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The protective effect of berberine on B-cell lipoapoptosis
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ABSTRACT. Aims: To evaluate the protective effect of
berberine on B-cell lipoapoptosis induced by palmitate and to
explore the possible underlying mechanisms. Materials and
methods: HIT-T15 pancreatic pB-cells were divided into the
following treatment groups: untreated controls; 100 pM
berberine; 0.5 mM palmitate; 0.5 mM palmitate + 0.1 pM
berberine; 0.5 mM palmitate + 1 pM berberine; 0.5 mM
palmitate + 10 pM berberine; and 0.5 mM palmitate + 100
UM berberine. After 48 h, cell apoptosis was assessed by
flow cytometry and the Hoechst 33258 fluorescent assay.
Basal and glucose-stimulated insulin levels in culture medi-
um were measured by radioimmunoassay. Peroxisome pro-
liferator-activated receptor-y (PPAR-Y) mRNA and protein lev-
els were determined by real-time PCR and immunocyto-
chemistry, respectively. Results: Apoptosis was significantly

INTRODUCTION

Insulin resistance and insufficiency are the hallmarks of
diabetes mellitus (1). Although the mechanisms underly-
ing insulin resistance and insufficiency are complex, lipo-
toxicity appears to play an important role (2). Indeed, the
concept of lipotoxicity has led to important develop-
ments in diabetes mellitus research, particularly pertain-
ing to Type 2 diabetes mellitus

Lipotoxicity is a pathological condition in which free fat-
ty acid (FFA) levels in the blood are elevated to such an
extent that adipose tissue storage, and tissue FFA oxi-
dizing capacities are exceeded. As a consequence, the
excess FFA accumulate in non-adipose tissues as triglyc-
erides, inducing tissue damage. It has been demonstrat-
ed that elevated FFA levels not only contribute to insulin
resistance, but also impair insulin secretion via induction
of pancreatic B-cell apoptosis (i.e., lipoapoptosis). Hence,
B-cell lipotoxicity caused by increased blood FFA levels
would appear to be an important mediator of Type 2 di-
abetes mellitus (3).

Apoptosis of pancreatic B-cells results in decreased cell
number and, as a consequence, insufficient insulin se-
cretion. It has been recently reported that the mecha-
nisms of lipoapoptosis may include oxidative stress, en-
doplasmic reticulum (ER) stress, and altered regulation
of a number of pathways including those involving ce-
ramide, B-cell lymphoma 2 (Bcl-2) protein family, insulin
receptor substrate-2 (IRS-2), 12-lipoxygenase, protein ki-
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increased upon treatment with palmitate as compared to the
untreated controls (p<0.0001). In addition, glucose-stimu-
lated insulin secretion (GSIS), PPAR-y mRNA and protein ex-
pression were significantly reduced in response to palmitate
(p<0.0001); however, palmitate-induced apoptosis and re-
duction in PPAR-y expression were reversed in response to
berberine in a dose-dependent manner (p<0.05). Further-
more, there was a non-significant increase in GSIS with in-
creasing berberine dose. Conclusion: Palmitate exerted lipo-
toxic effects on HIT-T15 cells, inducing apoptosis and re-
ducing GSIS. Berberine reduced palmitate-induced lipoapop-
tosis and tended to increase GSIS in HIT-T15 cells, possibly
through increased PPAR-y expression.

(J. Endocrinol. Invest. 34: 124-130, 2011)
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nase B (PKB), G-protein-coupled receptors (GPCR), and
peroxisome proliferator-activated receptors (PPAR) (2).
The PPAR family is a group of nuclear receptor proteins,
including PPAR-a,, PPAR-B, and PPAR-y, which are in-
volved in fat formation, glucose metabolism, inflamma-
tion, and cell multiplication and differentiation. The ex-
pression of different PPAR subtypes is variable in differ-
ent tissues; PPAR-y is expressed in human pancreatic and
INS-1 cells (4, 5). Furthermore, there is evidence sug-
gesting that PPAR-y expression may ameliorate the dele-
terious effects of FFA on pancreatic B-cells (6, 7). It has al-
so been demonstrated that pioglitazone, a known stimu-
lator of PPAR-y expression (8), reduces fatty acid-induced
oxidative stress and apoptosis in pancreatic B-cells (9).
At present, there are a number of anti-lipoapoptotic phar-
macological options available to protect pancreatic 3-
cells from FFA-related damage, including thiazolidine-
diones, a PPAR-o agonist, glucagon like peptide-1, and
anti-oxidants (10). Although these medications can pro-
tect B-cells, they tend to be very expensive and have a
number of unwanted side effects (10). Therefore, such
treatments are not available to all patients, particularly
those for whom expense is a significant concern (10).
There is an obvious need to find safe, effective, and eco-
nomic anti-lipoapoptotic medications to prevent FFA-as-
sociated pancreatic B-cell damage. Chinese Goldthread
is a Ranunculaceae plant that grows widely in China and
has been used to treat diabetes mellitus in China for
many years. It contains many alkaloids, of which the con-
tent of berberine, an isoquinoline alkaloid, is the high-
est. Recently, it has been reported that berberine re-
duced plasma glucose concentrations and prevented di-
abetic complications in rats (11, 12). In addition, the an-
ti-diabetes effect of berberine has been demonstrated
in a clinical study (13). Hypolipidemic effects of berberine
have also been demonstrated and shown to be mecha-
nistically different to those of statins (14).
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In the present study, we tested the hypothesis that
berberine has the capacity to regulate the expression of
PPAR-yin B-cells and thus prevent lipoapoptosis. Specif-
ically, we examined palmitate-mediated B-cell lipoapop-
tosis and PPAR-y expression in the presence or absence
of differing concentrations of berberine.

MATERIALS AND METHODS
Cell culture and reagents

HIT-T15 cells (SV 40-transformed pancreatic B-cells from Syri-
an hamsters) were grown in culture Dulbecco’s modified Ea-
gle medium (Gibco, New York, USA) containing 20% BSA, 5.6
mM glucose, 0.3 g/l glutamine, 100 U/ml penicillin, and 100
pg/ml streptomycin and maintained at 37 C, 5% carbon diox-
ide (CO,), and 95% humidity for 24 to 48 h until cells had
grown to confluence. Cells were divided into the following 7
treatment groups: untreated controls (no palmitate nor berber-
ine); 100 pM berberine; 0.5 mM palmitate; 0.5 mM palmitate
+ 0.1 uM berberine; 0.5 mM palmitate + 1 uM berberine; 0.5
mM palmitate + 10 pM berberine; and 0.5 mM palmitate +
100 pM berberine. A 2.68 mM berberine hydrochloride (con-
centration: 99.5%; Sichuan Yabao Guangtai Pharmaceutical Co
Ltd, Pengzhou, Sichuan, China) stock solution in distilled water
was initially prepared and diluted to obtain the appropriate
concentrations in culture medium. Specifically, to make a 10
mmol/| palmitate solution, 51.284 mg (0.2 mmol) palmitate
and 8 mg sodium bicarbonate (0.2 mmol) were dissolved in 2
ml distilled water, shaking the solution in a 70 C water bath. In
addition, 1.8 mg BSA was dissolved in 18 ml distilled water,
shaking the solution in a 55 C water bath. Both solutions were
combined (10 mmol/l palmitate) and diluted in 180 ml culture
DMEM (1 mmol/I palmitate). Finally, a final 0.5 mmol/I palmi-
tate solution was prepared by diluting the 1 mmol/I palmitate
solution in DMEM, after which it was filtered and stored at 4 C.
The effects of berberine were assessed in triplicate for each

group.

Assessment of apoptosis

Flow cytometry

After 48-h treatment, cells were harvested by trypsinization and
washed three times with phosphate buffered saline (PBS). Cell
pellets were then resuspended in 500 pl binding buffer with 5 pl
of Annexin V-FITC (Beyotime, JiangSu, China) at final 1:100 di-
lution concentration and propidium iodide (Beyotime, JiangSu,
China) and incubated for 5 to 15 min in the dark. The cell sus-
pensions were then analyzed by flow cytometry (CoulterFlow,
Beckman Coulter, Brea, CA). The rate of apoptosis (given as the
percentage of the total number of cells undergoing apoptosis)
was automatically calculated according to the intensity of fluo-
rescence.

Hoechst 33258 fluorescence assay

After 48-h treatment, cells were trypsinized and washed twice
with PBS. Cell were then fixed with 4% paraformaldehyde and
stained with Hoechst 33258 (Sigma, St Louis, MO). The cells
were then observed using fluorescent microscopy, and three
separate fields were counted. These findings are presented as
the integrated optical density calculated by multiplying the av-
erage optical density (the average intensity of all positive cells)
by the area of examination.
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Insulin secretion

Cell culture media (0.5 ml) was removed from each well after
48-h treatment and centrifuged; supernatant was stored at —20
C to assess baseline insulin concentrations. Glucose was added
to the culture medium remaining in the wells at a final concen-
tration of 22 mM. Cells were cultured for a further 60 min after
which 0.5 ml of supernatant were obtained and stored at -20 C
for assessment of glucose-stimulated insulin secretion (GSIS).
GSIS was determined by subtracting the baseline insulin con-
centration from the insulin concentration obtained following the
glucose stimulation.

Insulin concentrations were measured using a commercially avail-
able radioimmunoassay kit (Beijing North Biotechnology Re-
search Institute, Beijing, China) following the instructions pro-
vided. Briefly, 125|-insulin and samples were mixed with insulin
antibodies provided, and incubated at 4 C for 24 h. A precipi-
tative reagent was added, and the samples were incubated at
room temperature for 60 min, centrifuged, and the supernatant
isolated. Insulin concentrations were measured using the
SN695B type intelligent radioimmunoassay apparatus (Shang-
hai Hesuorihuanguandian Apparatus Co. Ltd, China) and are
presented in plU/ml.

Real-time PCR

Total RNA was extracted from the treated HIT-T15 cells using
Trizol reagent (MRC, Cincinnati, OH) and stored at =80 C. RNA
was reverse transcribed to obtain cDNA. Real-time PCR (FTC-
2000A Real-Time PCR system, Canada) was then performed us-
ing SYBR green (TOYOBO, Japan) and the following PPAR-y
primer sequences obtained from the National Center for
Biotechnology Information (NCBI) GenBank: forward 5'-tcat-
gcttgcgaaggattgaag-3' and reverse 5'-ccaaacctgatggcattgtga-
gac-3'. Samples were normalized for actin expression using the
following primers: forward 5’'ctggcaccacaccttctacaatg-3' and re-
verse 5'cctcgtagatgggcacagtgtg-3'.

The PCR parameters were as follows: 95 C for 30 sec, 95 C for
5 sec, 60 C for 5 sec and 72 C for 20 sec for 50 cycles, followed
by 60 C for 10 sec and 98 C for 1 sec. PPAR-y mRNA expres-
sion was determined using the AACt method, where expression
in each experimental group was relative to that of the control

group.

PPAR-y protein immunocytochemistry

Following 48 h of treatment, the cells were washed 3 times with
PBS and fixed with 4% paraformaldehyde for 10 to 30 sec. After
3 PBS washes (5 min each), the cells were incubated with 0.03%
hydrogen peroxide (H,O,) for 5 to 10 sec at room temperature
to inactivate endogenous peroxidase activity. The cells were
then washed 3 times with distilled water and permeabilized with
0.1% triton X-100 in PBS at room temperature. Several drops of
5% BSA were added, and the cells were incubated for 10 min at
room termperature. The primary PPAR-y antibody (Boster,
Wuhan, China) was then added (10 pg/ml final concentration),
followed by an overnight incubation at 4 C. The secondary an-
tibody, biotinylated horseradish peroxidase labeled goat anti-
rabbit IgG [IgG (H+L)] (Boster; 1:200 dilution), was then added,
followed by the addition of an avidin-biotin horseradish perox-
idase complex (Boster; 1:200 dilution) for 40 min at 37 C. Slides
were stained at room temperature using a diaminobenzidine
(DAB) kit and then lightly co-stained with hematoxylin for 2 min.
Images were captured and analyzed using image analysis soft-
ware (Image Pro-Plus, Media Cybernetics Co, USA).



Statistical analysis

Statistical analysis was performed using SPSS 11.5 statistical soft-
ware (SPSS, Chicago, IL). Data were expressed as mean*SD,
and comparisons were performed using one-way analysis of vari-
ance (ANOVA) followed with two by two comparisons adjusted
using the Bonferroni approach. A p-value <0.05 was considered
statistically significant.

RESULTS

Effect of berberine on apoptosis

Apoptosis of HIT-T15 cells in response to palmitate com-
bined with different concentrations of berberine were de-
tected by flow cytometry (Fig. 1A-G). These findings are
summarized in Figure 2. The Hoechst 33258 fluorescent
assay was also performed to examine the apoptosis (Fig.
2B). A representative fluorescent image obtained from
each treatment group using the Hoechst 33258 fluores-
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cent assay is shown in Figure 3. The DNA observed in
dead cells was condensed and prominently stained (ar-
rows). Similar responses were observed using either of
the two methods of assessment. Whereas 100 pyM
berberine did not influence apoptosis as compared to
the control group, apoptosis was significantly increased
in cells exposed to 0.5 mM palmitate (p<0.0001). Palmi-
tate-induced apoptosis decreased in a dose-dependent
manner with increasing concentrations of berberine. In
fact, apoptosis was significantly reduced in all palmitate-
berberine treatment groups as compared to the 0.5 mM
palmitate group (p<0.05). Furthermore, although there
was no significant difference in apoptosis between the
0.5 mM palmitate + 0.1 pM berberine and the 0.5 mM
palmitate + 1 pM berberine groups, apoptosis levels
were significantly reduced in the groups treated with 10
and 100 pM berberine, indicating a dose-responsive ef-
fect of berberine in these cells (p<0.05).
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Fig. 1 - Berberine (BBR) inhibited the palmitate (PA)-induced apoptosis in HIT-T15 cells.
The cells were stained with Annexin-V-FITC and propidium iodide (Pl) after treatment
with different concentrations of BBR for flow cytometer assay. The percentage of apop-
tosis cells was 16.3+0.28% in the normal control group (A), 16.75+0.07% in the 100 uM
BBR group (B), 27.47+2.45% in the 0.5 mM PA group (C), 23.13+1.01 % in the 0.5 mM
PA+ 0.1 uM BBR group (D), 20.83+0.38% in the 5).5 mM PA+1 uM BBR group (E),
19.820.1% in the 0.5 mM PA+10 uM BBR group (F), 17.47+0.45% in the 0.5 mM
PA+100 uM BBR group (G). The experiment was in triplicated and data were present-
ed in mean=SD.
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Effect of berberine on insulin secretion

As shown in Figure 4A, there were no significant differ-
ences in baseline insulin concentrations or GSIS between
the control and 100 pM berberine groups. Baseline in-
sulin levels were significantly increased, whereas GSIS
levels were significantly decreased in response to 0.5 mM
palmitate (p<0.0001). However, no differences in baseline
insulin concentrations or GSIS were observed between

..

..
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cells treated with palmitate and those treated with
palmitate and berberine.

Effect of berberine on PPAR-y mRNA expression

To determine whether the anti-lipoapoptotic action of
berberine was mediated by PPAR-y expression, the ef-
fects of berberine on PPAR-y mRNA expression were an-
alyzed. As shown in Figure 4B, significantly decreased

Fig. 3 - Hoechst 33258 fluorescence
analysis showing the prominent DNA
staining of dead cells indicated by arrows
in the untreated control (A), 100 uM BBR
(B), 0.5 mM palmitate (C), 0.5 mM palmi-
tate + 0.1 uM BBR (D), 0.5 mMpalmitate
+ 1 uM BBR (E), 0.5 mM palmitate + 10
uM BBR (F), or 0.5 mM palmitate + 100
uM BBR (G) groups (200x magnification)
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PPAR-y mRNA expression was observed in cells treated
with 0.5 mM palmitate (p<0.0001). In addition, PPAR-y
mRNA expression levels were significantly higher in all
cells treated with palmitate + berberine as compared to
those treated with palmitate alone (p<0.05). Finally,
PPAR-y mRNA levels were significantly reduced in the 0.5
mM palmitate + 0.1 pM berberine group as compared
to all other palmitate + berberine groups (p<0.05).

Effect of berberine on PPAR-y protein expression

To verify the effects of berberine on PPAR-y expression at
the level of protein expression, immunocytochemical anal-
ysis was performed. Representative images demonstrat-
ing PPAR-y expression in HIT-T15 cells from each treat-
ment group are shown in Figure 5. As shown in Figure 6,
PPAR-y protein levels were significantly decreased in the
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palmitate group as compared to the control group
(0<0.0001). PPAR-y protein levels were significantly high-
er in all palmitate + berberine groups as compared to
the palmitate group (p<0.05). In addition, PPAR-y pro-
tein levels increased in a dose-dependent manner with
increasing berberine concentrations. Specifically, PPAR-
vy protein levels were significantly higher in the 0.5 mM
palmitate +100 pM berberine group as compared to
both the 0.5 mM palmitate + 0.1 yM berberine and 0.5
mM palmitate + 1 uM berberine groups (p<0.05).

DISCUSSION

Lipotoxicity is an important mediator of Type 2 diabetes
mellitus. Long-term elevation of FFA levels not only in-
duces fat deposition in peripheral tissues thereby con-

Fig. 5 - The effects of palmitate (PA) and
various concentrations of berberine (BBR)
on PPAR-y protein expression in HIT-T15
cells. PPAR-y expression (brown dots in-
dicated by arrows) as determined by im-
munocytochemistry was analyzed in the
untreated control (A), 0.5 mM palmitate
(B), 0.5 mM palmitate + 0.1 uM BBR (C),
0.5 mM palmitate + 1 uM BBR (D), 0.5
mM palmitate + 10 uM BBR (E), and 0.5
mM palmitate + 100 uM BBR (F) groups
(400x magnification).
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tributing to insulin resistance, but also leads to apopto-
sis of pancreatic B-cells. In the present study, we found
that palmitate-mediated apoptosis of HIT-T15 pancreat-
ic B-cells could be reduced by concurrent treatment with
berberine, an extract from an herb commonly used in
Chinese medicine. This effect appears to be mediated at
least in part by increased PPAR-y expression.

Findings from an in vitro study have revealed increased
B-cell GSIS following short-term (<24 h) exposure to FFA,;
however, upon long-term exposure (>24 h), decreased
GSIS was observed (15). In addition, Dixon et al. report-
ed that basal insulin secretion from BRIN-BDII tumor cells,
a B-cell line, was increased by nearly two-fold following
exposure to 100 pM palmitate for 24 h (16). In the present
study, we found that baseline insulin secretion was sig-
nificantly increased in HIT-T15 cells in response to 0.5
mM palmitate for 48 h; however, GSIS was significantly
decreased with palmitate treatment. The reason for this
decrease following glucose exposure is presumably due
to a stronger effect of glucose (as compared to palmi-
tate) on insulin secretion. Furthermore, decreased GSIS in
our study coincided with increased HIT-T15 cell apopto-
sis; the palmitate-mediated apoptosis presumably re-
duced the number of cells, thereby decreasing insulin se-
cretion. Additional study is needed to confirm this.

We found that there was a non-significant tendency to-
wards increased GSIS following HIT-T15 cell exposure to
berberine and palmitate as compared to palmitate alone.
The trend for increased GSIS in cells treated with berber-
ine may be attributed to reduced apoptosis in these cells.
In addition, the lack of significance may be due to insuf-
ficient culture duration. Further experiments are warrant-
ed to assess GSIS at a later time after glucose exposure.
Findings from previous in vitro studies have demonstrat-
ed that berberine induces apoptosis in a number of dif-
ferent tumor cell lines such as PG (human prostate can-
cer), HSC-3 (human oral squamous carcinoma), MCF-7,
and MDA-MB-231 (human breast cancer) cells (17-21).
However, other studies have found that berberine inhibits
apoptosis, particularly that induced by ischemia (22). In
addition, an isoquinoline alkaloid, protopine, which has a
similar structure to berberine, has the capacity to reduce
cerebral cell apoptosis caused by ischemic injury (23).
Our study also shows that berberine can significantly re-
duce palmitate-mediated apoptosis in HIT-T15 cells in a
dose-dependent manner.

Coinciding with the decreased rates of apoptosis in cells
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treated with berberine and palmitate, we observed dose-
dependent increases in PPAR-y mRNA and protein ex-
pression levels. We did not assess the effects of berber-
ine alone on PPAR-y expression. This should be ascer-
tained in future studies. Nevertheless, our findings sug-
gest that the berberine-associated protection against
palmitate-induced apoptosis in HIT-T15 cells is at least
in part due to increased PPAR-y expression. Other stud-
ies have demonstrated that B-cells are less susceptible
to FFA-associated damage when PPAR-y expression is
increased. For instance, Du et al. found pancreatic B TC3
cells were protected from FFA-induced cell damage
when PPAR-y1 expression was elevated (6). In addition,
Lin et al. reported that treatment of pancreatic B-cells
with the PPAR-y activator, rosiglitazone, inhibited islet
amyloid polypeptide-induced apoptosis (24). Mechanis-
tically, findings from a number of studies suggest that
PPAR-y has the capacity to interfere with the natural fac-
tor-xB (NF-kB) signalling pathway, thus inhibiting in-
ducible nitric oxide synthase expression and the activa-
tion of proteinases involved in apoptosis (25, 26). Further
studies using PPAR-y antagonists are warranted to con-
firm the importance of PPAR-y in mediating the berber-
ine-associated protection described in this report.

We found that HIT-T15 cells exposed to palmitate alone
exhibited decreased expression of PPAR-y as compared
to control cells. It is unclear precisely how this effect is
mediated. Findings from a previous study indicate that
palmitate can reduce expression of PPAR-y coactivator
1o in skeletal muscle cells (27), and that this is mediated
by altered mitogen-activated protein kinase-extracellu-
lar signal-related kinase and NF-kB activation (27). Addi-
tional research is needed to determine whether similar
mechanisms of action mediate the changes observed in
this study.

While apoptosis was clearly detected using the Hoechst
33258 fluorescence assay, a dose-dependent effect (seen
with flow cytometry) was not apparent. The different
apoptosis pattens obtained by flow cytometry and
Hoechst 33258 fluorescence assay may be methodolo-
gy-related. Annexin-V FITC (used in flow cytometry) al-
lows for the detection of apoptotic cells at both the ear-
ly and late stages of apoptosis, while Hoechst 33258
does not allow for such differentiation and is semi-quan-
titative.

The apoptosis of pancreatic B-cells caused by hyper-
lipemia is an important underlying mediator of Type 2



diabetes mellitus. In this study, we report that berberine,
a Chinese medicinal herbal extract, can reduce the level
of palmitate-induced apoptosis in B-cells and that this
may be due to associated increases in PPAR-y expres-
sion. Our findings suggest that berberine may be of use
in the clinical setting to protect pancreatic B-cells from
lipoapoptosis. Further in vitro and in vivo animal studies
are required to delineate the underlying mechanisms and
confirm the efficacy of berberine treatment to this end.
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