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SUMMARY

The role of the intestinal immune system in the inhibition of fat tissue-related
inflammation by dietary material is yet to be elucidated. Oral administration of
b-elemene, contained in various foodstuffs, downregulated expressions of in-
flammatory cytokines and increased Foxp3+CD4+ T cells in adipose tissue of
obese mice. However, b-elemene did not affect the inflammatory response of ad-
ipose tissue in vitro, suggesting that the inhibition observed in vivo was not due
to direct interactions of adipose tissue with b-elemene. Instead, b-elemene
increased Foxp3+CD4+ T cell population enhancing gene expressions of trans-
forming growth factor b 1, retinaldehyde dehydrogenase 2, integrin avb8, and
interleukin-10 in intestinal dendritic cells (DCs) in vivo and in vitro. Taken
together, this study suggested the therapeutic effects of b-elemene on treating
experimental obesity-induced chronic inflammation by adjusting the balance of
immune cell populations in fat tissue through the generation of regulatory
T cells in the intestinal immune system by modulating DC function.

INTRODUCTION

In 2006, Hotamisgil originally summarized the concept of ‘‘metabolically triggered inflammation (meta-

inflammation)’’, which is a long-term, low-grade, chronic persistent inflammation caused by overnutrition

or metabolic load (Hotamisligil, 2006; Saltiel and Olefsky, 2017). As a kind of chronic low-grade inflamma-

tion, obesity can trigger lesions in the peripheral circulation, including specific cytokines generation, meta-

bolic imbalance of acute response factors, and numerical or functional polarization of various immune cells

(Goldfine and Shoelson, 2017; Crewe et al., 2017). Obvious differences have been observed between the

obese state and lean state in immune cell subsets. Clinical or experimental data have already shown that

the properly proportional regulatory T cells (Tregs) are the basis for avoiding chronic inflammatory diseases

(Lumeng et al., 2007; Cosmi et al., 2014).

The intestine is an organ that ingests nutrients or other food components. Mesenteric lymph nodes (MLNs)

and Peyer’s patches (PPs), play important roles in maintaining homeostasis in the intestinal immune system

(Mclaughlin et al., 2017; Abreu, 2010). Kwon et al. reported that the conversion of T cells into Foxp3+ Treg

cells by probiotics is directly mediated by MLN CD11c+ dendritic cells (DCs) that highly express transform-

ing growth factor b (TGF-b) and interleukin-10 (IL-10), the immune process has been tested to treat inflam-

matory bowel disease (Kwon et al., 2010; O’Garra et al., 2004). TGF-b is reported to take part in the process

of naive T cells’ differentiation into the Tregs expressing Foxp3 (Kwon et al., 2010; Shiokawa et al., 2017). In

particular, TGF-b1, an important member of the TGF-b family, can be activated by the degradation and

alter-conformation of latency-associated protein. This process is mainly mediated by some proteins,

such as avb8 integrin, which is expressed on DCs (Li and Flavell, 2008; Mu et al., 2002). In addition, MLN

DCs highly induce Tregs by expressing retinaldehyde dehydrogenase 2 (RALDH2), an enzyme that can

catalyze the synthesis of retinoid acid (RA), a vitamin A metabolite (Benson et al., 2007; Coombes et al.,

2007). These responses enables Tregs to regulate the intestinal immune system, which emerged as a

site altering diet-induced obesity (Winer et al., 2017). Thus, clearly clarifying the role of intestinal immune

reactions mentioned above on the formation or treatment of obesity is necessary and has not been re-

ported previously.
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b-elemene is a sesquiterpene, which canbe found in herbs, spices, and root vegetables, and its efficacy has been

reported in treating a series of tumors (Zhai et al., 2019). Mantovani et al. had already clarified a strong relation-

ship between inflammation and tumors, highlighting that the tumormicroenvironment is primarily caused by in-

flammatory cells andmediators (Mantovani et al., 2008). Therefore, we raised a question that whether b-elemene

would inhibit chronic inflammation if it has a strong effect on treating tumors. In this article, a kind of obese

mouse model was utilized to help us solve this question. We focused on Tregs in epididymal adipose tissue

(EAT) and mesenteric adipose tissue (MAT), which seemed like the important parts composed for the white ad-

ipose tissue. Then, to investigate the intrinsic mechanism of b-elemene in treating obesity-induced inflamma-

tion, we studied its function in the induction of Tregs by intestinal DCs.

RESULTS

b-elemene did not influencemouse bodyweight butmodified inflammation-related cytokines

and increased Foxp3+CD4+ T cells in EAT and MAT

C57BL/6 male mice were fed a normal diet or diet with 60 kcal% fat (HFD) separately for 12 weeks to estab-

lish the obese mouse model. Milli-Q water or b-elemene dissolved in Milli-Q water was administered to the

mice by gavage during the last 3 weeks. As shown in Figure 1A, the body weights of the mice in the HFD

group increased and became significantly different from those of the control group beginning at the first

week. The weights of EAT and MAT were obviously increased in the HFD group, suggesting that the white

adipose tissue depots of the mice were increased by feeding HFD (Figures S1A and S1B). However, it

seemed that body weight and white adipose tissue weight were not influenced by gavage of b-elemene

(Figures 1A, S1A, and S1B). We then measured the expressions of classical inflammation-related cytokines

in the EAT and MAT of mice by quantitative PCR (qPCR). Our data showed that b-elemene downregulated

HFD-induced expressions of tumor necrosis factor alpha (TNF-a), IL-1b, and IL-6 in EAT of obese mice (Fig-

ures 1B–1D) and a similar tendency was observed for MAT (Figures S1C–S1E). These cytokines are inflam-

matory mediators that are involved in the pathogenesis and progression of obesity (Calle and Fernandez,

2012). Therefore, we hypothesized that b-elemene alleviated obesity-induced inflammation. Stromal

vascular cells (SVCs) consist of fibroblasts, blood vessel cells, white blood cells, macrophages, pre-adipo-

cytes, etc. SVCs are usually used to study the characteristics of immune cell subsets in adipose tissue both

in vivo and in vitro (Hauner et al., 1989; Deslex et al., 1987). As shown in Figures 1E–1J, oral administration of

b-elemene inhibited the gene expressions of inflammatory cytokines TNF-a, IL-1b, IL-6, and chemokine (C-

C motif) ligand 2 (CCL2), and promoted that of the anti-inflammatory cytokines TGF-b1 and IL-10 in the

SVCs of EAT. Similar tendency was observed for MAT (Figures S2F–S2K). The results provided evidence

that b-elemene had immunoregulatory effects on alleviating experimental obesity-induced chronic inflam-

mation. In SVCs, CD4+ T cells are involved in the reparative process of chronic inflammatory diseases in

adipose tissue (Gregor and Hotamisligil, 2011). Tregs are the major subset of CD4+ T cells that maintain

immune homeostasis and prevent the occurrence of aberrant immune responses (Cosmi et al., 2014).

We analyzed Foxp3+CD4+ T cells expression in white adipose tissue and spleen of mice using the flow cy-

tometry in the processes shown in the Figures S2A and S2B. Compared with the control group, the HFD

group showed a reduced number of CD4+ T cells in lymphocytes of EAT and MAT, as shown in Figures

2A, 2C, 2E, and 2G. This result is consistent with the previous observation (Nishimura et al., 2009). At the

same time, the ratio of CD4+ T cells expressing transcription factor Foxp3, which is one of the most reliable

markers for Tregs, was also tested (Feuerer et al., 2009). We found that b-elemene clearly upregulated the

ratio of Foxp3+CD4+ T cell ratio in the CD4+ T cell population (Figures 2B, 2D, 2F, and 2H), which suggested

the anti-inflammatory effect of b-elemene on the adipose tissue of obese mice. In addition, b-elemene

could increase the ratios of Foxp3+CD4+ T cells in the spleen (Figures 3A–3D) and alleviate the inflamma-

tory cytokines of obese mice serum (Figures 3E and 3F). All the results mentioned above suggest that b-el-

emene may affect systemic immunity in vivo with increased Tregs in the spleen.

b-elemene did not directly suppress LPS-induced SVC inflammation in vitro

To evaluate the direct effects of b-elemene on the SVCs in EAT and MAT, we mimicked the inflammatory

environment in vitro using lipopolysaccharide (LPS). LPS is known as a bacterial component that is usually

used to induce inflammation. In this part of the experiment, 10 mg/mL LPS and different concentrations of

b-elemene (1, 2, 5 and 10 mg/mL) were added to the SVCs of EAT and MAT, respectively. As shown in Fig-

ure 4, only IL-1b, TGF-b1, and IL-10 in EAT SVCs and CCL2 in MAT SVCs had significant differences

compared with those of the LPS group in vitro in response to 10 mg/mL b-elemene treatment. In addition,

we supplemented the mRNA expressions of TGF-b1 and IL-10 in the culture system of EAT SVCs and

different concentrations of b-elemene without LPS stimulation as shown in the Figure S3. We found that
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the mRNA expressions of TGF-b1 and IL-10 were hardly changed by the addition of b-elemene, which sug-

gested that b-elemene did not have the direct effects on the adipose tissue of obese mice. The results were

also consistent with Figure 4. Therefore, we wondered why b-elemene had obvious effects on treating

inflammation in vivo, while the effects on inflammation in vitro were subtle. To answer this question, we hy-

pothesized that other immunoregulatory functions of b-elemenemay exist in the treatment of experimental

obesity-induced chronic inflammation.

b-elemene increased Foxp3+CD4+ T cells proportion in the intestinal immune system through

enhanced expressions of TGF-b1, RALDH2, integrin avb8, and IL-10 in DCs

Intestinal DCs are involved in T cell-mediated immune regulation by inducing the differentiation of CD4+

Tregs, which is mediated by TGF-b, RALDH2, integrin avb8, and IL-10 (Bakdash et al., 2015; Seeger et al.,

Figure 1. b-elemene Did Not Influence Mouse Body Weight but Regulated Inflammation-related Cytokine

Expressions in EAT of Obese Mice

The body weight of each mouse was measured every week until they were sacrificed. After obtaining tissue RNA or SVCs

RNA from EAT of the mice, qPCR was used to measure the relative expressions of inflammatory cytokines (GAPDH

expression was the standard).

(A) b-elemene did not influence mice body weight.

(B–D) Expressions of the cytokines TNF-a (B), IL-1b (C), and IL-6 (D) in EAT.

(E–J) Expressions of the cytokines TNF-a (E), IL-1b (F), IL-6 (G), CCL2 (H), TGF-b1 (I), and IL-10 (J) in EAT SVCs.

The results are shown as the mean G SEM. *p < 0.05; **p < 0.01 versus the HFD group (assessed using one-way ANOVA

with Tukey’s multiple comparisons). HFD, high-fat diet; HFD+b-Ele, HFD-induced obese mice under treatment with

b-elemene. n = 4; the results represent one of two independent experiments.
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2015). Based on the effects of b-elemene on Tregs in the fat tissue of mice, we explored the functions of

b-elemene in upregulating Foxp3+CD4+ T cells in the intestinal immune system, which seemed to modu-

late obesity-induced inflammation. After obtaining MLNs and PPs, the proportion of CD4+ T cells in lym-

phocytes and the proportion of Foxp3+CD4+ T cells in CD4+ T cells were measured by flow cytometry,

respectively. As shown in Figures 5A–5D and Figures S4A–S4D, MLNs and PPs tended to increase ratio

of Foxp3+CD4+ T cells in the b-elemene group than in the HFD group (the analysis processes of Foxp3+-

CD4+ T cells expression in MLN or PP of mice as shown in the Figure S2C). This phenomenon suggested

Figure 2. The Effect of b-elemene on Regulating the T Cells in EAT and MAT of Obese Mice

After obtaining EAT and MAT SVCs of each mouse, APC-conjugated anti-CD4 and PE-conjugated anti-Foxp3 antibodies

were used to identify CD4+ T cells in lymphocytes and Foxp3 expression in CD4+ T cells using flow cytometry.

(A) CD4+ T cells in lymphocytes of EAT SVCs.

(B) Foxp3+CD4+ T cells in CD4+ T cells of EAT SVCs.

(C) CD4+ T cells in lymphocytes of MAT SVCs.

(D) Foxp3+CD4+ T cells in CD4+ T cells of MAT SVCs.

(E) Ratio of CD4+ T cells in lymphocytes of EAT SVCs.

(F) Ratio of Foxp3+CD4+ T cells in CD4+ T cells of EAT SVCs.

(G) Ratio of CD4+ T cells in lymphocytes of MAT SVCs.

(H) Ratio of Foxp3+CD4+ T cells in CD4+ T cells of MAT SVCs.

The results are shown as the mean G SEM. *p < 0.05; **p < 0.01 versus the HFD group (assessed using one-way ANOVA

with Tukey’s multiple comparisons). HFD, high-fat diet; HFD+b-Ele, HFD-induced obese mice under treatment with

b-elemene. n = 4; the results represent one of two independent experiments.
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that b-elemene induced Foxp3+ Tregs in the intestinal immune system of HFD mice. Furthermore, we

tested the mRNA expressions of TGF-b1, RALDH2, integrin avb8, and IL-10 in the DCs of MLNs and PPs

and found that b-elemene increased the expressions of these molecules, as shown in Figures 5E–5I and

S4E–S4I. These results indicate that b-elemene induces Foxp3+ Tregs in the intestinal immune system

through inducing expressions of TGF-b1, RALDH2, integrin avb8, and IL-10 in DCs.

In the in vitro experiments, CD11c+ DCs were obtained fromMLNs or PPs of mice and were cultured with 1–

10 mg/mL b-elemene, and mRNA levels were then measured in the collected DCs. We found that unlike the

SVCs in mouse adipose tissue, b-elemene clearly increased the expressions of TGF-b1, RALDH2, integrin

avb8, and IL-10 in MLN-CD11c+ DCs (Figures 5J–5N). In addition, RALDH activity of MLN DC subsets was

analyzed by flow cytometry using ALDEFLUOR reagent. We also found that b-elemene significantly

increased the ALDH+ DCs of MLNs in vitro (Figures 5O and 5P). The analysis processes of ALDEFLOUR

in vitro was as shown in the Figure S2D. These findings indicate that MLN DCs were more sensitive to b-el-

emene stimulation than SVCs of adipose tissue with highly expressions of TGF-b1, RALDH2, Integrin avb8,

and IL-10 in DCs in vitro. Similar results were also shown in the PP-CD11c+ DCs (Figures S4J–S4N).

Figure 3. The Effects of b-elemene on Systemic Informatory Responses of Obese Mice

(A–D) After obtaining cells from mouse spleen, APC/Cy7-conjugated CD4 and PE-conjugated anti-Foxp3 antibodies

were used to identify CD4+ T cells in lymphocytes and Foxp3 expression in CD4+ T cells by flow cytometry.

(A) CD4+ T cells in lymphocytes of SPLs.

(B) Foxp3+CD4+ T cells in CD4+ T cells of SPLs.

(C) Ratio of CD4+ T cells in lymphocytes of SPLs.

(D) Ratio of Foxp3+CD4+ T cells in CD4+ T cells of SPLs.

(E and F) The effects of b-elemene on regulating the protein expressions of TNF-a (E) and IL-6 (F) of serums from different

mice group.

The results are shown as the mean G SEM. *p < 0.05; **p < 0.01 versus the HFD group (assessed using one-way ANOVA

with Tukey’s multiple comparisons). HFD, high-fat diet; HFD+b-Ele, HFD-induced obese mice under treatment with

b-elemene. n = 4–5; the results represent one of two independent experiments.
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b-elemene enhanced the induction of Foxp3+CD4+ T cells in the MLN DC and splenic T cell

culture system under different treatment conditions in vitro

Theavb8-integrinmediates activation of TGF-b inMLNDCs (Worthingtonet al., 2011). Therefore, to examine the

mechanism whether b-elemene enhances Foxp3+CD4+ T cell induction by the interaction between DCs and

Figure 4. Effects of Different Concentrations of b-elemene on Regulating Cytokine mRNA Expressions in SVCs of

EAT and MAT In Vitro under LPS Stimulation

(A–F) Gene expressions of the cytokines TNF-a (A), IL-1b (B), IL-6 (C), CCL2 (D), TGF-b1 (E), and IL-10 (F) in EAT SVCs. (G–L)

Gene expressions of the cytokines TNF-a (G), IL-1b (H), IL-6 (I), CCL2 (J), TGF-b1 (K), and IL-10 (L) in MAT SVCs. LPS: SVCs

(53105 cells/well) of EAT and MAT were cultured with LPS (10 mg/mL); LPS+b-Ele: SVCs were cultured with LPS (10 mg/mL)

and b-elemene (1, 2, 5 and 10 mg/mL); after culture for 24 hr, qPCR was used to measure the gene expressions of

inflammation-related cytokines as shown in the figures. The data are obtained from individual wells of each sample. The

results are shown as the mean G SEM. #p < 0.1; *p < 0.05; **p < 0.01 versus the LPS group (assessed using one-way

ANOVA with Tukey’s multiple comparisons). n = 4; the results represent one of two independent experiments.
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Figure 5. b-elemene Increased the Proportion of Foxp3+CD4+ T Cells in the Intestinal Immune System through Enhanced Expressions of TGF-b1,

RALDH2, Integrin avb8, and IL-10 in MLN-DCs

(A–D) After obtaining mouse MLN cells, APC-conjugated anti-CD4 and PE-conjugated anti-Foxp3 antibodies were used to identify the CD4+ T cell and

Foxp3+CD4+ T cell populations by flow cytometry. HFD, high-fat diet; HFD+b-Ele, HFD-induced obese mice under treatment with b-elemene.

(A) CD4+ T cells in MLN lymphocytes.

(B) Foxp3+CD4+ T cells in CD4+ T cells of MLNs.

(C) Ratio of CD4+ T cells in MLN lymphocytes.

(D) Ratio of Foxp3+CD4+ T cells in CD4+ T cells of MLNs. (E–I) b-elemene increased themRNA expressions of TGF-b1 (E), RALDH2 (F), integrin av (G), integrin

b8 (H), and IL-10 (I) in MLN DCs of obese mice. (J–N) MLN DCs were cultured with b-elemene (1, 2, 5 and 10 mg/mL) for 24 hr, b-elemene increased the mRNA

expressions of TGF-b1 (J), RALDH2 (K), Integrin av (L), Integrin b8 (M), and IL-10 (N) in MLN DCs in vitro. (O and P) RALDH activity of MLN DC subsets were

analyzed by flow cytometry using ALDEFLUOR reagent. (O) ALDH+ DCs in CD11c+ DCs of MLNs. (P) Ratio of ALDH+ DCs in CD11c+ DCs of MLNs. The results
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T cells, we cultured splenic CD4+ T cells fromRAG2-deficient DO11.10mice andMLNCD11c+DCs fromBALB/c

mice in the absence or presence of OVA peptide (10 nM), RA (1 mM), hTGF-b1 (2 ng/mL) and b-elemene (10 mg/

mL). The results were shown in Figure 6. We confirmed that TGF-b was the major inducer of the increase in

Foxp3+ Tregs compared with that of RA, but TGF-b1 and RA have a synergistic effect on Treg production. b-el-

emene enhanced the induction of Foxp3+CD4+ T cells both in the presence and absence of TGF-b. However,

b-elemene did not exert significant effects in the presence of high levels of exogenous RA (Figure 6B). These

results suggested that b-elemene enhanced the expression of RALDH2, promoting the production of RA, which

cooperatively induced Foxp3+ Tregswith TGF-b. The upregulated RA level was suggested by the increasedpro-

portion of RA dependent a4b7+CCR9+ T cells in b-elemene group compared with that of the non-b-elemene

group both in vitro and in vivo as shown in the Figures S5 and S6 (Hammerschmidt et al., 2008). The analysis pro-

cesses of Foxp3+CD4+ T cells and a4b7+CCR9+ T cells expression in vitrowas as shown in the Figure S2E and the

analysis processes of a4b7+CCR9+ T cells expression in the SPL, MLN or PP of mice was as shown in the Figures

S2B and S2F. In addition, b-elemene tended to increase the induction of Foxp3+CD4+ T cells in the absence of

TGF-b, which may be due to the enhancement of TGF-b production or avb8-mediated activation. These results

revealed the function of b-elemene in modulating DC-T cell responses in intestinal immunity, which enhanced

the induction of Foxp3+CD4+ T cells and alleviated experimental obesity-induced chronic inflammation. In addi-

tion,we also examined the direct effects of b-elemeneondifferentiationofCD4+ T cells (Figure S7). Therewas no

significant effect on differentiation of Th1 or Th2 cells in the absence of antigen-presenting cells both in the pro-

teins or mRNA expressions. Concerning Th17 cells, an increase of IL-17 mRNA expression was observed, but

there was no significant difference in the protein level. Concerning Treg differentiation, there were increases

in the expressions of Foxp3 and TGF-b1 mRNA. In addition to effects via DCs, b-elemene may also have direct

effects on enhancing Treg induction by upregulation of TGF-b.

DISCUSSION

In mice, the paired gonadal and mesenteric deposits are the important parts and are composed of white

adipose tissue, which is usually used for energy storage and has various insulin receptors (Birbrair et al.,

2013). We found that b-elemene did not have effect on decreasing mice bodyweight, which was unex-

pected. However, inflammatory cytokines in mouse adipose tissue including TNFa, IL-1b and IL-6, which

directly participate in obesity-related insulin resistance were obviously inhibited by b-elemene treatment

particularly in EAT (Hotamisligil et al., 1993). Inflammatory cytokine levels in serum were also decreased

by b-elemene administration. The results suggested that b-elemene had some effects on treating

obesity-induced inflammation. To further explore the mechanism of the anti-inflammatory function of b-el-

emene, we focused on the SVCs of EAT and MAT of obese mice, which are usually used to study the char-

acteristics of adipose tissue, especially immune cell subsets that are related chronic inflammatory disease.

The proinflammatory cytokines TNFa, IL-1b, IL-6, and CCL2 of SVCs in adipose tissue of mice, EAT in partic-

ular, were downregulated by oral administration of b-elemene while the anti-inflammatory cytokines IL-10

and TGF-b1 were upregulated. TGF-b can work together with IL-10 to escape the extra inflammatory

reaction which will induce self-tissue damage (Derynck and Zhang, 2003). TGF-b deficient mice develop

multi-focal inflammatory diseases, which support the effects of TGF-b on maintaining the normal immune

function for the body (Brunkow et al., 2001). Besides TGF-b signaling, the CD4+ Foxp3+ Tregs alleviated

inflammation. It is also reported that the Foxp3 deficient mice are similar to the TGF-bRII (the important

receptor of TGF-b signaling) deficient mice that results in T cell dependent inflammatory phenotype (Brun-

kow et al., 2001; Fontenot et al., 2017). In the lymphocytes of each mouse group, we studied the CD4+

T cells in adipose tissue. Winer et al. indicated that the CD4+ T lymphocyte subsets have protective effects

against the occurrence of obesity and insulin resistance (Winer et al., 2009). Our data showed a similar

decrease in CD4+ T cells proportion in HFD-fed mice. We found that even though the decreased CD4+

T cells in lymphocytes caused by HFD in EAT and MAT was not recovered by b-elemene treatment, the

Foxp3 expression was significantly upregulated. These results provide evidence that oral administration

of b-elemene induced Foxp3+ Tregs in adipose tissue of obese mice.

To evaluate the direct effect of b-elemene on the SVCs in EAT and MAT, we mimicked the inflammatory

environment in vitro using LPS, which is a bacterial endotoxin and highly circulate in the intestine of obese

Figure 5. Continued

are shown as the mean G SEM. #p < 0.1; *p < 0.05; **p < 0.01 versus the HFD group (A–I) or the control group (J–P) (assessed using one-way ANOVA with

Tukey’s multiple comparisons for A-N; assessed using two-tailed paired Student’s t-test for O and P). n = 3–4; the results represent one of two

independent experiments.
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status (Leu et al., 2006; Rui et al., 2007). LPS stimulation induces the production of various inflammatory cy-

tokines such as TNFa, IL-1b, IL-6, IFN-g, etc (DeGroote et al., 1992), all of them involved in the development

of insulin resistance (Wunderlich et al., 2013) and indirectly interfere with insulin signaling pathways by pro-

moting ER stress and oxidative stress (Ilangumaran and Ferbeyre, 2016; Özcan et al., 2004). However, we

found that the anti-inflammatory effects were minimal even with high concentrations of b-elemene

(10 mg/mL) treatment under the LPS induced inflammation. Based on these results, we hypothesized that

adipose tissue inflammation was not inhibited by the direct effect of b-elemene and that other immunoreg-

ulatory functions were executed in treating obesity-induced inflammation.

b-elemene was orally administered, so we considered the possibility that it may modulate the intestinal

immune system. We found that b-elemene induced Foxp3+CD4+ Tregs in MLNs and PPs. DCs in the two

Figure 6. b-elemene Increased the Antigen-Specific Foxp3+CD4+ T Cell Proportion in the Antigen-specific T Cell

Population under Different Treatment Conditions In Vitro

The culture system consisted of splenic CD4+ T cells (23105 cells/well) from RAG2-deficient DO11.10 mice and MLN

CD11c+ DCs (23104 cells/well) from BALB/c mice was conducted in the absence or presence of OVA peptide (10 nM), RA

(1 mM), hTGF-b1 (2 ng/mL) and b-elemene (10 mg/mL). After 72 hr culture, APC/Cy7-conjugated anti-CD4, PE/Cy7-

conjugated anti-DO11.10 TCR and PE-conjugated Foxp3 antibodies were used to identify the antigen-specific CD4+

T cell and Foxp3+CD4+ T cell populations using flow cytometry.

(A) The effect of b-elemene on increasing the proportion of Foxp3+CD4+ T cells in CD4+ T cells in the culture system.

(B) Ratio of Foxp3+CD4+ T cells in Kj1.26+CD4+ T cells in the culture system. The data are obtained from individual wells of

each sample.

The results are shown as the mean G SEM. #p < 0.1; *p < 0.05 between wells with b-elemene added and those without

b-elemene (assessed using two-tailed paired Student’s t-test). n = 5; the results represent one of two independent

experiments.
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lymphoid organs are capable of producing RA, which is dependent on the expression of RALDH2 medi-

ating vitamin A metabolism (Bakdash et al., 2015). Furthermore, it has been demonstrated that integrin

avb8 (encoded by the integrin av and integrin b8 genes) plays a fundamental role in TGF-b activation

and acts with RA to participate in TGF-b1-mediated development of Foxp3+ Tregs. In addition, Turov-

skaya et al. showed that IL-10 acts on Tregs with high expression of Foxp3 and suppressive functions in

mice with colitis (Turovskaya et al., 2009). The three molecules mentioned above are involved in Foxp3+

Treg production, which appears to be the key point in alleviating inflammatory immune responses (Fen-

ton et al., 2017). In our present study, b-elemene increased Foxp3+CD4+ T cells in the intestinal immune

system through enhanced expressions of TGF-b1, RALDH2, integrin avb8, and IL-10 derived from DCs

in vivo and in vitro, the latter was under low concentrations of b-elemene treatment. The phenomena

demonstrated that intestinal DCs were more sensitive to b-elemene than SVCs of EAT and MAT and

suggested that the induction of Foxp3+ T cells observed in vivo was the direct effects of b-elemene

on intestinal DCs, although there was a possibility of direct effect on T cell differentiation. In the previ-

ous studies, several molecular targets of b-elemene in cancer cells have been identified (Zhai et al.,

2019). However, the molecular mechanisms of its effects on immune cells are mostly unknown, although

its effect on balancing CD4+ Foxp3+ regulatory T cells, Th17 helper cells and Th1 helper cells through

down-regulating expressions of IL-6, IL-23, RORgt signaling had been reported (Zhang et al., 2010,

2011). Concerning the effects on tumors, Zhang et al. clarified that b-elemene could inhibit the prolifer-

ation and induce apoptosis of human hepatocarcinoma cell HepG-2, affecting the tumor cell-cycle arrest

at S phase via downregulating a-tubulin and microtubular polymerization (Zhang et al., 2013). In addi-

tion, the cell death receptor pathway, the mitochondrial pathway and the ER stress pathway which guide

the tumor cell apoptosis are also controlled by b-elemene intervention (Su et al., 2013; Dai et al., 2013).

These molecules may be targets in DCs as well. In relation to cancer treatment, synergistic effects to

induce Th1 and cytotoxic T-lymphocyte immune responses are observed when b-elemene combines

with IL-23-transfected DC vaccine (Tan et al., 2007). This supports the possibility that b-elemene may

act on DCs.

To clarify the intrinsic effect of b-elemene on the induction of Foxp3+ T cells by DCs, we cultured CD11c+

DCs and CD4+ T cells together in the absence or presence of RA and hTGF-b1. We found that b-elemene

promoted Treg induction in the presence of TGF-b1. The results also suggested the upregulation of

RALDH2 expression by b-elemene in the culture system, which would produce RA, and the produced RA

could work together with TGF-b1 to promote the expression of Tregs. In addition to promoting TGF-

b-mediated Treg induction, RA directs the expressions of a4b7-integrin and CCR9 in the intestine (Benson

et al., 2007; Hammerschmidt et al., 2008). We also found that b-elemene increased the proportion of

a4b7+CCR9+ T cells in DC-T culture system. This was further evidence that b-elemene enhanced the pro-

duction of RA.

Currently, there is growing evidence that establishes a relationship between the intestinal immune system

and metabolic diseases. In addition to adipose tissue, regulating the intestinal system represents a novel

strategy for alleviating obesity-induced inflammation (Winer et al., 2016). Our results suggested that

Foxp3+ Tregs generated in the intestinal immune system migrate to adipose tissue and inhibit inflamma-

tion. This may be the reason there was only a tendency in increase of Foxp3+CD4+ T cells in MLN. Collec-

tively, we suggested the therapeutic effects of b-elemene on treating experimental obesity-induced

chronic inflammation by enhancing the generation of Tregs in the intestinal immune system through mod-

ulation of DC function, further alleviating inflammatory symptoms in the fat tissue of mice. Although

feeding b-elemene did not affect body weight, it may possibly improve insulin resistance and ameliorate

blood glucose levels through its anti-inflammatory effects on adipose tissue.

Limitations of the study

In the animal experiments, there are some interobserver variabilities in the manual segmenting. These

anatomic structures which are included in the study depend to some extents on subjective interpretation.

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Satoshi Hachimura (ahachi@mail.ecc.u-tokyo.ac.jp).
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Materials availability

This study did not include any new unique reagents and all reagents generated in this study are available

from the Lead Contact without restriction.

Data and code availability

The data sets supporting the current study are available from the Lead Contact upon reasonable request.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. β-Elemene Did Not Influence Mouse Fat Tissue Weight but Regulated Inflammation-related 

Cytokine Expressions in MAT of Obese Mice, Related to Figure 1. (A) EAT weight of mice. (B) MAT weight of 

mice. After obtaining the MAT or SVCs from MAT of each mouse, qPCR was used to measure the gene expressions 

of inflammation-related cytokines which are shown in the figures (GAPDH expression was the standard). (C-E) 

Expressions of the cytokines TNF-α (C), IL-1β (D), and IL-6 (E) in MAT. (F-K) Expressions of the cytokines TNF-

α (F), IL-1β (G), IL-6 (H), CCL2 (I), TGF-β1 (J), and IL-10 (K) in MAT SVCs. The results are shown as the 

mean±SEM. #p<0.1; *p<0.05; **p<0.01 versus the HFD group (assessed using one-way ANOVA with Tukey’s 

multiple comparisons). HFD, high-fat diet; HFD+β-Ele, HFD-induced obese mice under treatment with β-

elemene. n=4; the results represent one of two independent experiments. 



      

 

 

 

Figure S2. Analysis Processes of Flow Cytometry Related Experiments, Related to Figure 2, Figure 3, Figure 

5 and Figure 6. (A) The analysis processes of Foxp3+CD4+ T cells expression in white adipose tissue of mice. (B) 

The analysis processes of Foxp3+CD4+ T cells and α4β7+CCR9+ T cells expression in the spleen of mice. (C) The 

analysis processes of Foxp3+CD4+ T cells expression in MLN or PP of mice. (D) The analysis processes of 

ALDEFLOUR in vitro. (E) The analysis processes of Foxp3+CD4+ T cells and α4β7+CCR9+ T cells expression in vitro. 

(F) The analysis processes of α4β7+CCR9+ T cells expression in the MLN or PP of mice.  

 

 



      

 

 

Figure S3. Effects of Different Concentrations of β-Elemene on Regulating Cytokine mRNA Expressions in 

SVCs in EAT and MAT in Vitro in Absence of LPS, Related to Figure 4. Gene expressions of the cytokines TGF-

β1 (A), and IL-10 (B) in EAT SVCs. β-Ele: SVCs (5×105 cells/well) were cultured with β-elemene (1, 2, 5 and 10 

μg/mL); after culture for 24 h, qPCR was used to measure the gene expressions of inflammation-related 

cytokines as shown in the figures. The data are obtained from individual wells of each sample. The results are 

shown as the mean±SEM (versus the control group; assessed using one-way ANOVA with Tukey’s multiple 

comparisons). n=4; the results represent one of two independent experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



      

 

 

 

Figure S4. β-Elemene Increased the Proportion of Foxp3+CD4+ T Cells in the Intestinal Immune System 

through Enhanced Expressions of TGF-β1, RALDH2, Integrin αvβ8, and IL-10 in PP-DCs, Related to Figure 

5. After obtaining mouse PP cells, APC-conjugated anti-CD4 and PE-conjugated anti-Foxp3 antibodies were used 

to identify the CD4+ T cell and Foxp3+CD4+ T cell populations by flow cytometry. HFD, high-fat diet; HFD+β-Ele, 

HFD-induced obese mice under treatment with β-elemene. (A) CD4+ T cells in PP lymphocytes. (B) Foxp3+CD4+ 

T cells in CD4+ T cells of PPs. (C) Ratio of CD4+ T cells in PP lymphocytes. (D) Ratio of Foxp3+CD4+ T cells in CD4+ 

T cells of PPs. The mRNA expressions of TGF-β1(E), RALDH2 (F), integrin αv (G), integrin β8 (H), and IL-10 (I) 

in PP DCs of mice. PP DCs were cultured with β-elemene (1, 2, 5 and 10 μg/mL) for 24 h, the mRNA expressions 

of TGF-β1 (J), RALDH2 (K), Integrin αv (L), Integrin β8 (M) and IL-10 (N) in PP DCs in vitro.  #p<0.1; *p<0.05; 

**p<0.01 versus the HFD group (A-I) or the control group (J-N) (assessed using one-way ANOVA with Tukey’s 

multiple comparisons). n=4; the results represent one of two independent experiments. 

 

 

 

 

 

 



      

 

 

 

Figure S5. β-Elemene Increased the Proportion of α4β7+CCR9+ T Cells in the Antigen-specific T Cell 

Population under Different Treatment Conditions in Vitro, Related to Figure 6. The culture system consisted 

of splenic CD4+ T cells (2×105 cells/well) from RAG2-deficient DO11.10 mice and MLN CD11c+ DCs (2×104 

cells/well) from BALB/c mice, was conducted in the absence or presence of OVA peptide (10 nM), RA (1 μM), 

hTGF-β1 (2 ng/ml), and β-elemene (10 μg/ml). After 72 h culture, APC/Cy7-conjugated anti-CD4, PE/Cy7-

conjugated anti-DO11.10 TCR (Kj1.26), FITC-conjugated anti-CCR9 and APC-conjugated anti-α4β7 antibodies 

were used to identify the antigen-specific CD4+ T cell and α4β7+CCR9+ T cell populations by flow cytometry. (A) 

The effect of β-elemene on increasing the proportion of α4β7+CCR9+ T cells in CD4+ T cells in the culture system. 

(B) Ratio of α4β7+CCR9+ T cells in Kj1.26+CD4+ T cells of the culture system. The data are obtained from 

individual wells of each sample. The results are shown as the mean±SEM. *p<0.05; **p<0.01 between wells with 

β-elemene added and those without β-elemene (assessed using two-tailed paired Student’s t-test). n=4; the 

results represent one of two independent experiments. 



      

 

 

 

Figure S6. β-Elemene Increased the Proportion of α4β7+CCR9+ T Cells in SPL, MLN and PP of Obese Mice, 

Related to Figure 6. After obtaining cells from mouse SPLs, MLNs and PPs, APC/Cy7-conjugated CD4, FITC-

conjugated CCR9 and APC-conjugated α4β7 antibodies were used to identify the CD4+ T cell and α4β7+CCR9+ T 

cell populations by flow cytometry. α4β7+CCR9+ T cells in CD4+ T cells of SPLs (A), MLNs (B) and PPs (C). Ratio 

of α4β7+CCR9+ T cells in CD4+ T cells of SPLs (D), MLNs (E) and PPs (F). The results are shown as the mean±SEM. 

#p<0.1; *p<0.05; **p<0.01 versus the HFD group (assessed using one-way ANOVA with Tukey’s multiple 

comparisons). HFD, high-fat diet; HFD+β-Ele, HFD-induced obese mice under treatment with β-elemene. n=5; 

the results represent one of two independent experiments. 

 

 

 

 



      

 

 

 

Figure S7. The Direct Effects of β-Elemene on Regulating Differentiation of Naive CD4+ T Cells to Th1, Th2, 

Th17, and Treg, Related to Figure 6. Naïve CD4+ T cells (2×105 cells/well) were activated with immobilized anti-

CD3 and soluble anti-CD28 in the presence of different cytokines and antibodies as described below for 2 day to 

allow for naïve CD4+ T cells to differentiate into different effector lineages. For Th1 differentiation, the cultures 

were supplemented with interleukin-12 (IL-12) and anti-interleukin-4 (IL-4). For Th2 differentiation, the 

cultures were supplemented with IL-4 and anti-IFN-γ. For Th17 differentiation, IL-6, TGF-β, anti-IFN-γ and anti-

IL-4 were included. For Treg differentiation, the cultures were supplemented with TGF-β. Protein levels of IFN-

γ (A), IL-4 (B), interleukin-17 (IL-17) (C), and IL-10 (D) were used as hallmarks for Th1, Th2, Th17, and iTreg, 

respectively using ELISA. the mRNA expressions of IFN-γ (E) for Th1, IL-4 (F) for Th2, IL-17 (G) and TGF-β (H) 

for Th17, TGF-β (I) and Foxp3 (J) for iTreg were determined as hallmarks using qPCR. n=3-4. Results are shown 

as the mean±SEM. *p<0.05; **p<0.01 between wells with β-elemene added and those without β-elemene 

(assessed using two-tailed paired Student’s t-test). 

 

 

 

 

 

 

 



      

 

 

 

Figure S8. Schedule of Obesity Mouse Model, Related to Figure 1, Figure 2, Figure3 and Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



      

 

Table S1. Primer Sequences for Quantitative PCR, Related to Figure 1, Figure 4 and Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



      

 

Transparent Methods 

Mice. C57BL/6 male mice (8 weeks old, weighing 20±3 g) were purchased from Charles River Laboratories Japan 

(Yokohama, Japan) and were maintained in appropriate temperature (23±2°C) and humidity (50±5%) with a 12 

h light/dark cycle. For in vivo experiments, the mice were administered a normal diet (AIN-93G; Oriental Yeast 

Corporation, Tokyo, Japan) or diet with 60 kcal% fat (HFD-60; Oriental Yeast Corporation) separately for 12 

weeks. Oral administration was started in the final 3 weeks, and distilled Milli-Q water or distilled Milli-Q-

dissolved β-elemene (7.5 mg/kg/d; 0.2 ml) was administered by gavage. A detailed schedule was shown in 

Figure S8. For in vitro experiments, all mice were sacrificed at 8-12 weeks of age. BALB/c female mice were 

purchased from Charles River Laboratories Japan. RAG2-deficient DO11.10 female mice that express the OVA-

specific T cell receptor were maintained and obtained from Sankyo Labo Service Corporation (Tokyo, Japan). All 

the experimental protocols were approved by the Experimental Animal Ethics Committee of the Graduate School 

of Agricultural and Life Sciences of the University of Tokyo. 

 

Reagents. (−)-β-Elemene analytical standard was brought from Sigma-Aldrich (St. Louis, MO, United States). 

Lipopolysaccharide (LPS), from E.coli O26 (by phenol extraction) was bought from FUJIFILM Wako Pure 

Chemical Corporation (Osaka, Japan). OVA peptide (OVAp) corresponding the OVA 323-339 sequence 

ISQAVHAAHAEINEAGR was provided by the Medical Proteomics Laboratory at the Institute of Medical Science 

of the University of Tokyo (Tokyo, Japan). All-trans retinoic acid (RA) (FUJIFILM Wako Pure Chemical 

Corporation) was dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich) at a concentration of 10 mM, and 

human TGF-β1 (R&D system) was reconstituted at 10 μg/ml in sterile 4 mM HCl containing 1% bovine serum 

albumin (FUJIFILM Wako Pure Chemical Corporation) before use. For flow cytometry analysis, following 

antibodies: anti-CD16/32 (93), APC-conjugated anti-CD4 (GK-1.5), APC/Cy7-conjugated anti-CD4 (RM4-5), 

PE/Cy7-conjugated anti-TCR DO11.10 (KJ1-26), FITC-conjugated anti-CCR9 (CW-1.2), APC-conjugated anti-α4β7 

(RATK32) and APC/Cy7-conjugated anti-CD11c (N418) were purchased from BioLegend (San Diego, CA, United 

States); PE-conjugated anti-Foxp3 (FJK-16s) was purchased from eBioscience (SanDiego, CA, United States).  

 

Cell Preparation and Cell Culture. The MLNs and PPs of mice were treated with 1 mg/ml collagenase I 

(FUJIFILM Wako Pure Chemical Corporation) with 10 µg/ml DNase I (Roche Diagnostics GmbH, Mannheim, 

Germany) for 60- 90 mins to obtain single cell suspensions of MLN and PP cells after filtering with a 70-μm cells 

trainer (Corning, New York, NY, United States) and washing with 10% fetal calf serum (FCS) in RPMI medium. 

The EAT and MAT of mice were dissociated with 1 mg/ml collagenase type II (Sigma-Aldrich) for 40 mins. After 

filtering with a 114 µm nylon mesh (TOKYO SCREEN, Tokyo, Japan) and centrifuging, the SVCs were extracted 

from the cell suspensions after treatment with red blood cell lysis buffer, which is made from ammonium 

chloride, potassium carbonate, and EDTA (Lumeng et al., 2007). Magnetic-activated cell sorting (MACS) system 

(Miltenyi Biotec, Bergisch Gladbach, Germany) was used to isolate CD11c+ DCs using CD11c MicroBeads 

Ultrapure (Miltenyi Biotec) from the obtained cells, including MLNs and PPs. In addition, 1 ×105 DCs or 5 ×105 

SVCs of C57BL/6 male mice were cultured with LPS (10 μg/ml) or β-elemene (1, 2, 5, and 10 μg/ml) in 96-well 

flat bottom plates (Corning), and the cells were collected after 24 h to analyze by quantitative PCR (qPCR). 

Splenocytes from mice were filtered with 86-μm nylon mesh (TOKYO SCREEN), followed by the MACS system 

using CD4 Micro Beads (Miltenyi Biotec) to obtain splenic CD4+ T cells. Splenic CD4+ T cells (2×105 cells/well) 

from RAG2-deficient DO11.10 mice and MLN CD11c+ DCs (2×104 cells/well) from BALB/c mice were cultured in 



      

 

the absence or presence of OVA peptide (10 nM), RA (1 μM), hTGF-β1 (2 ng/ml) and β-elemene (10 μg/ml) in 

96-well flat-bottom plates for 72 h in a 5% CO2 humidified atmosphere at 37°C. For cell preparation and culture, 

RPMI 1640 (Nissui Pharmaceutical, Tokyo, Japan) containing 100 U/ml penicillin G potassium (Meiji Seika 

Pharma, Tokyo, Japan), 100 μg/ml streptomycin sulfate (Meiji Seika Pharma), 50 μM 2-mercaptoethanol (Tokyo 

Chemical Industry, Tokyo, Japan), 0.03% L-glutamine (FUJIFILM Wako Pure Chemical Corporation), and 0.2% 

sodium hydrogen carbonate (FUJIFILM Wako Pure Chemical Corporation) was prepared with 10% heat-

inactivated FCS (Thermo Fisher Scientific, Darmstadt, Germany). 

 

Enzyme-Linked ImmunoSorbent Assay (ELISA). Purified antibodies of IFN-γ, IL-4, IL-17, IL-6, IL-10 and TNF-

α (BD Bioscience, Franklin Lakes, NJ, United States) were diluted by 1000 times in 0.1 M sodium hydrogen 

phosphate (FUJIFILM Wako Pure Chemical Corporation) at 96-well flat bottom plates (Corning). After storing at 

4 °C overnight, the plates were blocked by addition of 1% BSA/PBS (100 μl/well) at room temperature for 1 h. 

Samples and standards were diluted by 1% BSA/PBS-Tween 20 and incubated for 2 h at room temperature. 

Biotinylated antibodies (BD Bioscience) were diluted by 1% BSA/PBS-Tween 20 (1000 times dilution; 50 

μl/well) and the plates were incubated at room temperature for 1 h. Then, Streptavidin-alkaline phosphatase 

(BD Bioscience) was diluted by 1% BSA/PBS-Tween 20 by 5000 times and added into plates for 50 μl/well for 

30 mins at room temperature. 2-Methyl-6-nitroaniline (FUJIFILM Wako Pure Chemical Corporation) was 

dissolved in diethanolamine (FUJIFILM Wako Pure Chemical Corporation) to the concentration of 1.0 mg/ml. 

The solution was added to plates for 50 μl/well, and the plates were incubated in dark at 37 °C for 30-40 min. 

Absorbance of all the samples were measured by a microplate reader (Bio-Rad, California, United States). 

 

T Cell Purification and Differentiation. MACS system (Miltenyi Biotec) was used to isolate CD4+ T cells using 

CD4 MicroBeads Ultrapure (Miltenyi Biotec) from the splenic cells of C57BL/6 male mice. Naïve CD4+ T cells 

(2×105 cells/well in RPMI1640 medium with 10 % FBS) were activated with immobilized anti-CD3 (BD 

Bioscience; 5 μg/ml) and soluble anti-CD28 (BD Bioscience; 1 μg/ml) in the presence of different cytokines and 

antibodies as described below for 2 day to allow for naïve CD4+ T cells to differentiate into different effector 

lineages. For Th1 differentiation, the cultures were supplemented with IL-12 (10 ng/ml) and anti-IL-4 (10 

μg/ml). For Th2 differentiation, the cultures were supplemented with IL-4 (10 ng/ml) and anti-IFN-γ (10 μg/ml). 

For Th17 differentiation, IL-6 (20 ng/ml), TGF-β (5 ng/ml), anti-IFN-γ (10 μg/ml) and anti-IL-4 (10 μg/ml) were 

included. For Treg differentiation, the cultures were supplemented with TGF-β (5 ng/ml). Protein levels of IFN-

γ, IL-4, IL-17 and IL-10 were used as hallmarks for Th1, Th2, Th17, and iTreg, respectively using ELISA. Similar, 

the intracellular mRNA expressions of IFN-γ for Th1, IL-4 for Th2, IL-17 and TGF-β for Th17, TGF-β and Foxp3 

for iTreg were determined as hallmarks using qPCR. 

 

Flow Cytometry Analysis. All the cells mentioned in the “Cell Preparation and Culture” section, including MLNs, 

PPs, EAT SVCs, MAT SVCs, splenic cells, MLN CD11c+ DCs, and splenic CD4+ T cells, were used for flow cytometry. 

Cell staining for flow cytometry was performed at 4°C for 20 mins after Fc-block (anti-CD16/32) for 15 mins 

with the following monoclonal antibodies: APC-conjugated anti-CD4, PE-conjugated anti-Foxp3, APC/Cy7-

conjugated anti-CD4, PE/Cy7-conjugated anti-TCR DO11.10, FITC-conjugated anti-CCR9, APC-conjugated anti-

α4β7 and APC/Cy7-conjugated anti-CD11c. Intracellular Foxp3 was stained using a Foxp3 staining buffer set 

(eBioscience) according to the manufacturer’s instructions. Fluorescent levels were measured by FACS Verse 



      

 

(BD Biosciences). To evaluate RALDH activity, the ALDEFLUOR assay kit (StemCell Technologies, Vancouver, 

Canada) was used, and RALDH activity was confirmed by comparing with the control sample containing the 

ALDH inhibitor (N,N-diethylaminobenzaldehyde; DEAB). The fluorescence levels were measured by FACS Verse 

(BD Bioscience). All data were analyzed with FlowJo (BD Biosciences). 

 

Quantitative PCR. Adipose tissue was homogenized using QIAzol Lysis Reagent (QIAGEN, Hilden, Germany) with 

Tissue Ruptor II (QIAGEN) and tissue total RNA was extracted using RNeasy Lipid Tissue Mini Kit (QIAGEN) 

according to the manufacturer’s instructions. Total RNA from the cells was isolated using a QIAshredder 

(QIAGEN) and RNeasy Mini Kit (QIAGEN). Quantitative PCR was performed with QuantiTect SYBR Green PCR 

Kits (QIAGEN) using a CFX Connect Real-Time PCR Detection System (Bio-Rad). All relative gene expression 

levels were normalized to the gene expression level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All 

the primer sequences for qPCR were shown in the Table S1. 

 

Statistics. All the values are given as the mean±SEM and were analyzed by either two-tailed paired Student’s t-

test or one-way ANOVA followed by Tukey’s multiple comparisons. A p-value < 0.05 was considered a significant 

difference.  
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