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This article examines berberine’s biological effects and molecular mechanisms

with an inflammatory response model induced by lipopolysaccharide (LPS) in

human gingival fibroblasts (HGFs) using metabolomics. The viability of HGFs

was determined using the cell counting kit-8 (CCK8). ELISA was used to

measure inflammatory cytokines, including interleukin-6 (IL-6), interleukin-1β

(IL-1β), and tumor necrosis factor- α (TNF-α). An investigation of western blots

was conducted to investigate the related proteins of apoptosis. Low

concentrations of berberine (0.1, 0.5, and 1 μmol L−1) did not affect HGF

growth, whereas high concentrations of berberine (5–25 μmol L−1)

significantly activated cell proliferation. Berberine suppressed the elevated

secretion of IL-6, IL-1β, and TNF-α induced by LPS in HGF. Western blot

analysis showed that 10 μmol L−1 of berberine significantly inhibited LPS-

induced apoptosis signaling pathway activation. Our results suggested that

berberine could inhibit LPS-induced apoptosis and the production of

proinflammatory mediators in HGFs cells. Berberine may be a potential

therapeutic drug for the management of periodontitis.
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Introduction

Humans are affected by periodontitis, one of the most common oral diseases. It has a

high prevalence worldwide and is the first cause of tooth loss in adults (Hajishengallis and

Chavakis, 2021). At the same time, periodontitis can also cause oral and maxillofacial

inflammation and many systemic diseases (Kapila, 2021), such as cardiovascular disease

(Lăzureanu et al., 2021), diabetes (Casillas Santana et al., 2021), and premature weight
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loss. With the increasingly serious problem of the aging society in

the world, the social demand for oral restoration will be greater to

prevent periodontal disease.

Berberine hydrochloride, also known as berberine, is an

isoquinoline alkaloid derived from the skin and root of Coptis

chinensis in Ranunculaceae (Song et al., 2020). Early experiments

have proven that berberine hydrochloride has obvious

pharmacological effects on pathogenic microorganisms (Wang

et al., 2017). In recent years, it has been found that berberine

exerted various pharmacological effects such as hypoglycemic,

anti-tumor, anti-arrhythmia, anti-inflammatory, and immune

regulation (Ren et al., 2021). Clinical research and animal

experiments have confirmed that the drug has a good

therapeutic effect, can improve the condition of the whole

body and periodontal tissue, increases alveolar bone density,

and reduces the inflammation and destruction of periodontal

tissue (Chen et al., 2018). However, the mechanism of berberine

hydrochloride in the treatment of periodontal disease is not very

clear.

In humans, gingival fibroblasts are the main cellular type that

composes the soft periodontal tissues and triggers immune

responses by secreting cytokines and chemokines.

Consequently, HGFs play a major role in host immunity and

inflammation (Mohammadian Haftcheshmeh and Momtazi-

Borojeni, 2021). For example, HGFs produce proinflammatory

cytokines, interleukin-6 (IL-6) and interleukin-8 (IL-8), which

are closely linked to periodontitis and are associated with

periodontal tissue destruction and alveolar bone loss (Zhang

et al., 2019). Due to the importance of HGFs in maintaining the

integrity of periodontal tissue and the regulation of periodontal

inflammation (Naruishi and Nagata, 2018), it is of great

significance to find active substances targeting HGFs in the

prevention and remedy of periodontitis. At the same time, in

view of the anti-inflammatory effect of berberine, it is necessary

to study the biological function of berberine on HGFs.

With advances in high-throughput analytical techniques for

metabolomics research, studies have shown metabolic signatures

in disease diagnosis (Nakashyan et al., 2017), pathogenesis (Kang

et al., 2018), preclinical safety evaluation (Lee et al., 2019), and

drug discovery and development (Rinschen et al., 2019).

However, the metabolic profile during the period of the

treatment of periodontitis has not been defined (Wishart,

2019). Berberine has been shown to improve glycolipid

metabolism at present (Guleria et al., 2018). Additionally,

apical periodontitis has been associated with metabolic

disorders (Yeung, 2018), and missing teeth (or

edentulousness), which is the endpoint of periodontitis and

caries, has been shown to be strongly associated with

metabolic disorders (Baima et al., 2021). It is of great

significance to study whether berberine can reduce

periodontitis by reversing metabolism disorder. However, the

metabolic regulation of berberine on other inflammatory diseases

has been studied. There is still no metabolomics study on the

effect of berberine on the treatment of periodontitis with the

HGFs inflammatory model. Therefore, it is urgently necessary to

devise a more accurate, efficient, and convenient method for

monitoring dynamic changes in the process of periodontitis

treatment with berberine, exploring the pharmacological

mechanisms of berberine in the treatment of periodontitis.

In the present study, an inflammatory model induced by LPS

in HGFs was developed to explore the inflammatory and

metabolic regulation effect of berberine. We aim to explore

the mechanism of berberine and establish a theoretical

foundation for the better use of natural drugs in the treatment

of periodontitis.

Methods

Reagents

Berberine hydrochloride and LPS were obtained from Sigma

Chemical Co. (St. Louis, Missouri, United States). We purchased

mouse ELISA kits that detect TNF-α, IL-6, and IL-1β from Shanghai

Chuanfu Biotechnology Co., Ltd. We purchased acetate (HPLC

grade) and methanol (HPLC grade) from Fisher (United States).

Milli Q system (Millipore, Bedford, MA, United States) was used to

obtain a very pure water sample. Human gingival fibroblasts (HGFs)

have been isolated by Sciencell Research Laboratories using human

gingival tissue as a source.

Cultivation, apoptosis, and cell-viability
analysis

There were three groups: a normal control group (NC), a

lipopolysaccharide (LPS) group with a vehicle, and LPS + Ber

group. HGFs were cultivated in a fibroblast medium supplemented

with penicillin (100 U/ml), streptomycin (100 U/ml), 2 mmol/L

glutamine, and 10% fetal bovine serum (FBS) (HyClone, Logan,

Utah, United States) at 37°C with 5% CO2 (normalized

conditions). The LPS + Ber group cells were seeded in a 96-

well plate and treated with berberine (0, 0.1, 0,5, 1, 2.5, 5, 10, 25, 50,

and 100 μM) for 24, 48, and 72 h and stimulated with LPS (100 ng/

ml) for 24 h. A total of 20 μL CCK8 (5 mg/ml) was added to each

well for an additional 4 h. We measured TNF-α, IL-1β, and IL-6

levels using the ELISA kits according to the protocol.

Western blot analysis

For total protein collection, cells were washed in PBS and

lysed with RIPA lysis. Bradford Assay Reagent kit was used to

determine the protein concentration. Protein samples of the

same amount (40 μg/lane) were subjected to SDS-PAGE (10%

tricine gels). After that, proteins were transferred onto PVDF
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membranes. After blocking with 5% BSA at room temperature

for 1 h, the membranes were incubated with primary antibodies

against BAX, PARP, Caspase-9, Caspase-3, Cytochrome C, and

GAPDH (1:1,000, Cell Signaling Technology) at 4°C overnight.

Afterward, a secondary antibody was incubated with the

membranes at 25°C for an hour. Standardization was

performed using an antibody against GAPDH. The detection

of the immunoreactive band was done by Supersignal West

PicoLuminol (Thermo, Waltham, MA, United States), and

Image J software was used for quantification.

Detection of apoptosis of HGFs

Flow cytometry analysis was used to assess apoptosis of the

HGFs after staining with the annexin V-FITC/PI apoptosis

FIGURE 1
PCA and PLS-DA analysis of metabolites in the normal control (NC), LPS, and LPS + Ber groups. (A,C,E,G) Positive ion mode. (B,D,F,H) Negative
ion mode. (A,B) PCA score plots discriminating the LPS, NC, and LPS + Ber groups in positive and negative ion modes. (C,D) PCA score plots
discriminating the LPS and NC groups. (E,F) PLS-DA score plot of the LPS and NC groups. (G,H) Permutation test of PLS-DA model. CNC group;
▲LPS + Ber.▪ LPS.
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detection kit. Briefly, cells were gently resuspended in annexin V

binding buffer and then incubated with annexin V-FITC/PI for

15 min in the dark. After the cells had been fixed, they were

washed twice with PBS and stained with 20 g/ml propidium

iodide (PI), and samples were analyzed by flow cytometer. Each

sample was collected from at least 10,000 events. Annexin-Vneg/

PIneg (unlabeled) is the marker for viable cells, annexin-Vneg/

PIpos is for necrotic cells, and annexin-Vpos and PI-neg and PI-

pos are for early and late apoptotic cells, respectively.

Processing for metabolomic analysis

HGF cells were washed twice with 500 µL of ice-cold

methanol containing internal standards (25 mM each of 2-

chlorophenylalanine). The methanol extract (supernatant) was

collected, and the mixture was centrifuged at 10,000 rpm for

10 min at 4°C. The centrifuged supernatant was obtained and

stored at −80°C for metabolic analysis. All serum samples with

the same volume are mixed for quality control (QC).

UPLC-ESI-MS/MS analysis

Non-targeted metabolomics analysis was performed using

Ultimate 3000 UPLC (Dionex, Sunnyvale, CA, United States)

tandem orbitrapTM mass spectrometer (Thermo, MA,

United States) with an electrospray ion source. Data-dependent

(dd-MS2, TopN = 20) MS/MS mode with a full scan mass

resolution of 35,000 at an m/z of 200 was used. The scanning

range was m/z 50–1500, and positive and negative ions were

collected separately with an MS/MS resolution of 17,500. Collision

FIGURE 2
The results of multiple pattern recognition of metabolites between LPS and LPS + Ber group. (A) PCA score plot under positive ion mode. (B)
PCA score plot under negative ion mode. (C) PLS-DA score plot under positive ion mode. (D) PLS-DA score plot under negative ion mode. (E,F)
Permutation test of PLS-DA model.
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energy 35ev; automatic gain control (AGC) target was 5e5. A

reversed-phase ACQUITY UPLC HSS T3 column (100 Å, 1.8 μm,

2.1 × 100mm) was used for chromatographic separation. The

chromatographic conditions were set as follows: flow rate 0.35 ml/

min, injection volume 3 ul, and column temperature 35°C. In phase

A, water was combined with 0.1% formic acid, whereas in phase B,

0.1% formic acid was combined with acetonitrile. The mobile phase

gradient is 0–2 min 5% B, 2–10 min 5%–95% B, 10–15min 95% B,

and 15–18min 95%–5% B, and the total running time was 18 min.

Data were acquired in centroid mode using Thermo Excalibur

3.2 software (Thermo Scientific, MA, United States).

Data analysis for metabolomics

Data files from metabolomics were analyzed by compound

discoverer 3.2 (Thermo Fisher Scientific). Data was filtered,

identified peaks were matched across samples, and the

missing peak data were filled in. The corresponding parameter

settings in Compound Discoverer 3.2 were as follows: the

minimum intensity threshold of the peak response was set to

10,000, the mass tolerance to 10 ppm, and the retention time

(RT) tolerance to 0.4 min. Use mzVault, Chemspider, and a self-

built standard database for metabolite identification.

Data were exported into SIMCA-P+ 13.0 software (Umetrics

AB, Umeå, Sweden) for PCA and PLS-DA analysis. Metabolite

peaks were identified byMSE analysis and annotated with available

biochemical online databases, METLIN, HMDB, Lipid Maps, and

Chemspider. Student’s t-test was used to screen statistically

significant metabolites when data distribution followed the

normality assumption. In other cases, Mann–Whitney U tests

were used. Significantly changed metabolites were those with a

p-value < 0.05 and a VIP greater than 1. Metabolic pathway

analysis was performed by MetaboAnalyst 3.0 using differential

metabolites. The regulated metabolites were imported into IPA

software for network construction.

Results

Differential metabolite screening

There were 900 peaks detected in the ESI+ mode and

747 peaks in the ESI− mode. The PCA and PLS-DA were

FIGURE 3
(A) Volcano plot of LPS versus NC. Red circles have an FDR value <0.05, indicating a significant increase in LPS. Green circles have an FDR
value <0.05, indicating a significant decrease in LPS. (B) Volcano plot of LPS versus LPS + Ber. Red circles have an FDR value <0.05, indicating a
significant increase in LPS. Blue circles have an FDR value <0.05, indicating a significant decrease in LPS.(C) A heatmap shows that the top
20 metabolites can separate LPS and NC. (D) A heatmap shows that the top 20 metabolites can separate LPS, NC, and LPS + Ber groups.
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TABLE 1 52 serum metabolites significantly changed in the comparison of the LPS/NC and LPS + Ber/LPS.

Molecular
weight

RT
(min)

Name HMDB VIP
(LPS/C)

p
(LPS/
NC)

log2FC
(LPS/C)

log2FC
(LPS +
Ber/LPS)

957.74706 15.31 PS(24:0/24:1(15Z)) NA 1.65 4.71E-03 −2.59 0.02

954.75078 9.99 TG(20:2(11Z,14Z)/20:4(5Z,8Z,11Z,14Z)/20:
4(5Z,8Z,11Z,14Z))

NA 1.48 2.92E-02 −1.59 1.18

962.8333 16.84 TG(20:1(11Z)/20:1(11Z)/20:4(5Z,8Z,11Z,14Z)) HMDB0005465 1.33 3.29E-02 −1.49 0.00

789.59419 12.26 PS(O-18:0/19:1(9Z)) NA 1.95 1.90E-03 −0.87 0.15

775.53784 9.57 PS(15:0/20:1(11Z)) NA 1.61 2.41E-02 −0.81 −0.34

493.31722 7.55 LysoPC(16:1(9Z)/0:0) HMDB0010383 1.69 7.82E-03 −0.79 0.31

763.57868 16.91 PS(O-18:0/17:0) NA 1.57 2.67E-02 −0.61 1.31

805.5939 7.17 PE(O-20:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) NA 1.59 2.19E-02 −0.57 0.82

831.60798 13.75 PS(15:0/24:1(15Z)) NA 1.45 4.31E-02 −0.44 0.67

849.54749 16.98 PS(19:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) NA 1.33 3.99E-02 0.03 2.83

741.56407 11.96 PC(16:1(9Z)/P-18:1(11Z)) HMDB0008029 1.44 1.66E-02 0.04 2.21

763.54616 8.07 PC(18:4(6Z,9Z,12Z,15Z)/P-18:1(11Z)) HMDB0008260 1.49 4.59E-02 0.23 −2.48

807.57594 16.98 PC(16:0/22:5(4Z,7Z,10Z,13Z,16Z)) HMDB0007989 1.31 3.61E-02 0.36 2.80

862.56832 17.12 PI(16:0/20:2(11Z,14Z)) HMDB0009786 1.50 3.37E-02 0.42 −0.62

165.07914 2.40 L-Phenylalanine HMDB0000159 1.45 2.12E-02 0.42 −0.10

136.03866 0.89 Hypoxanthine HMDB0000157 1.48 3.62E-02 0.50 −1.80

537.5117 13.85 N-Palmitoyl-D-erythro-sphingosine NA 1.27 4.49E-02 0.64 −0.36

811.54759 8.11 PS(16:0/22:4(7Z,10Z,13Z,16Z)) NA 2.14 1.71E-04 0.70 −0.47

743.51994 11.26 PS(O-16:0/18:3(9Z,12Z,15Z)) NA 1.97 1.48E-03 0.81 −0.77

934.70043 16.95 TG(17:2(9Z,12Z)/20:5(5Z,8Z,11Z,14Z,17Z)/22:
6(4Z,7Z,10Z,13Z,16Z,19Z))

NA 1.33 3.20E-02 0.82 −1.15

777.56223 8.35 PE(22:4(7Z,10Z,13Z,16Z)/P-18:1(11Z)) HMDB0009611 1.76 8.14E-03 0.84 −1.89

717.52803 13.96 PE(18:1(9Z)/16:0) HMDB0009055 1.43 4.78E-02 0.84 −0.44

765.5309 16.99 PE-NMe(15:0/22:5(7Z,10Z,13Z,16Z,19Z)) NA 1.48 1.57E-02 0.85 −0.58

765.56628 11.96 Eicosapentaenoyl PAF C-16 NA 1.34 2.89E-02 0.94 1.14

715.51682 17.00 PE(16:1(9Z)/18:1(11Z)) HMDB0008959 1.68 2.99E-03 0.96 −1.54

805.56072 13.52 PC(16:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) HMDB0007991 1.52 1.25E-02 1.01 0.78

854.73584 16.54 TG(17:2(9Z,12Z)/17:2(9Z,12Z)/18:0) NA 1.60 5.41E-03 1.14 −3.23

789.52963 17.00 PE(18:1(11Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) HMDB0009045 1.66 3.22E-03 1.15 −0.45

755.54225 11.19 PC(14:0/20:3(5Z,8Z,11Z)) HMDB0007881 1.59 5.82E-03 1.18 2.18

831.57527 11.99 PC(18:1(11Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) HMDB0008090 1.56 7.16E-03 1.19 0.59

833.61519 8.45 PS(15:0/24:0) NA 1.49 3.75E-02 1.19 −0.74

743.54249 7.57 PE(18:1(9Z)/18:1(9Z)) NA 1.48 3.65E-02 1.24 −0.34

747.5273 13.06 PE(P-16:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) HMDB0005780 1.77 7.79E-03 1.29 −0.45

607.07893 1.17 Uridine diphosphate-N-acetylglucosamine HMDB0000290 2.22 4.33E-05 1.33 −2.40

765.52691 13.91 PC(15:0/20:5(5Z,8Z,11Z,14Z,17Z)) HMDB0007951 1.73 9.80E-03 1.40 −1.08

767.54688 16.99 PE-NMe(15:0/22:4(7Z,10Z,13Z,16Z)) NA 1.71 1.96E-03 1.49 0.40

773.53593 11.31 PE(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/P-18:1(11Z)) HMDB0009710 1.75 1.45E-03 1.58 0.27

761.52205 7.99 PS(16:0/18:1(9Z)) HMDB0012357 1.52 3.11E-02 1.62 1.00

777.55607 6.84 PS(15:0/20:0) NA 2.15 2.03E-04 1.76 0.19

648.50954 16.63 PA(O-18:0/15:0) NA 2.11 7.11E-08 1.82 0.37

913.77554 16.56 PE-NMe2(22:0/24:1(15Z)) NA 1.65 3.52E-03 1.83 −1.22

739.54991 16.97 PC(18:3(6Z,9Z,12Z)/P-16:0) HMDB0008192 2.08 1.54E-06 1.83 0.61

185.99326 1.18 2-Phosphoglyceric acid HMDB0000362 1.93 2.05E-04 1.84 −2.07

723.51716 13.96 PE(18:3(6Z,9Z,12Z)/P-18:1(11Z)) HMDB0009149 1.66 1.49E-02 1.85 −2.29

791.61409 9.28 PS(O-16:0/21:0) NA 2.17 1.09E-04 1.94 −3.40

(Continued on following page)
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performed to show an overview of LC-MS data collected from the

serum of different groups. The PCA score plots (Figure 1) showed

an obvious separation between the control group, the LPS group,

and LPS + Ber group, both in ESI+ and ESI−. In addition, the LPS

+ Ber group was close to the normal group. The comparison

between the LPS group and LPS + Ber was also analyzed by PCA

and PLS-DA. As shown in Figure 2, the Ber can change the

metabolic profile of the LPS group. The volcano plot and heatmap

were used to show differential metabolites between the LPS versus

control group and the LPS versus LPS + Ber group, as shown in

Figure 3. A total of 52 metabolites with statistical significance

(VIP > 1, p < 0.05) were identified and listed (Table 1). In brief, the

levels of PC (16:1/22:6), PE (16:0/18:1), PC (18:2/22:6), PE-NMe

(24:0/24:1(15Z)), PE (18:1/18:1), PE-NMe (18:1/18:1), and PS (O-

16:0/21:0) were significantly increased in LPS group, whereas the

levels of PS (24:0/24:1), TG (20:2/20:4/20:4), TG (20:1/20:1/20:4),

PS (O-18:0/19:1), PS (15:0/20:1), and LysoPC (16:1/0:0) were

significantly decreased in the LPS group than those in the

normal control group (p < 0.05). However, berberine might

alleviate the metabolic perturbation in HGFs caused by LPS.

Pathway analysis of differential
metabolites

MetaboAnalyst 3.0 was used for pathway analysis using the

metabolites identified in Table 1 between the control, the LPS,

and LPS + Ber groups, respectively, as shown in Figures 4A,B.

The pathways of phenylalanine, tyrosine and tryptophan

biosynthesis, phenylalanine metabolism,

glycosylphosphatidylinositol- (GPI-) anchor biosynthesis, and

glycolipid metabolism were significantly altered in the cases of

NC versus LPS group. We also found that the significantly altered

pathways mainly involve glycerolipid metabolism in LPS versus

LPS + Ber group. This pathway is consistent with the pathway

induced by LPS, indicating that berberine could regulate the

metabolic changes induced by LPS. In addition, the regulated

metabolites were imported into the IPA software for network

construction, as shown in Figures 5A,B, The differentially

expressed metabolites were enriched in pathways associated

with apoptosis and inflammatory signaling pathway, including

the nuclear factor kappa B (NF-ΚB) signaling pathway,

TABLE 1 (Continued) 52 serum metabolites significantly changed in the comparison of the LPS/NC and LPS + Ber/LPS.

Molecular
weight

RT
(min)

Name HMDB VIP
(LPS/C)

p
(LPS/
NC)

log2FC
(LPS/C)

log2FC
(LPS +
Ber/LPS)

757.56178 13.56 PE-NMe(18:1(9E)/18:1(9E)) NA 1.32 3.37E-02 2.05 1.14

743.54755 17.01 PE(18:1(11Z)/18:1(11Z)) HMDB0009025 1.57 7.66E-03 2.11 −0.48

927.79024 16.59 PE-NMe(24:0/24:1(15Z)) NA 1.90 1.12E-04 2.18 −0.92

829.55974 11.97 PC(18:2(9Z,12Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) HMDB0008156 1.49 1.17E-02 2.24 0.21

717.53171 17.01 PE(16:0/18:1(11Z)) HMDB0008926 1.71 2.37E-03 2.57 −1.41

803.54473 11.96 PC(16:1(9Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) HMDB0008023 1.75 1.22E-03 2.80 −0.52

753.52851 17.00 PE-NMe(18:2(9Z,12Z)/18:2(9Z,12Z)) NA 1.47 1.38E-02 3.79 0.36

FIGURE 4
Pathway analysis of differential metabolites. (A) Bar chart of the metabolic pathway of NC versus LPS. (B) Bar chart of the metabolic pathway of
LPS + Ber versus LPS.
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mechanistic target of rapamycin (mTOR) signaling pathway, and

IL-6 signaling pathway.

Effects of berberine on the cell viability of
HGFs

The viability of the HGFs was determined by the cell

counting kit-8 (CCK8) assay to evaluate the toxic effects of

berberine. No toxic impact on HGFs at the doses of 0.1, 0.5,

1, 2.5, 5, 10, 25, 50, and 100 μM was observed. The 5, 10, and

25 μM groups showed relatively increased cell proliferation at

24 and 48 h (p < 0.05).

Effects of berberine on HGFs cell viability
and apoptosis

Berberine could inhibit the secretion of IL-6, IL-1β, and

TNF-α induced by LPS in HGF (Figure 6A) and the expression of

apoptosis-related proteins, including BAX, PARP, Caspase-9,

Caspase-3, and cytochrome C as shown in Figures 6B,C. Cell

viability was measured by cell counting kit-8 (CCK8) assay to

evaluate the toxic effects of berberine. No toxic impact on HGFs

at the doses of 1, 5, 10, 25, 50, and 100 μM (Figures 7A,B) was

observed. The 5, 10, and 25 μM groups showed relatively

increased cell proliferation at 24 and 48 h (p < 0.05).

Berberine (10 uM) could inhibit LPS-induced apoptosis in

HGFs at 24 h, as shown in Figures 7C–E.

Discussion

Periodontitis is a chronic disease of the tooth-supporting

apparatus caused by specific dental bacteria, resulting in

progressive loss of attachment, tooth mobility, and, finally,

tooth loss (Liao et al., 2019). Due to the importance of HGFs

in maintaining the integrity of periodontal tissue and the

regulation of periodontal inflammation, given the anti-

inflammatory effect of berberine, it is of great significance to

FIGURE 5
(Continued).
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find the biological function of berberine on HGFs (Zhai et al.,

2020). In our study, we determine the possible anti-inflammatory

and metabolic regulation effects of berberine treatment

periodontitis using the LPS-induced HGFs inflammatory model.

Our results showed that some PS, PE, PC, and TG

significantly decreased in the LPS group. Besides, our results

also observed an increase in some PE-NMe in the LPS group

compared with the control group, which suggested the

dysfunction of glycerophospholipids metabolism in the LPS

group. Glycerophospholipids contain many derivative forms,

which are structural components of cell membranes. In our

study, these lipids with the most robust downregulation were

shown in PS (24:0/24:1(15Z)), TG (20:2/20:4/20:4), TG (20:1/20:

1/20:4), PS (O-18:0/19:1), PS (15:0/20:1), and LysoPC (16:1/0:0)

in the LPS group versus NC group. However, in the LPS + Ber

group, these levels were similar to the control group, so berberine

showed an obvious reversal effect of LPS-induced metabolic

disorder. We also found that PE-NMe (24:0/24:1), PC (18:2/

22:6), PE (16:0/18:1), PC (16:1/22:6), and PE-NMe (18:2/18:2)

were higher in the LPS group, which might be the important

biomarkers for the diagnosis, prognosis, and treatment of

periodontitis. Further comparative research is needed. At

present, there is no study on these substances as markers of

periodontitis (Wishart, 2019).

PS occurs in free form and as part of eukaryotic cell

membranes and organelles. They can release fatty acids by

phospholipases and other enzymes. These fatty acids could be

metabolized to produce several activating lipids that can directly

FIGURE 5
(Continued). Themetabolic network profile. Themapwas gained by IPA software. (A) The network analysis of differentmetabolites between the
LPS and control groups. (B) The network analysis of different metabolites between the LPS and LPS + Ber groups.
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FIGURE 6
(A) Berberine inhibits LPS-induced IL-6, IL-1β, and TNF-α production in HGFs. The data presented are the means ± SD of three independent
experiments. #p < 0.05 versus the control group; *p < 0.05, **p < 0.01 versus the LPS group. (B) Effects of berberine on BAX, PARP, Caspase-9,
Caspase-3, and cytochrome C expression. The values presented are the means ± SD of three independent experiments. **p < 0.01, LPS versus NC
group, LPS versus LPS + Ber group. (C) Effects of berberine on BAX, PARP, Caspase-9, Caspase-3, and cytochrome C expression. The values
presented are the means ± SD of three independent experiments. **p < 0.01, LPS versus NC group, LPS versus LPS + Ber group.

FIGURE 7
(A), Cellular viability using cell counting kit-8 assay on 24, 48, and 72 h following treatment with different concentrations of berberine. *p < 0.05,
compared with the control group on day 5. #p < 0.01. (B) Effect of berberine on HGFs viability on 24 h with different concentrations of berberine (5,
10, and 25 μM). (C,D) Flow cytometry analysis was conducted to examine the effects of LPS and berberine on apoptosis in HGFs on 24 h (berberine,
10 uM, LPS, 1 μg/ml). Early (annexin-Vpos/PIneg) and late (annexin-Vpos/PIpos) apoptotic cells can be discriminated from vital (Annexin-Vneg/
PIneg) or necrotic (annexin-Vneg/PIpos) cells according to their fluorescence emission. (E) Dot plots representative of 24 h treated cells are shown.
The graph shows the mean cell percentages (±SD, n = 3) of viable, early, and late apoptotic and necrotic cells.
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influence inflammation (Feng et al., 2019). PS comprises a minor

percentage of a phospholipid, but it is crucial for cell signaling

and blood coagulation (Rodrigues et al., 2021). It is well known

that PS-mediated apoptotic body recognition is an important

phagocytic response (Rodrigues et al., 2021). Macrophages are

reprogrammed to secrete proinflammatory mediators, for

instance, IL-10 and transforming growth factor-B (Sakanaka

et al., 2021). PS-containing liposomes have been used as a

strategy to ultimately extinguish inflammation (Yan et al.,

2015). Our results showed that berberine contributes

beneficial effects in suppressing inflammation by regulating

PS, suggesting the potential to attenuate periodontitis.

Phosphatidylcholine (PC) is a major component of

membranes and an essential phospholipid in mammalian cells

and tissue; 96% of choline in animal tissues exists as PC, which is

synthesized via the CDP-choline pathway and PE

N-methyltransferase pathway (Fischer et al., 2020). Generally,

lysophosphatidylcholine (LysoPC) is produced by hydrolysis of

PC by phospholipase A2. PC and LysoPC were important

signaling molecules correlated with chronic inflammation and

tissue damage (Calianese and Birge, 2020). Sphingomyelin (SM)

is a kind of sphingophospholipid that serves as a building block

for cell membranes and is synthesized by ceramide and

phosphorylcholine from PC (Chakrabarti, 2021). The

metabolites of SM include ceramide, sphingosine, and

sphingosinephosphate. Ceramide is the key metabolite of

sphingomyelin metabolism. Its biological functions primarily

include inducing apoptosis (Toshima et al., 2019; Partoazar

et al., 2021), regulating cell differentiation (Naeini et al.,

2021), regulating cellular immunity, and participating in

regulating inflammatory response (Aragón-Aranda et al.,

2021). Our results revealed that berberine could significantly

decrease LysoPC levels, which indicated that berberine could

significantly prevent LPS-induced systemic inflammation by

regulating the abnormal phospholipid metabolic pathway.

In our study, berberine can regulate not only the abnormal

metabolic pathway, but also the critical pathways of

inflammatory and apoptosis induced by LPS in HGFs. We

found that the inflammatory response during LPS stimulation

altered the inflammation microenvironment, and such a change

leads to the HGFs being more susceptible to apoptosis. In

addition, periodontitis is associated with abnormal lipid

metabolism (Liu et al., 2021), and apoptosis of HGFs may be

induced by oxidative stress during apoptosis. In the current

study, berberine decreased LPS-induced apoptosis in HGFs

cells. Subsequently, the apoptosis-associated factors were

examined by western blot analysis. The data revealed that LPS

markedly enhanced the expression levels of BAX, PARP,

Caspase-9, Caspase-3, and cytochrome C, whereas berberine

reduced their expression levels. Thus, the data suggested that

berberine suppressed the apoptosis of the HGFs by

downregulating the apoptosis caspase signaling pathway.

Conclusion

In our research, we examined berberine’s effects on HGFs and

the mechanism underlying the inhibition of HGFs viability in an

LPS-model in vitro usingUPLC-MS techniques. The production of

IL-6, IL-1β, and TNF-α increased significantly in the LPS-treated

group. However, berberine suppressed LPS-induced IL-6, IL-1β,

and TNF-α production. We found that berberine as a supplement

could reduce inflammation and apoptosis induced by LPS. The

result of the metabolomics study suggested phospholipid

metabolic pathway disruption in the LPS-induced model.

However, berberine could reverse the metabolic pathway by

regulating the PE-NMe, PS, PC, LysoPC, and SM levels. These

findings indicated the pharmacological mechanisms of berberine

on HGFs for the treatment of periodontitis.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material. Further

inquiries can be directed to the corresponding authors.

Author contributions

YZ and YG were responsible for Cell experiments. ZZ was

responsible for the metabolomics study. WW and XX designed

this study.

Funding

This work was partially supported by the Funds for

Discipline Construction of Tongren Hospital.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations or those of the publisher, the editors, and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Frontiers in Pharmacology frontiersin.org11

Zhang et al. 10.3389/fphar.2022.940224

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.940224


References

Aragón-Aranda, B., Palacios-Chaves, L., Salvador-Bescós, M., de Miguel, M. J.,
Munoz, P. M., Vences-Guzman, M. A., et al. (2021). The phospholipid
N-methyltransferase and phosphatidylcholine synthase pathways and the
ChoXWV choline uptake system involved in phosphatidylcholine synthesis are
widely conserved in most, but not all Brucella species. Front. Microbiol. 12, 614243.
doi:10.3389/fmicb.2021.614243

Baima, G., Corana, M., Iaderosa, G., Romano, F., Citterio, F., Meoni, G., et al.
(2021). Metabolomics of gingival crevicular fluid to identify biomarkers for
periodontitis: a systematic review with meta-analysis. J. Periodontal Res. 56 (4),
633–645. doi:10.1111/jre.12872

Calianese, D. C., and Birge, R. B. (2020). Biology of phosphatidylserine (PS): basic
physiology and implications in immunology, infectious disease, and cancer. Cell
Commun. Signal. 18 (1), 41. doi:10.1186/s12964-020-00543-8

Casillas Santana, M. A., Arreguín Cano, J. A., Dib Kanán, A., Dipp Velazquez, F.
A., Munguia, P. D. C. S., Martinez Castanon, G. A., et al. (2021). Should we be
concerned about the association of diabetes mellitus and periodontal disease in the
risk of infection by SARS-CoV-2? A systematic review and hypothesis. Med.
Kaunas. 57 (5), 493. doi:10.3390/medicina57050493

Chakrabarti, A. (2021). Phospholipid asymmetry in biological membranes: is the
role of phosphatidylethanolamine underappreciated? J. Membr. Biol. 254 (2),
127–132. doi:10.1007/s00232-020-00163-w

Chen, X., Guo, H., Li, Q., Zhang, Y., Liu, H., Zhang, X., et al. (2018). Protective
effect of berberine on aconite-induced myocardial injury and the associated
mechanisms. Mol. Med. Rep. 18 (5), 4468–4476. doi:10.3892/mmr.2018.9476

Feng, X., Sureda, A., Jafari, S., Memariani, Z., Tewari, D., Annunziata, G., et al.
(2019). Berberine in cardiovascular and metabolic diseases: From mechanisms to
therapeutics. Theranostics 9 (7), 1923–1951. doi:10.7150/thno.30787

Fischer, R. G., Lira Junior, R., Retamal-Valdes, B., Figueiredo, L. C. d., Malheiros,
Z., Stewart, B., et al. (2020). Periodontal disease and its impact on general health in
Latin America. Section V: treatment of periodontitis. Braz. Oral Res. 34 (1), e026.
doi:10.1590/1807-3107bor-2020.vol34.0026

Guleria, A., Kumar, A., Kumar, U., Raj, R., and Kumar, D. (2018). NMR based
metabolomics: an exquisite and facile method for evaluating therapeutic efficacy
and screening drug toxicity. Curr. Top. Med. Chem. 18 (20), 1827–1849. doi:10.
2174/1568026619666181120141603

Hajishengallis, G., and Chavakis, T. (2021). Local and systemic mechanisms
linking periodontal disease and inflammatory comorbidities.Nat. Rev. Immunol. 21
(7), 426–440. doi:10.1038/s41577-020-00488-6

Kang, W., Shang, L., Wang, T., Liu, H., and Ge, S. (2018). Rho-kinase inhibitor Y-
27632 downregulates LPS-induced IL-6 and IL-8 production via blocking
p38 MAPK and NF-κB pathways in human gingival fibroblasts. J. Periodontol.
89 (7), 883–893. doi:10.1002/JPER.17-0571

Kapila, Y. L. (2021). Oral health’s inextricable connection to systemic health:
special populations bring to bear multimodal relationships and factors connecting
periodontal disease to systemic diseases and conditions. Periodontol. 2000 87 (1),
11–16. doi:10.1111/prd.12398

Lăzureanu, P. C., Popescu, F., Tudor, A., Stef, L., Negru, A. G., and Mihăilă, R.
(2021). Saliva pH and flow rate in patients with periodontal disease and associated
cardiovascular disease. Med. Sci. Monit. 27, e931362. doi:10.12659/MSM.931362

Lee, K. D., Chiang, M. H., Chen, P. H., Ho, M. L., Lee, H. Z., Lee, H. E., et al.
(2019). The effect of low-level laser irradiation on hyperglycemia-induced
inflammation in human gingival fibroblasts. Lasers Med. Sci. 34 (5), 913–920.
doi:10.1007/s10103-018-2675-6

Liao, Z., Zhang, S., Liu, W., Zou, B., Lin, L., Chen, M., et al. (2019). LC-MS-based
metabolomics analysis of Berberine treatment in ulcerative colitis rats.
J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 1133, 121848. doi:10.1016/j.
jchromb.2019.121848

Liu, T., Wang, X., Guo, F., Sun, X., Yuan, K., Wang, Q., et al. (2021).
Lysophosphatidylcholine induces apoptosis and inflammatory damage in brain
microvascular endothelial cells via GPR4-mediated NLRP3 inflammasome
activation. Toxicol. In Vitro 77, 105227. doi:10.1016/j.tiv.2021.105227

Mohammadian Haftcheshmeh, S., and Momtazi-Borojeni, A. A. (2021).
Berberine as a promising natural compound for the treatment of periodontal
disease: A focus on anti-inflammatory properties. J. Cell. Mol. Med. 25 (24),
11333–11337. doi:10.1111/jcmm.17019

Naeini, M. B., Momtazi-Borojeni, A. A., Ganjali, S., Kontush, A., Jaafari, M. R.,
and Sahebkar, A. (2021). Phosphatidylserine-containing liposomes: therapeutic
potentials against hypercholesterolemia and atherosclerosis. Eur. J. Pharmacol. 908,
174308. doi:10.1016/j.ejphar.2021.174308

Nakashyan, V., Tipton, D. A., Karydis, A., Livada, R., and Stein, S. H. (2017).
Effect of 1, 25(OH)(2) D(3) and 20(OH)D(3) on interleukin-1β-stimulated
interleukin-6 and -8 production by human gingival fibroblasts. J. Periodontal
Res. 52 (5), 832–841. doi:10.1111/jre.12452

Naruishi, K., and Nagata, T. (2018). Biological effects of interleukin-6 on Gingival
Fibroblasts: Cytokine regulation in periodontitis. J. Cell. Physiol. 233 (9),
6393–6400. doi:10.1002/jcp.26521

Partoazar, A., Seyyedian, Z., Zamanian, G., Saffari, P. M., Muhammadnejad, A.,
Dehpour, A. R., et al. (2021). Neuroprotective phosphatidylserine liposomes
alleviate depressive-like behavior related to stroke through neuroinflammation
attenuation in the mouse hippocampus. Psychopharmacol. Berl. 238 (6), 1531–1539.
doi:10.1007/s00213-021-05783-1

Ren, S., Cai, Y., Hu, S., Liu, J., Zhao, Y., Ding, M., et al. (2021). Berberine exerts
anti-tumor activity in diffuse large B-cell lymphoma by modulating c-myc/
CD47 axis. Biochem. Pharmacol. 188, 114576. doi:10.1016/j.bcp.2021.114576

Rinschen, M. M., Ivanisevic, J., Giera, M., and Siuzdak, G. (2019). Identification of
bioactive metabolites using activity metabolomics. Nat. Rev. Mol. Cell Biol. 20 (6),
353–367. doi:10.1038/s41580-019-0108-4

Rodrigues, W. F., Miguel, C. B., Agostinho, F., da Silva, G. V., Lazo-Chica,
J. E., Naressi Scapin, S. M., et al. (2021). Metabolomic evaluation of chronic
periodontal disease in older adults. Mediat. Inflamm. 2021, 1796204. doi:10.
1155/2021/1796204

Sakanaka, A., Kuboniwa, M., Katakami, N., Furuno, M., Nishizawa, H.,
Omori, K., et al. (2021). Saliva and plasma reflect metabolism altered by
diabetes and periodontitis. Front. Mol. Biosci. 8, 742002. doi:10.3389/fmolb.
2021.742002

Song, D., Hao, J., and Fan, D. (2020). Biological properties and clinical
applications of berberine. Front. Med. 14 (5), 564–582. doi:10.1007/s11684-019-
0724-6

Toshima, K., Nagafuku, M., Okazaki, T., Kobayashi, T., and Inokuchi, J. I. (2019).
Plasma membrane sphingomyelin modulates thymocyte development by inhibiting
TCR-induced apoptosis. Int. Immunol. 31 (4), 211–223. doi:10.1093/intimm/
dxy082

Wang, K., Feng, X., Chai, L., Cao, S., and Qiu, F. (2017). The metabolism of
berberine and its contribution to the pharmacological effects. Drug Metab. Rev. 49
(2), 139–157. doi:10.1080/03602532.2017.1306544

Wishart, D. S. (2019). Metabolomics for investigating physiological and
pathophysiological processes. Physiol. Rev. 99 (4), 1819–1875. doi:10.1152/
physrev.00035.2018

Yan, H. M., Xia, M. F., Wang, Y., Chang, X. X., Yao, X. Z., Rao, S. X., et al. (2015).
Efficacy of berberine in patients with non-alcoholic fatty liver disease. PLoS One 10
(8), e0134172. doi:10.1371/journal.pone.0134172

Yeung, P. K. (2018). Metabolomics and biomarkers for drug discovery.
Metabolites 8 (1), E11. doi:10.3390/metabo8010011

Zhai, L., Huang, T., Xiao, H. T., Wu, P. G., Lin, C. Y., Ning, Z. W., et al. (2020).
Berberine suppresses colonic inflammation in dextran sulfate sodium-induced
murine colitis through inhibition of cytosolic phospholipase A2 activity. Front.
Pharmacol. 11, 576496. doi:10.3389/fphar.2020.576496

Zhang, R., Yang, J., Wu, J., Xiao, L., Miao, L., Qi, X., et al. (2019). Berberine
promotes osteogenic differentiation of mesenchymal stem cells with therapeutic
potential in periodontal regeneration. Eur. J. Pharmacol. 851, 144–150. doi:10.1016/
j.ejphar.2019.02.026

Frontiers in Pharmacology frontiersin.org12

Zhang et al. 10.3389/fphar.2022.940224

https://doi.org/10.3389/fmicb.2021.614243
https://doi.org/10.1111/jre.12872
https://doi.org/10.1186/s12964-020-00543-8
https://doi.org/10.3390/medicina57050493
https://doi.org/10.1007/s00232-020-00163-w
https://doi.org/10.3892/mmr.2018.9476
https://doi.org/10.7150/thno.30787
https://doi.org/10.1590/1807-3107bor-2020.vol34.0026
https://doi.org/10.2174/1568026619666181120141603
https://doi.org/10.2174/1568026619666181120141603
https://doi.org/10.1038/s41577-020-00488-6
https://doi.org/10.1002/JPER.17-0571
https://doi.org/10.1111/prd.12398
https://doi.org/10.12659/MSM.931362
https://doi.org/10.1007/s10103-018-2675-6
https://doi.org/10.1016/j.jchromb.2019.121848
https://doi.org/10.1016/j.jchromb.2019.121848
https://doi.org/10.1016/j.tiv.2021.105227
https://doi.org/10.1111/jcmm.17019
https://doi.org/10.1016/j.ejphar.2021.174308
https://doi.org/10.1111/jre.12452
https://doi.org/10.1002/jcp.26521
https://doi.org/10.1007/s00213-021-05783-1
https://doi.org/10.1016/j.bcp.2021.114576
https://doi.org/10.1038/s41580-019-0108-4
https://doi.org/10.1155/2021/1796204
https://doi.org/10.1155/2021/1796204
https://doi.org/10.3389/fmolb.2021.742002
https://doi.org/10.3389/fmolb.2021.742002
https://doi.org/10.1007/s11684-019-0724-6
https://doi.org/10.1007/s11684-019-0724-6
https://doi.org/10.1093/intimm/dxy082
https://doi.org/10.1093/intimm/dxy082
https://doi.org/10.1080/03602532.2017.1306544
https://doi.org/10.1152/physrev.00035.2018
https://doi.org/10.1152/physrev.00035.2018
https://doi.org/10.1371/journal.pone.0134172
https://doi.org/10.3390/metabo8010011
https://doi.org/10.3389/fphar.2020.576496
https://doi.org/10.1016/j.ejphar.2019.02.026
https://doi.org/10.1016/j.ejphar.2019.02.026
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.940224

	Metabolomics profiling reveals berberine-inhibited inflammatory response in human gingival fibroblasts by regulating the LP ...
	Introduction
	Methods
	Reagents
	Cultivation, apoptosis, and cell-viability analysis
	Western blot analysis
	Detection of apoptosis of HGFs
	Processing for metabolomic analysis
	UPLC-ESI-MS/MS analysis
	Data analysis for metabolomics

	Results
	Differential metabolite screening
	Pathway analysis of differential metabolites
	Effects of berberine on the cell viability of HGFs
	Effects of berberine on HGFs cell viability and apoptosis

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


