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Berberine inhibits carcinogenesis
through antagonizing the ATX-LPA-LPAR2-p38-leptin
axis in a mouse hepatoma model
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Chemoprevention of hepatocellular carcinoma (HCC) is highly
desirable in clinic. Berberine (BBR) is reported to play poten-
tial roles in cancer treatment and prevention. We studied the
chemopreventive effect of BBR on hepatocellular carcinogen-
esis in an inflammation-drivenmousemodel, as it was enriched
in liver after oral administration. Oral BBR significantly
decreased the number and volume of visible nodular tumors,
and prolonged the median overall survival by 9 and 8 weeks
in the diethylnitrosamine (DEN)-injected male and female
mice respectively. The nodular tumors were induced through
activation of the lysophosphatidic acid (LPA) pathway in liver.
LPA stimulated the abnormal leptin transcription through in-
teracting with LPA receptor-2 (LPAR2) followed by p38 activa-
tion, and BBR inhibited carcinogenesis by suppressing the
bioactivity of LPA. Specifically, BBR significantly reduced the
expression of the LPA synthetase autotaxin (ATX) and
LPAR2 in the nodular tumors of DEN-injected mice. Subse-
quently, BBR repressed the abnormal transcription of leptin
stimulated by LPA-induced phosphorylation of p38 in hepa-
toma cells. In fact, BBR reduced the abnormal expression of
leptin in livers of DEN-injected male mice throughout the
course of an 8-month experiment. BBR might be a preventive
agent for HCC, working at least partially through antagonizing
the ATX-LPA-LPAR2-p38-leptin axis in liver.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is one of the most commonly seen
cancers worldwide. The causative risk factors of HCC could be hep-
atitis (caused by hepatitis B or hepatitis C virus), alcohol, and food
contamination of aflatoxin B.1 The major process for hepatocellular
carcinogenesis involves non-resolving inflammation (NRI) in liver
with elevation of the pro-inflammatory cytokines, including inter-
leukin (IL)-6, tumor necrosis factor (TNF), and leptin.2–5 Recent in-
vestigations have identified the ATX-LPA-LPARs axis to be a central
player in the carcinogenesis for almost all hepatomas with various risk
factors, in which ATX stands for autotaxin (also known as ectonu-
cleotide pyrophosphatase/phosphodiesterase family member 2,
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ENPP2), LPA for lysophosphatidic acid, and LPARs for lysophospha-
tidic acid receptors.6 LPA belongs to lysophospholipids (LPLs), which
are a class of endogenous bioactive lipids specifically using the glyc-
erol as its structural backbone.7 As the smallest LPL, LPA acts as an
extracellular signaling molecule involved in inflammation and can-
cer.8,9 LPA can be biosynthesized in two routes, and the main
pathway is regulated by ATX through its lysophospholipase D activ-
ity, which removes choline from lysophosphatidylcholine (LPC) in
the extracellular space.9 LPA can elicit a variety of biological functions
via signaling through G protein-coupled LPARs, and, to date, six
LPAR members (LPAR1–LPAR6) have been discovered.9

In the ATX-LPA-LPARs axis, ATX acts as an enzyme for the synthe-
sis of LPA, which then binds LPARs on cell surface and promotes can-
cer-related inflammation through inducing cytokine production
thereafter.9 Researches have shown that high level of ATX and LPA
positively associates with cancer development.8,10 As LPA also in-
duces ATX expression, the ATX-LPA-LPARs axis is considered a
typical positive feedback loop in carcinogenesis.8,11 All of the
LPARs are seven-span trans-membrane proteins, which differ in tis-
sue distribution and downstream effects. For example, binding of
LPA with LPAR1 activates hepatic stellate cells to secrete collagen
into the extracellular matrix and thus promotes liver cirrhosis.6,12
e Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Berberine (BBR) is a botanic agent (Figure 1D, molecular weight
[MW] 371.82) derived frommedicinal plants such as Berberis vulgaris
and Coptis chinensis. It is very safe in humans and has been used in
China for decades as an over-the-counter (OTC) medicine for pa-
tients with bacterial-caused diarrhea. We have previously discovered
BBR to be a safe drug efficiently lowering blood lipids (both total
cholesterol and triglyceride levels) and glucose through novel mech-
anisms in patients with hyperlipidemia and type 2 diabetes mellitus
respectively.13,14 BBR’s therapeutic effect has been widely confirmed
in clinic since 2004.15 Furthermore, the cancer-prevention activity
of BBR has been reported in the DEN-induced hepatoma of ro-
dents.16–18 Recently, a clinical study on 891 patients (429 BBR versus
462 placebo) with colorectal adenoma has clearly demonstrated that
oral BBR could reduce the risk of recurrence of colorectal adenoma by
11% (36% BBR versus 47% placebo).19 It has provoked further inter-
est in its anticancer mechanism and future application. In this article,
we exhibit the significant effect of BBR in reducing the development
of DEN-induced hepatoma in mice. The mode of action of BBR ap-
peared to link, at least in part, with its inhibitory effect on the
ATX-LPA-LPARs pathway in hepatoma cells, resulting in a drop of
the abnormal leptin expression in liver.

RESULTS
BBR inhibited carcinogenesis in the DEN-induced hepatoma

model

To explore the preventive effect of BBR in liver tumorigenesis,
15-day-old mice were subjected to the widely used protocol of
DEN. This hepatoma model was chosen for the study because DEN
causes 100% of the male mice to develop hepatoma, and the genetic
signature of this tumor model is similar to that of human HCCs
with poor survival rate.2

Our experiment was first done in male mice. Macroscopic examina-
tion and pathological analysis revealed that BBR reduced HCC devel-
opment, showing decreased whitish tumor nodules notably on liver
lobes of male mice 8 months after DEN injection (Figure 1A).
Compared with the DEN-injected mice fed with normal chow diet,
BBR significantly decreased the number of visible nodular tumors
by 76% and 57%, and reduced the volumes of these tumors by 83%
and 88%, after being supplemented in diet at the dose of 0.04% and
0.2% (w/w) respectively (p < 0.01 for both; BBR versus normal
chow; Figure 1B).
Figure 1. Berberine inhibited DEN-induced hepatocellular carcinogenesis

(A) Nodular tumors were identified by H&E staining of liver sections from male mice 8 m

representative gross livers or H&E-stained samples from 24mice per group with identica

Met treatment in male mice 8months after DEN injection, compared with the mice fed wi

(C) BBR decreased the serum AFP at the end of the indicated months in DEN-injected m

volumes were examined from DEN-injected male mice, after BBR treatment for the first 2

last 5 months (0.2%BBR, n = 21), and full course of 8-month experiment (0.2%BBR, n =

BBR (0.2%, w/w) significantly prolonged themedian overall survival of DEN-injected male

respectively. The number of mice per group and median survival (w, weeks) are indicat

examined from female mice 12 months after DEN injection. Values are mean ± SEM in ea

BBR as detected by Luminex system. Values are themean ±SEM (n = 15–16 for 1month

**p < 0.01 versus that of the DEN model group fed with normal chow.
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Consistent with this, the serum alpha-fetoprotein (AFP) level was
reduced by 89% and 94% in mice fed with 0.04% and 0.2% BBR in
diet respectively at the end of the 8-month experiment (p < 0.01 for
both; BBR versus normal chow; Figure 1C). Note that serum AFP
was decreased by 87% and 91% at the end of 6 months after DEN in-
jection in the mice treated with 0.04% and 0.2% BBR respectively
(p < 0.01 for both; BBR versus normal chow; Figure 1C), although
at this time point the inhibitory effect of BBR was not significant
on the number and volume of nodular tumors (data not shown).
Even at the end of 4 months, when the tumor nodules could be hardly
seen, AFP was reduced by 74% and 76% respectively in the 0.04% and
0.2% BBR-treated mice, indicating AFP is a sensitive biomarker for
the early evaluation of potential chemopreventive agents in the hep-
atoma model (Figure 1C).

When we treated the DEN-injected male mice with BBR for only the
first 2 weeks or first 3 months after DEN injection, the cancer-preven-
tion effect of BBR almost vanished, suggesting that it might be insuf-
ficient for BBR to interrupt the tumor development through control
of the early stage of carcinogenesis (Figure 1D). On the other hand,
BBR treatment for the last 5 months (from the beginning of the fourth
month after DEN injection to the end of 8-month experiment) signif-
icantly decreased the tumor number by 44% (p < 0.01 versus normal
chow; Figure 1D), and the best preventive efficacy was seen when BBR
was given in the full course of the 8-month experiment (p < 0.01
versus normal chow; Figure 1D).

Generally speaking, at the end of the 8-month experiment, the male
mice treated with BBR were in a more healthy condition than those
of the DEN model group, in view of their body weight, liver weight,
liver enzymes, blood lipids, and glucose (Table 1). For survival anal-
ysis, the experiment was extended from 8 months (34 weeks) to
18 months (80 weeks) for male mice. BBR at the high dose (0.2% sup-
plement in diet, w/w) prolonged the median overall survival by
9 weeks (p = 0.0038 versus normal chow) and improved the survival
rate by 2.7-fold at the 70-week time point, compared with the DEN
model group (Figure 1E).

The cancer-preventive effect of BBRwas also observed in female mice,
in which the tumor nodules could be visible 12 months after DEN in-
jection. Although the tumor incidence was also 100% at that time in
this model, the average tumor number in the female mice was only
onths after DEN injection, and are indicated by the black arrows. The images are of

l results. (B) The tumor numbers and volumes were reduced significantly by BBR and

th normal chow diet. Data are expressed as the mean ± SEM (n = 24 for each group).

ale mice. Values are mean ± SEM (n = 6 for each group). (D) The tumor numbers and

weeks (0.2% BBR, n = 21), first 3 months (0.04% BBR, n = 10; 0.2% BBR, n = 11),

24), or not (normal chow, n = 24). Data are expressed as the mean ± SEM. (E and G)

and female mice by 9 and 8 weeks during the 80-week and 100-week study period,

ed. Log-rank Mantel-Cox test was used. (F) The tumor numbers and volumes were

ch group (n = 22–24). (H) Leptin was found to be reduced in the groups treated with

, n = 14–15 for 4months, n = 12–14 for 6months, n = 23–24 for 8months). *p < 0.05,



Table 1. BBR reduced body weight, liver weight, fasting blood glucose, serum ALT, and total cholesterol level in male C57/BL6 mice 8 months after DEN

injection

Examinations Sham Normal chow 0.04% BBR 0.2% BBR 0.1% Met

Body weight (g) 36.9 ± 6.3 36.8 ± 3.9 33.8 ± 4.9* 33.3 ± 4.4* 32.4 ± 2.9**

Liver weight (g) 1.32 ± 0.19 1.84 ± 0.81## 1.3 ± 0.29** 1.34 ± 0.2** 1.46 ± 0.21*

ALT (IU/L) 36.8 ± 3.4 125.5 ± 161.8 43.3 ± 11.2* 43.2 ± 9.2* 52 ± 19.3

Total cholesterol (mmol/L) 3.24 ± 0.18 4.95 ± 2.39# 3.37 ± 0.87* 3.17 ± 0.74** 3.67 ± 0.93*

Fasting glucose (mmol/L) 5.8 ± 0.3 7.0 ± 1.8## 5.5 ± 1.4** 5.6 ± 0.6** 5.7 ± 0.9**

Fed glucose (mmol/L) 9.6 ± 0.7 9.4 ± 1.1 8.4 ± 1.2* 8.7 ± 1.0 9.2 ± 1.1

Values are mean ± SDs. *p < 0.05, **p < 0.01, compared with that of DENmodel group fed with normal chow. #p < 0.05, ##p < 0.01, compared with the sham-treated group. The sham-
treated group: n = 22 for the body/liver weight, n = 4 for the other indexes. BBR- (0.04% and 0.2%, w/w) and Met (0.1%, w/w)-treated groups: n = 24 for the body/liver weight and
fasting/fed glucose, n = 14 for the other indexes.
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27% that of the male mice 8 months after DEN injection (Figures 1F
and 1B). Estradiol (E2) might be the factor to protect female mice
from HCC in the DEN model.2 In the female mice, we show that
BBR-containing diet could significantly reduce the tumor volumes
(p < 0.05 for both; BBR versus normal chow), but not the tumor num-
ber, with respect to the DENmodel group fed with normal chow (Fig-
ure 1F). BBR at the high dose (0.2% supplement in diet, w/w) pro-
longed the median overall survival by 8 weeks (p = 0.014 versus
normal chow), and improved the survival rate by 1.8-fold at the
80-week time point, with respect to the DEN model group in females
(Figure 1G).

Metformin (Met) was reported to prevent DEN-induced liver
tumorigenesis in C57BL/KsJ-+Leprdb/+Leprdb (db/db) obese and
diabetic mice,20 and hence was used as a reference control in the
present study. Our results showed that Met exhibited a cancer-pre-
ventive effect similar to that of BBR in DEN-injected C57BL/6 mice
of both sexes (Figures 1B and 1F). Met also reduced body/liver
weight gain and improved serum biochemical indexes as BBR did
(Table 1).

It has been reported that the DEN-caused hepatoma was closely
related to the abnormal level of inflammatory cytokines.2–4 To
explore which cytokines were responsible for the preventive effect
of BBR on the DEN-induced hepatoma, the Luminex system was
used to monitor the change of serum levels of 12 major cytokines
and metabolic hormones associated with HCC. Of the inflammatory
biomarkers, leptin was the only one continuously reduced by BBR,
from the early stage of DEN injection to the end of the experiment
(Figure 1H; Tables S1–S4), synchronized with that of AFP, as shown
in Figure 1C. It suggested leptin is a potential key target for BBR’s
action.

To learn the cancer-preventive effect of BBR on other tumors, we used
the azoxymethane (AOM)-induced colon tumor model in mice for
this study as well. This model was reported to reflect the inflamma-
tion-driven tumor progression,21 similar to that by DEN. As shown
in Figure S1, BBR significantly inhibited colon carcinogenesis after
oral administration (0.4% supplement in diet, w/w) for 10 weeks,
further confirming the results of BBR’s effect on DEN-induced
hepatoma.

BBR reduced ATX and LPAR2 expression to repress liver

tumorigenesis

As we have mentioned, the ATX-LPA-LPARs axis is crucial for HCC.
Thus, this signal pathway was among the targets of investigation.
ATX expression in tissue and serumwas elevated in the DEN-injected
mice, and reduced by BBR orMet treatment as demonstrated in west-
ern blot, real-time RT-PCR, and ELISA assay (Figures 2A–2C). First,
BBR decreased ATX protein expression in nodular tumors as well as
non-tumor liver tissues of the male mice 6 and 8 months after DEN
injection, respectively (Figure 2A).

Moreover, ATX mRNA expression was much higher in the tumor
than that in the non-tumor liver tissues (Figure 2B), and BBR at doses
of 0.04% and 0.2% in diet (w/w) significantly reduced ATXmRNA by
46% and 54% in the tumor tissues respectively, suggesting that BBR
might act on the transcription stage (Figure 2B). Finally, in both
the male and female DEN-injected mice, serum ATX reached 3–
18 ng/mL at the end of experiment; however, ATX level was almost
undetectable in the BBR- and Met-treated mice, and the level was
significantly decreased by 78%–98% (p < 0.01 for all the BBR and
Met-treated groups versus DEN model group; Figure 2C).

Serum LPA was also elevated in the DEN-injected mice, but it was not
reduced by BBR or Met (Figure 2D). As reported, LPA could also be
produced by another route using the enzymes phospholipase D
(PLD) and secreted phospholipase A2 (sPLA2).9 Therefore, it was
speculated that BBR andMetmight have no influence on their expres-
sion and hence did not change the serum level of LPA, which would
be studied in the future.

It has been reported that LPAR2 and LPAR6 were expressed and
played important roles in hepato-carcinogenesis.22,23 Of the two sub-
types of LPARs, we found that only LPAR2 mRNA was upregulated
in the DEN group, and it was significantly reduced by 33% and 38% in
tumors, and 44% and 55% in non-tumor tissues of the mice treated
with 0.04% and 0.2% BBR, respectively (p < 0.01 for both; BBR versus
Molecular Therapy: Oncolytics Vol. 26 September 2022 375

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Oncolytics

376 Molecular Therapy: Oncolytics Vol. 26 September 2022



www.moleculartherapy.org
the DENmodel group; Figure 2E). Thus, it seems that BBRmight pre-
vent tumorigenesis in liver through reducing the expression of ATX
and LPAR2, the two key factors in the LPA pathway.

In the HepG2 cell tests, we found that LPA increased LPAR2 transcrip-
tion, and the stimulatory effect was significantly inhibited by pretreat-
ment of the cells with BBR (0.5 and 2.5 mM) or Met (250 mM) (Fig-
ure 2F). The result seems in agreement with the report that LPA
increased the expression of its own synthetase ATX in an autocrine
manner.11

BBR also reduced the leptin level in tumor tissues of the DEN

model mice

ELISA assay shows that serum leptin was largely reduced by BBR in
male mice at the endpoint of the experiment (Figure 3A); for the fe-
male mice, serum leptin was also substantially decreased by BBR at 9
and 12 months after DEN injection (Figure 3B). The result was
consistent with that obtained in the Luminex assay (Figure 1H).
We then investigated whether the elevated leptin in serum was orig-
inated from the livers of DEN-injected mice. Our results showed that
leptin expression was elevated both in the non-tumor liver tissues and
tumor nodules of the DEN-injected mice, and was significantly
reduced by BBR and Met (Figure 3C).

Also, ELISA quantitative detection showed that the leptin content in
livers and tumors elevated progressively over the time. On average,
the leptin contentwas increased from1,738pg/g tissue at thefirstmonth
time point to 11,613 pg/g tissue at the eighthmonth in non-tumor liver
tissues of theDENmodel group (Figure 3D), and it reached 14,671 pg/g
tissue and 18,583 pg/g tissue at the 6- and 8-month time points respec-
tively in tumor nodules of the DEN model group (Figure 3E). It seems
that therewasmore leptin in tumornodules than innon-tumor liver tis-
sues, consistent with the case of ATX and LPAR2 (Figures 2B and 2E).
Compared with the DEN model group fed with normal chow diet,
0.04% and 0.2% BBR significantly reduced the leptin content in the
non-tumor liver tissues and nodular tumors respectively (p < 0.05 or
p < 0.01 versus normal chow in Figures 3D and 3E). The leptin level
was not significantly influenced by BBR in the liver tissues of sham-in-
jected C57BL/6 mice (p > 0.05 versus sham; Figure S2), suggesting that
BBR did not reduce the basic expression of leptin in mice.

Last, leptin mRNAwas significantly reduced by BBR andMet, both in
liver and tumor tissues of the DEN-injected mice (Figure 3F). It seems
Figure 2. Berberine decreased ATX and LPAR2 expression in DEN model

(A) ATX protein expression was detected by western blot of tumor and non-tumor tissue

that of ACTB (b-actin). The ratio of ATX/ACTB was set as 1 in sham-treated group. Da

expression was detected by real-time RT-PCR in tumor and non-tumor tissues of DEN

in the sham-treated group. Data are expressed as the mean ± SEM (n = 9). (C) Serum AT

for male and female mice respectively. Data were expressed as the mean ± SEM (n = 9

injection. Data are expressed as the mean ± SEM (n = 6). (F) HepG2 cells were subjec

respectively for 18 h, after being starved overnight and pretreatment of BBR or Met for 4 h

and presented as fold of that in the DMSO group without LPA treatment. Values are the

DEN or LPA model group.
that BBR and Met decreased leptin expression at the transcription
level, similar to their actions on LPAR2 and ATX genes (Figures 2B
and 2E).
BBR inhibited LPA-induced p38 phosphorylation and caused

leptin reduction

Our next question was whether the effect of BBR on ATX-LPA-
LPARs axis was connected to its inhibitory effect on leptin expression.
To learn this, HepG2 cells were exposed to LPA after pretreatment
with BBR or Met. The results showed that addition of LPA increased
cellular leptin expression at both the protein and mRNA levels in
cultured cells, and pretreatment with BBR at a dose of 0.1 mM signif-
icantly suppressed the bioactivity of LPA (Figures 4A and 4B). Met
showed a very good inhibition of leptin expression as well, but its con-
centration (250 mM) was higher than that of BBR.

Furthermore, LPA increased leptin transcription by stimulating the
promoter activity of leptin gene (Figure 4C). In this experiment, the
HepG2 cells were transfected with the PGL4.17 luciferase reporter
plasmid containing the 50 regulation region of leptin gene as described
in the section “methods.” BBR treatment significantly suppressed the
activity of leptin promoter stimulated by LPA in the transfected cells
by 21%, 30%, and 44%, at the doses of 0.1 mM, 0.5 mM, and 2.5 mM
respectively (Figure 4C). Agreeing with the results of tissue tests in
the DEN-injected mice (Figure S2), BBR only reduced the abnormal
expression of leptin stimulated by LPA, but not the basic leptin
mRNA expression or promoter activity (Figures 4B and 4C).

Sphingolipids are another important class of bioactive lipids with
sphingosine as the backbone.7 Sphingosine 1-phosphate (S1P), the
most studied sphingolipid, also increased the activity of leptin pro-
moter, but its potency is less than that of LPA (Figure 4C). BBR,
but not Met, significantly deceased the leptin promoter activity
induced by S1P (Figure 4C). However, LPC, a precursor of LPA,
did not increase leptin expression (data not shown).

The leptin promoter region (247 bp) was sufficient tomediate the effect
of LPA, revealed by gradual truncations of the 50 regulatory region
(2,951 bp) of the leptin gene (Figure 4D). BBR also significantly in-
hibited the leptin promoter activation mediated by all the truncated
and full-length sequences (Figure 4D). It appeared that the promoter re-
gion might be the key response element of the leptin gene for LPA.
s respectively from male mice 6 and 8 months after DEN injection, and normalized to

ta are expressed as the mean ± SEM (n = 2–3). (B and E), ATX and LPAR2 mRNA

-injected male mice, which was normalized to ACTB and presented as fold of that

X was assayed by ELISA of the indicated groups 8 and 12months after DEN injection

–10). (D), serum LPA was examined by ELISA in female mice 12 months after DEN

ted to 20 mM LPA combined with BBR (0.1 mM, 0.5 mM, 2.5 mM) and Met (250 mM)

. LPAR2mRNAwas detected by real-time RT-PCR, which was normalized to ACTB

mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01 versus that of
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Moreover, p38 phosphorylation at Thr180/Tyr182 was increased by
LPA in HepG2 cells, but inhibited by BBR and Met pretreatment (Fig-
ure 4E). Indeed, the in vivo experiments showed that BBR and Met
decreased p38 phosphorylation in liver and tumor tissues of the
DEN-treated mice, respectively (Figure 4F). Interestingly, the leptin
promoter activity elevated by LPA could be attenuated by the selective
p38 inhibitors SB 203580 and SB202190 (p < 0.01 for both p38 inhibi-
tors versus the LPA-stimulated group; Figure 4G). The results suggested
p38 is an upstream event for the leptin transcription, and inhibition of
p38 could suppress the promoter activity of leptin induced by LPA.

Finally, CCAAT enhancer binding protein alpha (CEBPA) and hypoxia
inducible factor 1 subunit alpha (HIF-1a)were reported tobe the key fac-
tors regulating leptin gene transcription.24,25 Our experiments revealed
that the leptin promoter activity was significantly decreased by the
HIF-1a inhibitors BAY 87-2243 and KC7F2 (Figure 4H). In fact, BBR
decreased CEBPA and HIF-1amRNA transcription promoted by LPA
(Figure 4I). It is suggested that BBR inhibited the LPA-induced leptin
transcription, at least in part, through reducing p38 phosphorylation
as well as the expression of transcription factors CEBPA and HIF-1a.

E2 inhibited the p38 and leptin promoter activation induced by

LPA

As mentioned above, female mice were somehow resistant to the
DEN-induced hepatoma, and the answer could be related to the level
of E2 in the animals.2 Indeed, in the present study, E2 treatment
reduced the LPA-induced leptin promoter activity (Figure 5A), indi-
cating that E2 might decrease the leptin expression. For the inhibitory
effect of BBR and E2 on the leptin promoter activation induced by
LPA, BBR might have an activity stronger than E2 did; the group
treated with either BBR or BBR plus E2 got better inhibition than
that of E2 alone (Figure 5A). In addition, E2 reduced p38 phosphor-
ylation at Thr180/Tyr182 stimulated by LPA (Figure 5B).

In summary, LPA could activate p38 and trigger the abnormal leptin
transcription via stimulating its promoter activity, and thus promote
hepatocellular carcinogenesis (Figure 5C). BBR (and Met) may sup-
press liver tumorigenesis through antagonizing the ATX-LPA-
LPAR2-p38-leptin axis, showing the decreased expression of ATX,
LPAR2, and leptin in hepatoma cells.

DISCUSSION
As an OTC drug, berberine is used for treating bacterial-caused diar-
rhea in China. The dose is 0.1–0.3 g three times a day (0.3–0.9 g/day).
Figure 3. BBR reduced leptin expression in DEN model

(A and B) Serum leptin was reduced by BBR in male and female mice respectively, as det

n = 5 for each group of 1month; n = 8 for sham, n = 11 for the other groups of 6months; n

western blot of tumor and non-tumor liver tissues from male mice 6 and 8 months after D

was set as 1 in sham-treated group. Values are themean ± SEM (n = 2–3). (D–F) Leptin e

from male mice sacrificed at 1, 4, 6, and 8 months after DEN injection, respectively. Va

tumors in F). (G) Leptin mRNAwas detected of tumor and liver tissues frommale mice 8 m

and presented as fold of that in the sham-treated group. Data are expressed as the me

versus the group treated with 0.04% BBR.
It is 5–15 mg/kg for humans weighing 60 kg, and 61.5–184.5 mg/kg
for mice after conversion.26 In the DEN model, 0.04% and 0.2% (w/
w, drug/diet) were equal to 50 mg/kg and 250 mg/kg of berberine
for mice weighing 20 g, as the amount of food intake was about 2.5
g/day/mouse; 50 mg/kg (0.04%) was set for studying the minimal
dose for BBR’s action, and 250 mg/kg (0.2%) was chosen according
to the previous reports in diabetic mice.27–29

In addition, 0.1% metformin (w/w, drug/diet) was reported to
improve lifespan in mice.30 As the MW of berberine chloride (BBR;
MW, 371.81) is about twice that of metformin hydrochloride (Met;
MW, 165.62), 0.2% BBR approximated 0.1% Met on the molecular
level.

It is reported that the serum concentration of BBR was about 0.02 mM
(6.99 ng/mL) in humans, and BBR concentrated in liver after oral
administration.31 There was an increase of 50- to 70-fold (1–
1.4 mM) in the ratio of the area under the concentration-time curve
value for berberine in liver compared with plasma.31,32 Hence, it
was estimated that 0.1 mM and 0.5 mM could be achieved in liver cells,
which was the low and medium dose of BBR for in vitro experiments
in the present study. As the high dose for cell treatment, 2.5 mM was
chosen, according to the previous report.33

It has been reported that BBR had an in vitro anticancer effect
through induction of apoptosis at a concentration ranging from 20
to 100 mM (7–37 mg/mL), depending on cell types.34–36 The concen-
tration used in those previous reports is 1,000 times higher than that
in blood,31,37 suggesting its unknown mechanism against cancer.
Pharmacokinetic study revealed two key features of BBR in body dis-
tribution; first, the compound is poorly absorbed in intestine after oral
administration, and, second, the small portion of BBR taken up from
the intestine is concentrated in liver.31,37

The present study investigated chemoprevention effect of BBR
against hepatoma in the DEN model, which was initiated based on
the observation that BBR is enriched in liver after oral administration.
It showed that, in the DEN-injected mice (male and female), oral BBR
in daily food could significantly reduce liver tumorigenesis. It ap-
peared that the mechanism, at least partially, links to the inhibitory
effect of BBR on the ATX-LPA-LPAR2-p38-leptin pathway. In this
action, BBR significantly reduced LPAR2 expression, leading to a
decline of the interaction between LPA and LPAR2, and subsequent
p38 activation. This decline caused reduction of leptin expression
ected by ELISA. Values are the mean ± SEM (male, n = 6 for each group in A; female,

= 11 for each group of 9 and 12months in B). (C) Leptin expression was detected by

EN injection respectively, and normalized to that of ACTB. The ratio of leptin/ACTB

xpression was detected by ELISA in tumor and non-tumor tissues of the mouse livers

lues are the mean ± SEM (n = 5 for non-tumor tissues in D and E, n = 6 for nodular

onths after DEN injection by real-time RT-PCR. The result was normalized to ACTB

an ± SEM (n = 9). *p < 0.05, **p < 0.01 versus that of DEN model group. #p < 0.05
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through decreasing its promoter activity, and also might in turn
downregulate ATX production by intervention of the positive feed-
back loop of LPA-LPARs-ATX.11

However, as mentioned earlier, BBR regulates a variety of factors
related to energy metabolism. The therapeutic efficacies of BBR on
metabolic disorders in humans have been widely confirmed, and
intensive mechanistic studies have identified BBR to be a multiple
target drug,38 active at least in upregulating LDLR and insulin recep-
tor (InsR) expression, activating AMPK, and inhibiting PCSK9. These
activities might also be helpful in preventing cancer recurrence,
among which AMPK activation is well known to be an inhibitory fac-
tor in cancer development.39 In addition, we recently found that BBR
treatment could significantly downregulate the expression level of
galectin-3,40 which also closely relates to carcinogenesis.41,42 There-
fore, in synergy with its action on the ATX-LPA-LPAR2-p38-leptin
axis against liver cancer, the chemoprevention effect of BBR might
be its systemic effects above for other cancers. For example, we found
that oral BBR significantly inhibited AOM-induced colon carcino-
genesis in mice. Consistent with this, in a clinical study, oral BBR pre-
vented recurrence of colorectal adenoma.19 This study was considered
of high value, but the mechanism remained largely unclear, which will
be among the targets of our investigation in the future.

Reduplicative treatment of DEN is needed for adult mice/rats to form
HCC, but would be toxic to the animals and reduce their life span.
Hence, no survival data were provided in the previous reports.16–18

In our present study, 15-day-old calf mice were used for DEN
modeling by single-injection strategy. The single-injection strategy
demonstrated the role of chronic inflammation in HCC formation,2

and was considered suitable for evaluating the efficacy of candidate
agents against HCC.43 Using this strategy, we found BBR significantly
prolonged the life span of DEN-injected mice of both sexes.

DEN injection caused abnormal expression of several important can-
cer-related cytokines, as described in the section “Introduction”.Lep-
tin caught our attention because BBR continuously reduced its serum
level in the DEN-injected mice throughout the course of the experi-
ment, and the chemoprevention efficacy of BBR in the partial-course
Figure 4. BBR inhibited LPA-induced p38 phosphorylation and leptin transcrip

(A) BBR reduced the leptin expression induced by LPA. HepG2 cells were subjected to

tively for 18 h, after being starved overnight and pretreatment with BBR orMet for 4 h. Ce

that of ACTB. (B) Leptin mRNA expression was detected by real-time RT-PCR, normali

BBR and Met significantly decreased the abnormal activity of leptin promoter induced b

cells were screened using 0.4 mg/mL G418. Stable transfected cells were then treated

moter region (247 bp) was sufficient for LPA to induce the transcription of leptin gene. H

taining full-length and truncated 50 regulatory region of the leptin gene respectively and

Tyr182. HepG2 cells were treated as above. Western blot of P-p38 and p38 was co

BBR inhibited p38 activation in tumor and liver tissues from male mice 8 months afte

and H) The LPA-induced activity of leptin promoter was reduced by the inhibitors of p38

cells were subjected to LPA (20 mM) combined with BBR (2.5 mM), Met (250 mM), SB 202

The luminescence was set as 1 in the vehicle group treated with DMSO. (I) BBR decreas

Results were normalized to ACTB and presented as fold of the DMSO group without LP

are expressed as mean ± SEM, *p < 0.05, **p < 0.01 compared with the LPA- or S1P
treatment regimens (first 2 weeks, first 3 months, or last 5 months af-
ter DEN injection) failed to compare with that of the full-course BBR
treatment. It suggested that leptin might be important in the DEN-
induced hepatoma and agreed with the role of leptin in hepato-carci-
nogenesis, as reported before.4,44

Leptin is mainly expressed from white adipose tissue (WAT), and the
serum level of leptin is proportional to WAT size. As an endocrine
hormone, leptin regulates food intake to control body weight by
acting on the hypothalamus.45 Recently, leptin was detected as a
pro-inflammatory factor by promoting local inflammation in an au-
tocrine/paracrine manner, and hence increased incidence of osteoar-
thritis, breast cancer, and hepatoma.4,46,47

The hepatoma incidence in men is two to four times higher than that in
women, and E2 plays an important role in preventingHCC in the DEN-
injected female mice.2 Indeed, it is reported that ovariectomy increased
HCC induction in female mice,2,48 and this is consistent with the clinical
observation that oophorectomy increased the riskofHCC inwomen.49,50

We showhere that treatingHepG2cellswithE2 couldmoderately reduce
leptin promoter activity induced by LPA, but the potency was less than
that of BBR. The result was consistent with the animal experiment, in
which BBR was effective in female mice after DEN injection.

Endogenous bioactive lipids, including lysophopholipids and sphin-
golipids, were reported to be involved in NRI.7 Among these lipids,
LPA was found to enhance cancer progression in lung, breast, ovary,
liver, and colon through promoting cell survival, proliferation, migra-
tion, invasion, and angiogenesis, as well as inducing an enabling
inflammatory setting in the tumor environment.9 Recently, the
ATX-LPA-LPARs axis has been considered a key for hepato-carcino-
genesis,6,8 further demonstrating the role of LPA in cancer develop-
ment. Regulation of this pathway might be of significance. Although
BBR was active in reducing ATX, LPAR2, and leptin expression, as
well as p38 phosphorylation, the action of BBR on LPA-induced
LPAR2 expression might be the key step because it could reduce
the contact between LPA and LPAR2, terminate the autocrine
pathway, and thus lead to an interruption of the ATX-LPA-LPARs
axis. Also, it could reduce the p38 phosphorylation, which seems to
tion

20 mM LPA combined with BBR (0.1 mM, 0.5 mM, 2.5 mM) and Met (250 mM) respec-

llular total proteins were extracted for western blot analysis, which were normalized to

zed to ACTB, and presented as fold of the DMSO group without LPA treatment. (C)

y LPA in HepG2 cells transfected with the pGL4.17-LP1 plasmid. After transfection,

as above. The promoter activity was detected as in section “methods.” (D) The pro-

epG2 cells were co-transfected with pGL4.74 and four pGL4.17-LP plasmids con-

treated as above. (E) BBR inhibited LPA-induced p38 phosphorylation at Thr180/

nducted as described in section “methods,” and normalized to that of ACTB. (F)

r DEN injection. The ratio of P-p38/ACTB was set as 1 in sham-treated group. (G

(SB 203580 and SB 202190) and HIF-1a (KC7F2 and BAY 87-2243). Transfected

190 (5 mM), SB 203580 (5 mM), KC7F2 (40 mM), and BAY 87-2243 (10 mM) as above.

ed the mRNA expression of CEBPA and HIF1A. HepG2 cells were treated as above.

A treatment. Values were the mean ± SEM of three independent experiments. Data

-stimulated group.
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Figure 5. E2 inhibited the leptin promoter activity and p38 phosphorylation stimulated by LPA

(A) pGL4.17-LP1 transfected cells were treated as above, BBR as 2.5 mM, and E2 at a dose of 100 pM. The luminescence was set as 1 in the vehicle group treated with

DMSO. Values are expressed as mean ± SEM, **p < 0.01 versus the LPA-stimulated group treated with DMSO. ##p < 0.01 versus the LPA-stimulated group treated with E2.

(B) E2 (100 pM) inhibited LPA-induced p38 phosphorylation at Thr180/Tyr182. HepG2 cells were treated andwestern blot was conducted as described above. (C) Schematic

diagram illustrates BBR restrained liver tumorigenesis through antagonizing the ATX-LPA-LPAR2-p38-leptin axis, and reducing LPA-stimulated abnormal leptin transcription

in hepatoma cells.
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be a downstream event of the ATX-LPA-LPARs axis, and activate the
promoter of leptin gene. Still, there could be other kinases partici-
pating in this axis, which would be studied in the future.

LPA (LPL) and S1P (sphingolipid) are well-studied endogenous
bioactive lipids. Our experiments revealed that both LPA and S1P
382 Molecular Therapy: Oncolytics Vol. 26 September 2022
stimulated leptin promoter activation. BBR significantly reduced
the leptin promoter activity induced by both LPA and S1P, but Met
did not (Figure 4C). It is suggested that BBR might be more effective
thanMet in patients with HCC, through inhibiting the aberrant leptin
production induced by endogenous bioactive lipids in vivo. Also, as
an OTC drug, BBR is more tolerated by patients and more convenient
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to get. Hence, BBR might be the better choice for clinical chemopre-
vention against HCC.

Taken together, LPA might bind LPAR2, activate p38, and stimu-
late leptin transcription through C/EBP and Hif-1a in hepatoma
cells, thus promoting HCC development. BBR and Met appeared
to repress liver tumorigenesis through antagonizing the ATX-
LPA-LPAR2-p38-leptin axis and subsequently decreasing the
abnormal leptin expression in livers of DEN-injected model
mice. The action might help to prevent HCC in vivo. Currently,
the 5-year survival rate for HCC is about 20%, and over 70% of
the patients relapse in 5 years after resection, indicating the impor-
tance of chemoprevention after conventional therapy.1 As BBR has
been an OTC drug in the past half century, it could be tested
immediately for its chemoprevention effect against HCC recur-
rence in clinic.

METHODS
Regents and kits

N-nitrosodiethylamine (also known as diethylnitrosamine [DEN],
purity over 99%, #73861), dimethyl sulfoxide (DMSO, D2438),
berberine (BBR, purity over 98%, B3251), metformin (Met, purity
over 97%, D150959), activated charcoal (C6241), lysophosphatidic
acid (LPA, purity over 98%, L7260), and S1P (purity over 98%,
#73914) were purchased from Sigma-Aldrich (St. Louis, MO). Ge-
neticin Selective Antibiotic (G418 Sulfate, #10131027), minimum
essential medium (MEM, #11095080), fetal bovine serum (FBS,
#10100154), Lipofectamine 3000 Transfection Reagent (L3000075),
Opti-MEM Reduced Serum Medium (#31985088), protease and
phosphatase inhibitor cocktail (#78442), M-PER Mammalian Pro-
tein Extraction Reagent (#78505), T-PER Tissue Protein Extraction
Reagent (#78510), and the kit for total protein quantification (BCA
assay, #23225) were purchased from Thermo Fisher Scientific
(Shanghai, China). Fatty acid free bovine serum albumin (BSA,
MB0094) was purchased from Meilun Biotechnology (Dalian,
China). Estradiol (E2, purity over 99%, HY-B0141), the p38 inhib-
itors SB 203580 (purity over 99%, HY-10256), SB 202190 (purity
over 99%, HY-10295), the HIF-1a inhibitors BAY 87-2243 (purity
over 99%, HY-15836), and KC7F2 (purity over 99%, HY-18777)
were purchased from MedChemExpress (Shanghai, China). The
antibody against autotaxin (ATX, 14243-1-AP) was purchased
from Proteintech Group (Rosemont, PA). The antibody against lep-
tin (ab16227) was purchased from Abcam (Cambridge, MA). The
antibodies against Phospho-p38 MAPK (#4511), p38 MAPK
(#9212), and b-actin (ACTB) (#4970) were purchased from Cell
Signaling Technology (Danvers, MA). The pGL4.17 [luc2/Neo]
plasmid (E6721), pGL4.74 [hRluc/TK] plasmid (E6921), Dual-Glo
Luciferase Assay System (E2940), and ONE-Glo Luciferase Assay
System (E6120) were purchased from Promega Corporation (Mad-
ison, WI). RNeasy Mini Kit (#74106) was purchased from Qiagen
(Germantown, TN) for total RNA extraction. Kits for RT
(RR037A) and quantitative RT-PCR (RR820A) were purchased
from Takara Bio (Shiga, Japan). Mouse alpha-Fetoprotein/AFP
Quantikine ELISA Kit (MAFP00) and Mouse/Rat Leptin Quantikine
ELISA kit (MOB00) were purchased from R&D Systems (Minneap-
olis, MN). Mouse ENPP2/Autotaxin ELISA kit (LS-F16526) and Ly-
sophosphatidic Acid ELISA kit (LS-F25111) were purchased from
LifeSpan BioScience (Seattle, WA). The kits were purchased from
Bio-Rad Laboratories (Hercules, CA) for Luminex analysis of mouse
serum cytokines and hormones.

Plasmid construction

The DNA sequences were synthesized commercially in the LEP 5’
regulatory region (NCBI: 106728418. DNA sequence at the front of
leptin gene:�2921~+30, 2951 bp; named LP1) and its truncated frag-
ments, which included LP2 (�1415~+30, 1445 bp), LP3 (�469~+30,
499 bp), and LP4 (�217~+30, 247 bp; the promoter region of leptin
gene). These sequences were then constructed into pGL4.17 [luc2/
Neo] vector expressing the firefly luciferase, to establish the plasmids
for monitoring the leptin promoter (LP) activity. These four plasmids
were named from pGL4.17-LP1 to pGL4.17-LP4.

Cell culture, transfection, and drug treatment

The human HepG2 hepatoma cells were obtained from the Cell
Culture Center of Peking Union Medical College (Beijing, China),
and cultured in MEM plus 10% FBS at 37�C in a humidified atmo-
sphere with 5% CO2. One day before transfection, cells were trypsi-
nized with 0.25% trypsin containing EDTA and seeded onto six-well
plates with 1 � 106/well. Lipofectamin 3000 (Thermo Fisher) was
used to transfect the four pGL4.17-LP plasmids into HepG2 cells
respectively.

The pGL4.74 [hRluc/TK] vector expresses the Renilla luciferase. For
transient transfection, the pGL4.74 vector was used as a control re-
porter and co-transfected with the four pGL4.17-LP plasmids
respectively at a ratio of 1:20. Then, 24 h after transfection, the cells
were trypsinized and seeded onto the white-bottom 96-well plates
with 3 � 104/well in culture with MEM plus 10% charcoal-treated
FBS (FBSC) for 24 h. The FBSC was obtained as previously re-
ported.51 Briefly, FBS was mixed with the activated charcoal at a ra-
tio of 25 mL:1 g and rotated slowly at 4�C overnight, and then
filtered using the 0.22 mM sterile syringe filter. The transfected cells
were then starved in MEM medium without FBS overnight, and
treated with LPA (dissolved as a stock solution of 5 mM in 0.1%
BSA, fatty acid free) and BBR (dissolved in DMSO as a 10 mM
stock solution) for the indicated time. The luminescence for the
firefly and Renilla luciferases was detected respectively using the
Dual-Glo Luciferase Assay System kit (Promega), and the ratio (fire-
fly:Renilla) was calculated.

In addition, the plasmid pGL4.17-LP1 was transfected into HepG2
cells containing the full-length 5’ regulatory region (2,951 bp) of
the leptin gene. Stably expressed cells were selected in medium con-
taining 0.4 mg/mLG418 for 2 months, and sowed onto the white-bot-
tom 96-well plates with 3 � 104/well and cultured with MEM plus
10% FBSC for 24 h. After being starved overnight and drug treated,
the cells were lysed and the firefly luminescence was detected by
the ONE-Glo Luciferase Assay System kit (Promega).
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Animal studies

C57BL/6 mice were purchased from Vital River Lab Animal Technol-
ogy (Beijing, China). To generate DEN-induced hepatoma, mice of
both sexes were subjected to single intraperitoneal injection with
DEN (25 mg kg�1, Sigma-Aldrich) on the 15th day after birth. These
mice were randomly grouped and fed with either normal chow diet
(Keao Xieli Feed, Beijing, China) or the diet supplement with BBR
(0.04% and 0.2%, w/w) and Met (0.1%, w/w) respectively from the
day of DEN injection. Met was used as a positive reference in this
study.20 One cohort was sacrificed to observe BBR effect on hepato-
carcinogenesis at the end of the indicated months (1, 4, 6, and
8 months for male, as shown in Figure 1D, and 1, 6, 9, and 12 months
for female) after DEN injection, and the other cohort was followed to
assess BBR’s efficiency on the survival of mice with hepatoma. All
visible nodular tumors were counted on the surface of liver tissues,
and those bigger than 0.5 mm in diameter were measured using a ver-
nier caliper. The tumor volume was calculated based on the formula
(v = 0.5ab,2 in which “v” represents tumor volume, “a” stands for the
long diameter, and “b” for the short diameter of the nodular tumor).
Half of the largest liver lobe was fixed in formalin, embedded with
paraffin, and sectioned. The sections were used for H&E staining,
and the images were obtained by using the Pannoramic Scanner
and CaseViewer software (3DHISTECH, Hungary). Other liver and
tumor samples were snap frozen in liquid nitrogen immediately after
assessment of tumor numbers and volume. Centrifugally separated
serum was frozen in a �80�C freezer for the Luminex and ELISA
assay.

All animal experiments were conducted in accordance with the guide-
lines of the Institutional Committee for the Ethics of Animal Care and
Treatment in Biomedical Research of Chinese Academy of Medical
Sciences and Peking Union Medical College. The animal studies
were consistent with the ARRIVE guidelines.52

Luminex and ELISA assay

The Luminex assay was performed with kits (Bio-Rad) following the
manufacturer’s instructions, by using the Bio-plex system (Bio-Rad,
Hercules, CA). Essentially, this assay was an immunoassay based
on fluorescently dyed magnetic beads with distinct spectral addresses
and a cytometer with lasers. The magnetic beads coupled to the spe-
cific capture antibodies, which interacted with different biomarkers
(e.g., cytokines and hormones) of interest in serum samples. The cy-
tometer then sorted the beads and measured the level of these bio-
markers using lasers. Serum alpha-fetoprotein (AFP) (R&D), leptin
(R&D), ATX (Lifespan), and LPA (Lifespan) were detected using
ELISA kits according to the venders’ instructions. Serum total choles-
terol and alanine aminotransferase (ALT) were measured by com-
mercial kits (Biosino, China). Blood glucose was measured by a com-
mercial meter (Roche).

Western blot

After separation, the liver and tumor tissues were ground respectively
using the TissueLyzer device (Qiagen, Germantown, TN) and lysed in
the extraction reagent containing protease and phosphatase inhibi-
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tors. After drug treatment, the cells cultured in six-well plates were
rinsed with PBS and lysed in the extraction buffer. Total proteins
were extracted and quantified by the BCA assay kit. For each sample,
about 20 mg of proteins were subjected to 10% SDS-PAGE, and pro-
tein bands were transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore, Billerica, MA) through a Wet Transfer Cell
(Bio-Rad, Hercules, CA). For the detection of target protein levels,
the membranes were probed with specific antibodies using b-actin
as an internal control. After washing and incubation with appropriate
secondary antibodies, the bands were visualized with a horseradish
peroxidase (HRP) Kit (Millipore).
Real-time RT-PCR

The liver and tumor tissues were fragmented and lysed by using the
TissueLyzer device, and the total RNAs were isolated using a kit (Qia-
gen). The cultured cells were seeded onto six-well plates, and total
cellular RNAs were extracted after drug treatment. Total RNAs
were reverse transcribed into cDNAs as described previously.53

Quantitative real-time PCR was performed with these cDNAs using
the SYBR Green method (Takara). Relative quantification was con-
ducted by using ACTB as an internal control. Normalized levels of
target genes were plotted as fold of the untreated control. The primer
sequences are listed in Table S5.
Statistical analysis

The statistical significance of two groups was determined by the un-
paired t test with Welch’s correction. For comparisons of more than
two groups, the results were examined by ANOVA. For analysis of
survival curves, the log-rank (Mantel-Cox) test was used to evaluate
the significance, and p < 0.05 was considered to be statistically
significant.
Data availability

All raw data are available upon request.
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