological observation of Bodipy and Oil Red O staining; H The OD value was detected by Oil Red O staining, n = 8. 
“*” the difference is significant (P < 0.05); I-J Effect of silencing FHL2 on intramuscular adipocyte differentiation marker genes and triglyceride synthases 
marker genes in the silencing FHL2 and negative control. n = 6, UXT was the internal reference gene to normalize the expression levels. “**” the difference 
was extremely significant compared with the control group (P < 0.01), “*” the difference was significantly. Data were shown as Means ± SEM
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Fig. 4  The overexpression efficiency analysis of FHL2 gene in subcutaneous adipocytes. A The over-expression efficiency of FHL2 was detected in mRNA 
level, n = 5; B Morphological observation of Bodipy and Oil Red O staining; C The OD value was detected by Oil Red O staining, n = 8; D Effects of FHL2 
overexpression in subcutaneous adipocytes on differentiation marker genes; E Effects of FHL2 overexpression in subcutaneous adipocytes on triglyceride 
synthesis marker genes; F The efficiency of silencing FHL2 in subcutaneous adipocytes was detected at the mRNA level, n = 5; G Morphological observa-
tion of Bodipy and Oil Red O staining; H The OD value was detected by Oil Red O staining, n = 8; I Effects of silence of FHL2 on adipocyte differentiation 
marker genes in subcutaneous adipocytes (n = 6); J Effects of silencing FHL2 in subcutaneous adipocytes on triglyceride synthesis marker genes. UXT was 
the internal reference gene to normalize the expression levels. “**” the difference was extremely significant (P < 0.01), “*” the difference was significantly. 
Data were shown as Means ± SEM
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Fig. 5 (See legend on next page.)
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and the secreted lipid droplets was observed under the 
microscope (Fig.  4G). In addition, the OD value was 
reduced by approximately one-third (Fig. 4H). In terms 
of adipocyte marker genes, the expression of PREF-
1 (P < 0.05) increased significantly, and the CEBPβ 
(P < 0.05) and PPARγ (P < 0.01) expression decreased 
significantly (Fig. 4I). In lipid marker genes, ATGL and 
GPAM expression increased significantly (P < 0.01), 
while the LPL expression decreased significantly 
(P < 0.05, Fig. 4J).

FHL2 promote the proliferation of goat intramuscular 
adipocytes
To explore the function of FHL2 in the proliferation of 
intramuscular adipocytes, crystal violet staining, MTT, 
RT-qPCR and EdU staining were used to detect the 
proliferation of intramuscular adipocytes. RT-qPCR 
analysis showed that overexpression of FHL2 was 
effective, as it achieved 20-fold changes in intramuscu-
lar adipocytes compared to the control group (Fig. 5A). 
After FHL2 transfection for 24, 48, and 72 h, the num-
ber of adipocytes was observed by crystal violet stain-
ing. The results showed that the number of adipocytes 
in the FHL2 overexpression group was greater than 
that in the vector group at any time (Fig. 5B). Accord-
ing to MTT data, the OD value at 490 nm was signifi-
cantly increased in the FHL2 overexpression group 
compared to the vector group (Fig.  5B), which was 
consistent with the trend of adipocyte number at 24, 
48 and 72 h (Fig. 5C). The expression levels of PCNA, 
CCND, CCNE and CDK2 were increased significantly 
(P < 0.05, Fig.  5D). Consistently, overexpression of 
FHL2 significantly increased the positive rate of EdU 
in goat intramuscular adipocytes compared with the 
adipocytes transfected with vector (P < 0.05, Fig.  5E, 
F).

In the silencing experiment group, the expression 
of FHL2 decreased significantly after silencing FHL2 
in intramuscular adipocytes (P < 0.05, Fig.  5G). Com-
pared with the overexpression group, Si-FHL2 had the 
opposite effect on intramuscular adipocyte prolifera-
tion activity. The crystal violet staining results showed 
that Si-FHL2 significantly inhibited the number of 
goat intramuscular adipocytes at any time (Fig. 5H). In 
addition, MTT assay data showed that silencing FHL2 
significantly reduced the OD value at 490 nm (Fig. 5I), 

which is proportional to the number of adipocytes at 
24, 48 and 72  h. Furthermore, silencing FHL2 signifi-
cantly reduced the mRNA levels of cell proliferation-
positively correlated markers (CCNE, PCNA, CCND 
and CDK2) (P < 0.05, Fig.  5J). The EdU results were 
consistent with the above trend, and the prolifera-
tion rate of intramuscular adipocytes was significantly 
reduced after silencing FHL2 (Fig. 5K, L).

FHL2 promotes the proliferation of subcutaneous 
adipocytes
We used the same method as described in section 2.5 
to investigate the effect of FHL2 on the proliferation 
of subcutaneous adipocytes. RT-qPCR analysis showed 
that overexpression of FHL2 was detected with effec-
tive, as it achieved 80-fold changes in subcutaneous 
adipocytes compared to the control group (Fig.  6A). 
The number of subcutaneous adipocytes after FHL2 
overexpression was significantly greater than that 
in the control group at any time (24, 48 and 72  h) by 
crystal violet staining (Fig. 6B). At the same time, the 
data obtained by MTT assay showed that the OD value 
overexpression of FHL2 at OD value was significantly 
higher than that of the vector group, which was con-
sistent with the trend of adipocytes number change 
at 24, 48 and 72  h (Fig.  6C). The expression levels of 
PCNA (P < 0.05), CCNE (P < 0.05) and CDK2 (P < 0.01) 
increased after overexpression of FHL2 (Fig.  6D). 
Compared to the intramuscular adipocyte group, the 
CCND expression did not change after FHL2 overex-
pression, and the CDK2 expression increased more sig-
nificantly. Furthermore, the EdU assay was performed 
to detect proliferation and the proliferation rate of 
subcutaneous adipocytes was significantly increased 
after overexpression of FHL2 (Fig. 6E, F).

FHL2 was silenced in goat subcutaneous adipocytes, 
and the results showed that the expression of FHL2 
significantly decreased after silencing FHL2 (P < 0.05, 
Fig.  6G). Compared with the overexpression group, 
crystal violet staining results showed that Si-FHL2 
significantly reduced the number of subcutaneous adi-
pocytes at any time (Fig. 6H). In addition, MTT assay 
data showed that silencing FHL2 significantly reduced 
the OD value at 490  nm, which was proportional to 
the number of adipocytes at 24, 48 and 72 h (Fig. 6I). 
Furthermore, silencing FHL2 significantly reduced 

(See figure on previous page.)
Fig. 5  FHL2 promoted the proliferation of intramuscular adipocytes. A Analysis of FHL2 overexpression efficiency; B Intramuscular adipocytes were 
stained using crystal violet staining to determine the effect of FHL2 on adipocytes number after 0, 24, 48, and 72 h and photographed; C Intramuscular 
adipocytes proliferation was examined by MTT analysis; D RT-qPCR was used to detect the effects of FHL2 on cell cycle genes, PCNA, CCND, CCNE and 
CDK2; E The proliferation capacity of the goat intramuscular adipocytes was examined by the EdU assay; F This image represents the results obtained by 
EdU after transfection overexpression FHL2; G Analysis of silent efficiency of FHL2; H The number of intramuscular adipocytes after transfection silencing 
FHL2 at 0, 24, 48, and 72 h was determined by crystal violet staining; I Intramuscular adipocytes proliferation was examined by MTT analysis; J RT-qPCR 
was used to detect cell cycle genes, PCNA, CCND, CCNE and CDK2 after 48 h transfection silencing FHL2; K EdU assay was carried out after transfection 
silencing FHL2 for 48 h; L This image represents the results obtained by EdU after transfection silencing FHL2. “*” denotes P < 0.05, “**” indicates P < 0.01
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the mRNA levels of the cell proliferation positive cor-
related markers PCNA (P < 0.05), CCNE (P < 0.05) and 
CDK2 (P < 0.01, Fig. 6j). The EdU assay results showed 
that the proliferation rate of subcutaneous adipocytes 
was significantly reduced (P < 0.05) compared with that 
of the control group after silencing FHL2 (Fig. 6K, L).

FHL2 suppressed the apoptosis of intramuscular 
adipocytes
To explore the effects of FHL2 on intramuscular adi-
pocyte apoptosis, RT-qPCR was used to detect the 
mRNA expression levels of genes (BCL2, P53 and 
BAX) associated with cell survival. The results showed 
that the expression levels of BCL2 (P < 0.05) were sig-
nificantly upregulated after overexpression of FHL2 
in intramuscular adipocytes (Fig.  7A), while P53 
(P < 0.01) and BAX (P < 0.01) were down-regulated. 
(Figure 7B and C). Finally, we also performed annexin 
V-FITC/PI staining assy. The apoptosis index in the 
group transfected with FHL2 over-expression cells 
decreased significantly (Fig. 7D, E, P < 0.05).

In the FHL2-silenced group, the opposite trend was 
observed for FHL2 overexpression, and the mRNA 
expression level of BCL was significantly downregu-
lated (P < 0.01, Fig.  7G). However, the mRNA expres-
sion of BAX and P53 was upregulated (P < 0.05, Fig. 7F, 
H). In addition, the annexin V-FETC/PI staining assay 
showed that the silencing FHL2-silenced group had a 
significantly reduced cell survival rate and increased 
apoptosis (Fig. 7I, J).

FHL2 suppresses the apoptosis of subcutaneous 
adipocytes
The effect of FHL2 on the apoptosis of subcutaneous 
adipocytes is large in the same way as described in sec-
tion 3.5. After FHL2 overexpression, BAX (P < 0.01, 
Fig.  8A) and P53 (P < 0.05, Fig.  8B) expression lev-
els decreased, and BCL expression levels increased 
(P < 0.05, Fig.  8C). The annexin V-FETC/PI staining 
assay showed that FHL2 overexpression significantly 
reduced the apoptosis rate and improved the cell sur-
vival rate (P < 0.05, Fig. 8D, E).

After silencing FHL2, the expression of BAX 
(P < 0.05, Fig. 8F) and P53 (P < 0.05, Fig. 8G) increased, 
and the expression of BCL (P < 0.01) decreased 
(Fig.  8H). Through an annexin V-FITC/PI staining 
assay, it was found that the apoptosis rate of adipo-
cytes increased significantly (Fig. 8I, J).

Discussion
The prevalence of obesity is rising globally, a series 
of diseases associated with obesity represent major 
public health issue [7–9]. Therefore, it is crucial to 

improve meat quality and human health by elucidating 
the molecular mechanisms of adipogenesis.

Previous reports showed that several FHL2 were 
associated with adipocyte growth and develop-
ment [19, 20]. In our study, FHL2 was differentially 
expressed in intramuscular preadipocytes and mature 
intramuscular adipocytes in transcriptome sequenc-
ing analysis of intramuscular adipocytes 3 days after 
differentiation. FHL2 is found to be downregulated in 
mature adipocytes. Taken together, these data suggest 
that FHL2 may be associated with adipogenesis. The 
aim of this study was to investigate the exact role of 
FHL2 in the development of subcutaneous adipocytes 
and intramuscular adipocytes.

In this study, we successfully cloned the FHL2 gene 
of goats and found that the nucleotides and amino 
acids of FHL2 were similar between goats and sheep 
respectively, indicating that goats are highly conserved 
between different species (Supplementary Fig. 3). Goat 
FHL2 protein maybe predominantly random coil. To 
further decipher the function of FHL2, the expression 
profile of FHL2 in goat tissue, as well as the temporal 
expression profile of FHL2 in subcutaneous adipocyte 
differentiation and intramuscular adipocyte differen-
tiation in goats were analyzed. Tissue expression pro-
files showed that FHL2 was widely expressed in goat 
tissues and highest in kidneys, and the study of Li Sirui 
et al. showed that FHL2 has the highest expression in 
human and mouse kidneys, which was consistent with 
the results of this study [31]. Temporal expression pro-
files showed that FHL2 expression changed during 
intramuscular and subcutaneous adipocyte differentia-
tion, and the time points of the highest expression of 
FHL2 were different in these two processes.

Previous studies have shown that FHL2 is positively 
correlated with fat hypertrophy, and loss of FHL2 
protects mice from diet-induced obesity [32]. Adipo-
cyte differentiation is a complex biological process 
that involves changes in cell structure and function 
[33] and is regulated by many transcription factors. 
Transcription factors such as AP2, C/EBPα, C/EBPβ, 
SREBP, PREF-1 and PPARγ, are important in the pro-
cess of adipocyte differentiation, among which C/
EBPβ and SREBP promote the differentiation of adipo-
cytes by activating the expression of PPARγ [34–37]. 
Bodipy and Oil red O staining revealed a significant 
increase in the number of adipocytes and lipid droplet 
secretion after FHL2 overexpression, while the oppo-
site trend occurred after FHL2 silencing. In addition, 
the results showed that FHL2 overexpression sig-
nificantly promoted the expression of PPARγ and C/
EBPβ in subcutaneous and intramuscular adipocytes, 
and the expression of PREF-1 decreased after overex-
pression. At the molecular level, FHL2 overexpression 
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Fig. 6 (See legend on next page.)
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significantly promoted the expression of PPARγ and 
C/EBPβ in subcutaneous and intramuscular adipo-
cytes, inhibited the expression of PREF-1, and showed 
a reverse trend after silencing with FHL2. Unlike this 
study, FHL2 inhibits colon cancer cell line HT-29 cells 
and neuronal cell growth and differentiation [38, 39]. 
The results of this study show that FHL2 promotes 
intramuscular and subcutaneous adipocyte differentia-
tion in goats.

Studies have shown that FHL2 promotes the prolif-
eration of human colon cancer cells and breast cancer 
cells, and mouse smooth muscle cells and regulates the 
expression of cyclin CCND [40–42]. Cell proliferation 
is regulated by gene expression, such as CCNE, PCNA, 
CCND, and CDK2, which are all positive regulators of 
cell proliferation [43–46]. At the molecular level, over-
expression of FHL2 promotes the expression of CCND, 
CCNE, CDK2, and PCNA in intramuscular adipocytes 
and is inhibited after silencing FHL2. In subcutaneous 
adipocytes, it was found that CCND was not affected 
after overexpression of FHL2, and the expression of 
CDK2 was more significant. A study reported that 
FHL2 inhibits the proliferation of human hepatoma 
cells by inhibiting the expression of CCND, which is 
different from this study [47]. The above results indi-
cate that FHL2 promotes the proliferation of intramus-
cular and subcutaneous adipocytes.

Recent studies have shown that FHL2 inhibited 
apoptosis in hepatoma cells, and enhancing FHL2 
expression promotes bone marrow progenitor cells 
to enter the cell cycle and increases the frequency of 
apoptosis in vivo by bone marrow cells. In addition, 
lncRNA DLX6-AS1 aggravates ovarian apoptosis by 
regulating miR-195-5p through sponging [48–50]. As a 
regulator of apoptosis, BAX induces cell damage lead-
ing to apoptosis, Bcl-2 encodes the outer mitochon-
drial membrane protein to inhibit cell apoptosis. As 
reports, the decrease of Bcl‐2 is related with enhanced 
Bax signal, and BCL is known to inhibit P53-induced 
apoptosis [50, 51]. After overexpression of FHL2 and 
then intramuscular adipocytes and subcutaneous adi-
pocytes, the expression levels of BCL were upregu-
lated, and the expression levels of BAX and P53 were 
downregulated. In addition, the flow cytometry phe-
nomenon showed that the apoptosis rate of adipocytes 

after overexpression of FHL2 was significantly lower 
than that of the control group, and the opposite phe-
nomenon occurred after silencing FHL2. In summary, 
FHL2 inhibits apoptosis of intramuscular and subcuta-
neous adipocytes.

Conclusion
This study shows FHL2 may be a positive regulator of 
intramuscular and subcutaneous adipocyte differentia-
tion and proliferation, and acts as a negative regulator 
of intramuscular and subcutaneous adipocyte apopto-
sis (Fig. 9).

Materials and methods
Cell culture
All experimental procedures were reviewed and 
approved by the Institutional Animal Care and Use 
Committee, Southwest Minzu University (Chengdu) 
(Number 20200120). Methods were performed accord-
ing to the guidelines and regulations. Isolation and 
culture of goat intramuscular preadipocytes and sub-
cutaneous adipocytes were performed as previously 
described [52, 53]. Cells stored in liquid nitrogen were 
thawed in a 37 ℃ water bath. Then add 5 mL of 10% 
fetal bovine serum (FBS, HyClone, Logan, America) 
with a total of 7 mL. And moved it to 10 mL tube and 
centrifuged at 289  g for 5  min. Discard the superna-
tant, leave the pallet and 5 mL FBS for mix well then 
cultured in petri dish. When the F3 cells grew to 80% 
confluence, 50 μmol/L of oleic acid (Sigma, Shanghai, 
China) was added to the culture medium to induce 
preadipocyte adipogenic differentiation.

Sequencing and differentially expressed gene screening
Qubit2.0 was used for preliminary quantification after 
the library was constructed. We diluted the library to 1 
ng/ul, and then used Agilent 2100 to detect the insert 
size of the library. The qPCR was used to accurately 
quantify the effective concentration of the library (the 
effective concentration of the library > 2 nM), which 
can ensure the quality of the library. The constructed 
library was sequenced using the Illumina HiSeq-tech-
nique. The |log2FoldChange|>0 and p value < 0.05 were 
considered to indicate differential expressed.

(See figure on previous page.)
Fig. 6  FHL2 promoted the proliferation of subcutaneous adipocytes. AFHL2 overexpression efficiency analysis; B Subcutaneous adipocytes were stained 
using crystal violet staining to determine the effect of FHL2 on adipocytes number after 0, 24, 48, and 72 h and photographed; C Subcutaneous adipo-
cytes proliferation was examined by MTT analysis; D RT-qPCR was used to detect the effects of FHL2 on cell cycle genes, PCNA, CCND, CCNE and CDK2 after 
overexpression in subcutaneous adipocytes; E The proliferation capacity of the goat subcutaneous adipocytes was examined by the EdU assay; F This 
image represents the results obtained by EdU after transfection overexpression FHL2; G Analysis of silent efficiency of FHL2; H The number of subcutane-
ous adipocytes after transfection silencing FHL2 at 0, 24, 48, and 72 h was determined by crystal violet staining; I Subcutaneous adipocytes proliferation 
was examined by MTT analysis; J RT-qPCR was used to detect cell cycle genes, PCNA, CCND, CCNE and CDK2 after 48 h transfection silencing FHL2; K EdU 
assay was carried out after transfection silencing FHL2 for 48 h; L This image represents the results obtained by EdU after transfection silencing FHL2. “*” 
denotes P < 0.05, “**” indicates P < 0.01
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Fig. 7  FHL2 suppress intramuscular adipocytes apoptosis. A-C RT-qPCR detects the expression of the apoptosis marker genes expression level after FHL2 
overexpression; D Intramuscular adipocytes were transfected by FHL2 overexpression and VECTOR, collected, and stained by Annexin V-FITC/PI. Intramus-
cular adipocytes apoptosis phase distribution was analyzed by flow cytometry; E Intramuscular adipocytes apoptosis index was analyzed between FHL2 
overexpression and VECTOR group; F-H RT-qPCR detects the expression of apoptosis relative genes after silencing FHL2; I Intramuscular adipocytes were 
transfected by silencing FHL2 and NC, collected and stained by Annexin V-FITC/PI. Intramuscular adipocytes apoptosis phase distribution was analyzed 
by flow cytometry; J Intramuscular adipocytes apoptosis index was analyzed between silencing FHL2 and NC group
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Fig. 8  FHL2 suppress subcutaneous adipocytes apoptosis. A-C RT-qPCR detects the expression of the apoptosis marker genes after silencing FHL2; D 
Subcutaneous adipocytes were transfected by FHL2 overexpression and VECTOR, collected, and stained by Annexin V-FITC/PI. Subcutaneous adipocytes 
apoptosis phase distribution was analyzed by flow cytometry; E Subcutaneous adipocytes apoptosis index was analyzed between FHL2 overexpression 
and VECTOR group; F-H RT-qPCR detects the expression of apoptosis marker genes after silencing FHL2; I Subcutaneous adipocytes were transfected by 
silencing FHL2 and NC, collected and stained by Annexin V-FITC/PI. Subcutaneous adipocytes apoptosis phase distribution was analyzed by flow cytom-
etry; J Subcutaneous adipocytes apoptosis index was analyzed between silencing FHL2 and NC group
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Animals
Jian-Zhou Da-er goats (n = 3) were selected as test ani-
mal. Tissue samples such as heart, liver, spleen, lung, 
kidney, subcutaneous, back and periend. The samples 
were washed with DEPC  (diethypyrocarbonate) water 
quickly loaded into Rase-free compere and stored in 
liquid nitrogen. First strand of cDNA was synthesized 
by the Revert Aid First strand cDNA synthesis Kit 
(Therma, Massachusetts, America).

FHL2 gene cloning
According to the predicted sequences of goat FHl2 
mRNA (GenBack accession number XM-018054974.1). 
The primer pair (Table  1) was designed using Primer 
Premier 5.0 software. The PCR system contained 1.1 
x T3 super PCR mix 22 μL, cDNA (10 μmol/L) 1 μL, 
FHL2-S (10 μmol/L) 1 μL, and FHL2-A (10 μmol/L) 
1 μL. The PCR procedure, included pre-degeneration 
(98 ℃, 3 min), all of degeneration (98 ℃, 10 s), anneal-
ing (60 ℃, 10  s) and extension (72 ℃, 20  s) 35cycles. 
Final extension (72 ℃, 2  min), preserving at 4 ℃. 
The destination strand was recycled via recovery kit 
(Takara, Tokyo, Japan). Strands were ligated into the 
007 vs. vector (Tsinke, Beijing, China) and sequenced 
by Tsingke Biotechnology. Co. Ltd.

Expression patterns of FHL2 gene in goat tissues and 
subcutaneous and intramuscular adipocyte adipogenesis
Expression patterns of the FHL2 gene in goat tissues
cDNA (heart, liver, spleen, lung, kidney, subcutaneous 
fat, back, perirenal) from goats was used to perform 
RT-qPCR to detect gene expression levels. RT-qPCR 
primers (Table 1) were designed according to the FHL2 
gene CDS region obtained from cloning. Detection of 
FHL2 gene expression levels in different goat tissues. 
10 μL PCR mixture: D-FHL2-S (10 μmol/μL) 0.5 μL, 
D-Fhl2-A (10 μmol/μL) 0.5 μL, TB Green TM premix 2 × 5 
μL, ddH2O 3.5 μL and cDNA 0.5 μL. Procedure: Pre-
degeneration (95 ℃, 3  s), all of degeneration (95 ℃, 
10 s), annealing (58 ℃, 10 s), extension (72 ℃ 15 s), 38 
cycles. Four duplicates per tissue.

Expression patterns of the FHL2 gene in goat subcutaneous 
and intramuscular adipocyte adipogenesis
The expression level of FHL2 in subcutaneous and 
intramuscular adipocytes at different stages of dif-
ferentiation (0, 12, 24, 36, 48, 60, 72, 84, 96, 108 and 
120 h) was detected in the same way as mentioned in 
1.4 above. qPCR was used to detect the expression 
pattern of the FHL2 gene in the adipocytes that were 
induced to differentiate from 0 h to 120 h by oleic acid.

Fig. 9  Effects of gene FHL2 on the development of subcutaneous and intramuscular adipocytes in goats
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Construction of the FHL2 overexpression vector
We used DNAMAN to find the restriction enzyme 
of FHL2 (NEHI, KPNI two enzymes used to con-
struct an overexpression vector) based on the FHL2 
sequence of Jian Zhou Da-er goat, designed the sub-
cloning primers OE-FHL2-S (​T​A​G​C​A​T​G​A​C​C​G​A​G​
C​G​C​T​T​T​G​A​C, start codon is ATG, GCTAGC is the 
restriction site of NEHI) and OE-FHL2 (​G​G​G​G​T​A​
C​C​T​C​A​G​A​G​A​T​G​T​C​C​T​T​C​C​C​G​C​A, the restriction 
site of KPNI is GGTACC AGT is the stop codon). The 
goat FHL2 plasmid was used as a template to amplify 
its CDS. Then we used PCDNA3.1 (stored by key of 
Qinghai Tibetan Plateau Animal Genetic Resource 
Reservation and Utilization Ministry of Education, 
Southwest Minzu University) as a vector. The sec-
ond digestion was performed with the CDS vec-
tor by KPNI (Thermo, Massachusetts, America) and 
NEHI (Thermo, Massachusetts, America) at 37 ℃ for 
30  min, followed by purification and ligation with T4 
ligase (Takara, Tokyo, Japan) in a 16 ℃ water bath for 
16 h. Finally, the recombinant vector was identified by 
enzyme digestion and detected by gel- electrophoresis, 
and sequencing.

Oil Red O and BODIPY staining
Cells were washed 3 times with phosphate-buffered 
saline (PBS), then fixed it in 4% formaldehyde for 
30  min, washed 3 times with PBS, and stained with 
Oil Red O for 1 h (Solarbio, Beijing, China), and then 
washed three times with polyester PBS and moist-
ened, then photographed with an epifluorescence 
microscope equipped (Olympus IX-73, Tokyo, Japan). 
Oil Red O dye was extracted with 100% isopropanol, 
and the Oil Red O signal was quantified by measuring 
the absorbance at 490  nm to determine the extent of 
lipid drop accumulation. Fixed cells were stained with 
BODIPY solution for 20 min, washed three times and 
moistened with PBS for imaging by microscope.

MTT assay
MTT assay was used to detect intramuscular and sub-
cutaneous adipocyte proliferation in goats. Intramus-
cular and subcutaneous preadipocytes were seeded 
in 96-well plates at a density of 4 × 103cells per well. 
After 0, 24, 48 and 72 h of adipocyte culture, 10 μL of 
MTT reagent (Solarbio, Beijing, China) was added to 
each well, away from light, and then the adipocytes 
were incubated with 5% CO2 at 37 °C for 3.5 h. Finally, 
absorbance was measured at a wavelength of 490  nm 
using an enzyme-labelled instrument (PEI OU, Shang-
hai, China).

Cell proliferation and apoptosis assay
EdU proliferation assay
The intramuscular and subcutaneous preadipocyte 
abilities in goats were measured by an EdU incorpo-
ration assay (Beyotime, Shanghai, China). First, goat 
intramuscular and subcutaneous adipocytes were 
seeded in 24-well plates and then transfected when 
confluency reached 60%. After 48  h of transfection, 
goat intramuscular and subcutaneous adipocytes were 
stained with 50 μmol/μL EdU solution for 2  h, fixed 
with 4% paraformaldehyde for 30  min, and infiltrated 
with 0.3% Triton X-100 for 15  min. Cells were then 
incubated with the click-reaction mix provided with 
the EdU staining kit for 20 min and stained with DAPI 
for 20 min. Finally, adipocytes were photographed by a 
fluorescence microscope (Olympus, Tokyo, Japan).

Cell apoptosis assay
The original culture medium was aspirated and moved 
to a centrifuge tube, the cells were rinsed with PBS, and 
the waste solution was discarded. Add 1 mL of EDTA-
free pancreatic enzyme for digestion, wait for the cells 
to be separated, add the original culture medium to 
terminate the digestion, and collect the cells. Centri-
fuge at 289 g for 5 min, aspirate the supernatant, wash 
twice with PBS, collect the cell pellet, resuspend the 
cells with a 500 μL binding buffer, add 5 μL ANNEXIN 
V to blow well, and then add 5 μL PI to mix well. The 
reaction at room temperature is protected from light 
for 15 min, and the machine is detected and analysed.

RT-qPCR, RNA-seq data verification and data analysis
RT-qPCR
Total RNA (1  μg) was used for reverse transcription 
and mRNA reverse transcription, and the obtained 
cDNA was used as a template for qPCR to detect 
expression levels, which were randomly selected 
from differentially expressed mRNAs to verify the 
accuracy of the RNA-Seq results. In addition, we 
obtained cDNA from goat tissues and cultured cells 
and detected the expression levels of FHL2. To nor-
malize the level of mRNA in tissues and adipocytes, a 
ubiquitously expressed gene (UXT) was selected as an 
internal reference gene. In addition, the expression of 
differentiation marker genes such as C/EBPα, C/EBPβ, 
PPARγ, PREF-1, SREBP and AP2 were detected. The 
sequences of the primers are shown in the Table 1. RT‒
qPCR was carried out with a Bio Rad Real-Time PCR 
system. Data were analysed using the comparative Ct 
method (2−ΔΔCt).

Statistical analysis of data
GraphPad 8.0 software was used for significance analy-
sis and multiple comparison. Data are expressed as the 
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mean ± SEM. P < 0.05 was defined as the significance 
threshold. RT-qPCR data through the 2-ΔΔCt method 
analysis. “b”, and “*’’ indicate that the difference was 
significant (P < 0.05), and “a, **” indicate that the dif-
ference was extremely significant.

Abbreviations
ACC	� Acetyl-CoA carboxylase
ADRP	� Adipose differentiation-related protein

ANNEXIN V	� The method to detect the cell apoptosis
AP2	� APETALA-2-Like transcription factor gene
ATGL	� Fat triglyceride lipase
BAX	� Bcl-2-associated X protein
BCL	� B-cell lymphoma
C/EBPβ	� CCAT enhancer binding proteinβ
CCND	� Cyclin D1
CCNE	� Cyclin E1
CDK2	� Cyclin-Dependent Kinases
DEPC	� Diethypyrocarbonate
DGAT	� Diglyceryl acyltransferase

Table 1  The information of primers
Gene name sequence Purpose Length Tm
FHL2 S: ​A​G​G​C​A​G​A​A​A​C​A​A​G​A​C​A​G​G​T​G​A PCR 1353bp 58℃

A: ​C​G​A​C​A​G​G​A​A​G​T​T​A​C​A​C​C​G​G​A
D-FHL2 S: ​G​C​A​C​C​C​G​C​A​A​G​A​T​G​G​A​G​T​A RT-qPCR 180bp 60℃

A: ​T​C​G​G​G​A​T​G​A​A​G​C​T​C​T​T​G​G​T​T
UXT S: ​G​C​A​A​G​T​G​G​A​T​T​T​G​G​G​C​T​G​T​A​A​C RT-qPCR 180bp 60℃

A: ​A​T​G​G​A​G​T​C​C​T​T​G​G​T​G​A​G​G​T​T​G​T
C/EBPα S: ​C​T​C​C​G​G​A​T​C​T​C​A​A​G​A​C​T​G​C​C RT-qPCR 136bp 60℃

A: ​C​C​C​C​T​C​A​T​C​T​T​A​G​A​C​G​C​A​C​C
C/EBPβ S: ​C​A​A​C​C​T​G​G​A​G​A​C​G​C​A​G​C​A​C​A​A​G RT-qPCR 204bp 60℃

A: ​G​C​T​T​G​A​A​C​A​A​G​T​T​C​C​G​C​A​G​G​G​T
PPARγ S: ​A​A​G​C​G​T​C​A​G​G​G​T​T​C​C​A​C​T​A​T​G RT-qPCR 197bp 60℃

A: ​G​A​A​C​C​T​G​A​T​G​G​C​G​T​T​A​T​G​A​G​A​C
PREF-1 S: ​C​C​T​G​A​A​A​A​T​G​G​A​T​T​C​T​G​C​G​A​C​G RT-qPCR 255bp 60℃

A: ​G​A​C​A​C​A​G​G​A​G​C​A​C​T​C​G​T​A​C​T​G
SREBP S: ​A​A​C​A​T​C​T​G​T​T​G​G​A​G​C​G​A​G​C​A RT-qPCR 134bp 60℃

A: ​T​C​C​A​G​C​C​A​T​A​T​C​C​G​A​A​C​A​G​C
AP2 S: ​T​G​A​A​G​T​C​A​C​T​C​C​A​G​A​T​G​A​C​A​G RT-qPCR 143bp 60℃

A: ​T​G​A​C​A​C​A​T​T​C​C​A​G​C​A​C​C​A​G
ACC S: ​G​G​A​G​A​C​A​A​A​C​A​G​G​G​A​C​C​A​T​T RT-qPCR 180bp 60℃

A: ​A​T​C​A​G​G​G​A​C​T​G​C​C​G​A​A​A​C
ADRP S: ​T​A​C​G​A​T​G​A​T​A​C​A​G​A​T​G​A​A​T​C​C​C​A​C RT-qPCR 170bp 60℃

A: ​C​A​G​C​A​T​T​G​C​G​A​A​G​C​A​C​A​G​A​G​T
ATGL S: ​G​G​T​G​C​C​A​A​T​A​T​C​A​T​C​G​A​G​G​T RT-qPCR 125bp 60℃

A: ​C​A​C​A​C​C​C​G​T​G​G​C​A​G​T​C​A​G
GPAM S: ​G​G​A​G​C​A​A​G​C​A​T​T​G​T​T​G​C​C​A​G RT-qPCR 135bp 60℃

A: ​C​A​A​T​C​A​G​T​C​T​T​C​G​G​C​G​G​G​A​T
DGAT1 S: ​C​C​A​C​T​G​G​G​A​C​C​T​G​A​G​G​T​G​T​C RT-qPCR 140bp 60℃

A: ​G​C​A​T​C​A​C​C​A​C​A​C​A​C​C​A​A​T​T​C​A
LPL S: ​T​C​C​T​G​G​A​G​T​G​A​C​G​G​A​A​T​C​T​G​T RT-qPCR 114bp 60℃

A: ​G​A​C​A​G​C​C​A​G​T​C​C​A​C​C​A​C​G​A​T
PCNA S: ​T​T​T​G​A​G​G​C​A​C​G​C​C​T​G​A​T​C​C RT-qPCR 172bp 60℃

A: ​G​G​A​G​A​C​G​T​G​A​G​A​C​G​A​G​T​C​C​A​T
CCND S; ​T​A​G​G​C​C​C​T​C​A​G​C​C​T​C​A​C​T​C RT-qPCR 80bp 60℃

A: ​C​C​A​C​C​C​C​T​G​G​G​A​T​A​A​A​G​C​A​C
CCNE S: ​C​T​T​G​C​A​G​T​G​A​G​T​G​A​C​G​T​A​G​A​C RT-qPCR 94bp 60

A: ​C​C​A​G​T​T​G​T​C​G​G​A​G​A​T​A​A​G​C​A​T​A​G
CDK2 S; ​C​A​A​A​G​C​C​A​A​G​C​A​C​G​T​A​G​A​G​A​C RT-qPCR 141bp 60

A: ​T​G​C​A​C​C​A​C​A​T​A​T​T​G​A​C​T​G​T​C​C
BAX S: ​T​G​A​A​G​A​C​A​G​G​G​G​C​C​T​T​T​T​T​G RT-qPCR 140bp 60

A: ​A​A​T​T​C​G​C​C​G​G​A​G​A​C​A​C​T​C​G
BCL S: ​G​A​C​T​T​C​T​C​T​C​G​G​C​G​C​T​A​C​C RT-qPCR 198bp 60

A: ​C​A​C​A​T​G​A​C​C​C​C​T​C​C​G​A​A​C​T​C
P53 S: ​C​A​A​C​A​A​A​T​G​C​T​G​G​C​T​A​C​T​A​A​G​G​A RT-qPCR 168bp 60

A: ​C​A​C​G​A​G​T​T​T​T​C​C​G​T​T​G​C​T​C​A
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E4F1	� E4 transcription factor
EdU	� The method to detect the cell ability
FHL2	� Four and half LIM protein
GPAM	� Glycerol-3-phosphate acyltransferase
LPL	� Lipoprotein lipase
MTT	� The method used in this experiment to detect cell viability
P21	� Cyclin-dependent kinase inhibitor 1 A
P27	� Tumor suppressor 27
P53	� Tumor suppressor 53
PCNA	� Proliferating cell nuclear antigen
PI	� The method for stain cell
PPARγ	� Peroxisome proliferator activated receptorγ
PREF-1	� Preadipocyte Factor 1
RT-qPCR	� Real time quantitative polymerase chain reaction
SKI	� Protein (SKI)
SREBP-1	� Sterol regulating element binding protein isoform 1
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