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Effects of neutral sulfate berberine on LPS-induced cardiomyocyte TNF-α
secretion, abnormal calcium cycling, and cardiac dysfunction in rats1
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Abstract
Aim: To evaluate the effect of neutral sulfate berberine on cardiac function, tumor
necrosis factor α (TNF-α) release, and intracellular calcium concentration ([Ca2+]i)
in cardiomyocytes exposed to lipopolysaccharide (LPS).  Methods: Primary cul-
tured rat cardiomyocytes were prepared from ventricles of 3–4-day old Sprague-
Dawley rats.  TNF-α concentrations in cell-conditioned media were measured by
using a Quantikine enzyme-linked immunosorbent assay kit, and cardiomyocyte
[Ca2+]i was measured by using Fura-2/AM.  The isolated rat hearts were perfused
in the Langendorff mode.  Results: LPS at doses of 1, 5, 10, and 20 µg/mL markedly
stimulated TNF-α secretion from cardiomyocytes, and neutral sulfate berberine
inhibited LPS-induced TNF-α production.  Intracellular calcium concentration was
significantly decreased after LPS stimulation for 1 h, and increased 2 h after LPS
treatment.  Pretreatment with neutral sulfate berberine reversed the LPS-induced
[Ca2+]i alterations, although neutral sulfate berberine did not inhibit a rapid in-
crease in cardiomyocyte [Ca2+]i induced by LPS.  Perfusion of isolated hearts with
LPS (100 µg/mL) for 20 min resulted in significantly impaired cardiac performance
at 120 min after LPS challenge: the maximal rate of left ventricular pressure rise and
fall (±dp/dtmax) decreased compared with the control.  In contrast, ±dp/dtmax at 120
min in hearts perfused with neutral sulfate berberine (1 µmol/L) for 10 min followed
by 20 min LPS (100 µg/mL) was greater than the corresponding value in the LPS
group.  Conclusion: Neutral sulfate berberine inhibits LPS-stimulated myocardial
TNF-α production, impairs calcium cycling, and improves LPS-induced contrac-
tile dysfunction in intact heart.
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Introduction
 Myocardial depression is a common complication in pa-

tients with septic shock, and 40% of patients with sepsis
develop cardiac dysfunction characterized by biventricular
dilatation, decreased ejection fraction, reduced response to
fluid resuscitation, and altered cardiac index[1].  Parker et al
reported that these cardiovascular abnormalities were revers-
ible in surviving patients, but not in non-survivors, demon-
strating that myocardial depression significantly contributed
to the mortality of patients with septic shock[2].  It is gener-
ally believed that endotoxin, a lipopolysaccharide (LPS) com-
ponent of the outer membrane of Gram-negative bacteria,

was a major mediator of the cardiovascular dysfunction dur-
ing sepsis.  Administration of LPS to healthy humans could
induce myocardial dysfunction, a phenomenon that has been
simulated in experimental animal models[3,4].  Evidently, it
was very important to develop a potential therapeutic agent
for LPS-induced heart failure.

Berberine, an isoquinoline derivative alkaloid, is a major
component of Rhizoma coptidis (Huanglian), a herb used in
traditional Chinese medicine.  Berberine has been found to
have multiple pharmacological activities, including
antidiarrheal, anti-tumor and anti-inflammatory effects, and
vasorelaxant and antiproliferative properties[5–7].  Some stud-
ies have demonstrated that berberine has wide cardiovascu-
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lar effects.  Chiou et al reported that berberine induced en-
dothelium-independent vascular relaxation via blocking the
release of Ca2+ from internal stores[8].  Recently, the efficacy
and safety of berberine for the treatment of chronic heart
failure was assessed, and it was demonstrated that treat-
ment with berberine increased left ventricular ejection frac-
tion and exercise capacity, decreased the frequency and com-
plexity of ventricular premature complexes, improved quality
of life and decreased mortality in patients with congestive
heart failure[9].  However, it is still unclear whether berberine
has a prophylactic or therapeutic effect on LPS-induced
myocardial dysfunction.

Although the mechanism of LPS-induced myocardial
dysfunction is not completely understood, it has recently
been established that upregulation of tumor necrosis factor α
(TNF-α) levels and abnormal calcium cycling in cardiomyo-
cytes were involved in LPS-induced myocardial dysfunction[10].
Therefore, in the present study we examined the effect of
neutral sulfate berberine on TNF-α release from and intracel-
lular calcium concentration ([Ca2+]i) in cardiomyocytes ex-
posed to LPS.  In order to verify the direct action of neutral
sulfate berberine on LPS-induced cardiac dysfunction,
changes in cardiac function of isolated intact rat hearts ex-
posed to LPS and/or neutral sulfate berberine were also
determined.

Materials and methods

Cell culture preparation  Neonatal Sprague-Dawley rats
were purchased from the Guangdong Province Center for
Laboratory Animals.  All animals received humane care.  Pri-
mary cultured rat cardiomyocytes were prepared from the
ventricles of 3–4-day-old Sprague-Dawley rats according to
the published procedure[11].  Briefly, the neonatal rats were
killed and their hearts were excised.  The ventricles were
minced and digested in a 0.125% trypsin solution [0.2 g/L
ethylenediamine tetraacetic acid (EDTA), Ca2+/Mg2+-free
Hanks’ buffered salt solution].  Then the cells were collected
and resuspended in Dulbecco’s modified Eagles’ medium
(DMEM)-F12 (Gibco-BRL) supplemented with 10% fetal bo-
vine serum, 100 U/mL penicillin and 100 µg/mL streptomycin.
After 2-h incubation at 37 °C in 5% carbon dioxide and 95%
oxygen in a humidified incubator (Thermo Forma, USA), most
of the contaminating fibroblasts were attached to the culture
flask, and the cardiomyocytes were prepared from the unat-
tached cells.  Cardiomyocyte viability was examined using
trypan blue exclusion, and the cell suspension was adjusted
to a density of 5×105 cells/mL and cultured for 48 h, during
which time the attached cardiomyocytes began to contract

spontaneously.  The cells were used in the experiments on d 4
of culture.

Measurement of TNF-α   Neonatal cardiomyocytes plated
at a density of 5×105 cells/mL were incubated with LPS (O55:
B5, Sigma) at concentrations of 1, 5, 10, and 20 µg/mL for 6 h.
In another experiment, the neonatal rat cardiomyocytes were
treated with 10 µg/mL LPS alone or in combination with 1, 2,
or 4 µmol/L neutral sulfate berberine (Sigma) for 6 h.  TNF-α
concentrations in cell-conditioned media were measured by
using a Quantikine enzyme-linked immunosorbent assay kit
(R&D Systems, Minneapolis, USA) for rat TNF-α, accord-
ing to the manufacturer’s instructions.

Fura-2 acetoxymethyl ester loading and measurement
of [Ca2+]i  Neonatal rat cardiomyocytes (5×105 cells/mL) were
loaded with Fura-2/acetoxymethyl (AM) ester (Sigma) at a
final concentration of 5 µmol/L for 30 min in the dark, then
the cells were washed with Hanks’ solution 3 times to re-
move the extracellular Fura-2/AM.  Based on methods de-
scribed previously[12], Fura-2 fluorescence was monitored
with a Shimadzu RF-5000 fluorescence spectrophotometer
(Japan) with excitation at 340 and 380 nm and emission at 510
nm, which was performed in a water-jacketed cuvette at 37
°C.  Basal and agent-induced changes in the excitation ratio
of Fura-2 (340/380 nm) were measured for approximately 10
min after the addition of 50 µmol/mL KCl, 5 µg/mL
isoproterenol, 200 µg/mL LPS and 1 or 2 nmol/mL neutral
sulfate berberine.  Maximum (Rmax) and minimum (Rmin) fluo-
rescence values were determined by adding 50 µL of Triton
X-100 (10%) and 100 µmol/L ethyleneglycol-bis(β-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA), respectively.  The
cardiomyocyte [Ca2+]i was then calculated.  In some
experiments, the neonatal rat cardiomyocytes were treated
with 200 µg/mL LPS and/or 2 nmol/mL neutral sulfate ber-
berine for 1–2 h, after which the cardiomyocyte [Ca2+]i was
examined using Fura-2/AM.

Perfused heart preparation  Based on a method de-
scribed by Stamm et al[10], isolated rat hearts were perfused
in Langendorff mode.  In brief, male Sprague-Dawley rats
weighing 200±20 g, obtained from the Guangdong Province
Center for Laboratory Animals were anticoagulated with he-
parin (200 U, iv) and anesthetized with intraperitoneal ad-
ministration of sodium pentobarbital (35 mg/kg).  The hearts
were rapidly excised and arrested in chilled normal saline.
After the aorta was cannulated, hearts were perfused retro-
gradely on a Langendorff apparatus with filtered Krebs-
Henseleit buffer at 37 °C and a constant pressure of 80
cmH2O.  The Krebs-Henseleit solution was composed of
(mmol/L): NaCl 118, KCl 4.7, KH2PO4 1.2, NaHCO3 25,
CaCl2 2.5, MgSO4 1.2, and glucose 11.  The solution was
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equilibrated with a 5% CO2 and 95% O2 gas mixture (pH
7.35–7.45).  A small latex balloon filled with fluid was
inserted in the left ventricle and connected to a pressure
transducer, then the maximal rate of left ventricular pres-
sure rise and fall (±dp/dtmax) and heart rate were measured
by using a Biolab-410 physiological function system (China)
throughout the experiment.  The hearts were divided into 4
groups: the hearts in the control group were perfused with
Krebs-Henseleit buffer; the hearts in the LPS group were
perfused with 100 µg/mL LPS for 20 min followed by Krebs-
Henseleit buffer; in the neutral sulfate berberine plus LPS
group, the hearts were infused with 1 µmol/L berberine for 10
min followed by 100 µg/mL LPS for 20 min, and Krebs-
Henseleit buffer to the end of the experiment; and the hearts
in the berberine group were perfused with 1 µmol/L berberine
for 10 min followed by Krebs-Henseleit buffer to the end of
the experiment.

Statistical analysis  Results are expressed as mean±SD.
Statistical analysis was performed using the SPSS software
package (version 8.0).  Paired t-tests, Student’s t-test and
one-way ANOVA followed by the Student-Newman-Keuls
test were used to determine statistical significance.  The dif-
ference between means was considered statistically signifi-
cant when P was less than 0.05.

Results
Influence of LPS and neutral sulfate berberine on TNF-α

secretion in neonatal rat cardiomyocytes  LPS stimulated
TNF-α release from cardiomyocytes.  In the presence of 10%
fetal bovine serum, untreated cardiomyocytes produced a
basal level of 86.6±7.3 pg/mL of TNF-α.  Treatment of cardio-
myocytes for 6 h with LPS at concentrations of 1, 5, 10, and
20 µg/mL all caused a significant increase in the amount of
TNF-α released (Figure 1).  In contrast, berberine inhibited
LPS-induced TNF-α release from neonatal rat cardiomyo-
cytes in a dose-dependent manner.  Berberine at a concen-
tration of 4 nmol/mL almost completely prevented the in-
crease in TNF-α release in cardiomyocytes exposed to 10
µg/mL LPS (Table 1).

Effects of neutral sulfate berberine on [Ca2+]i changes
in neonatal rat cardiomyocytes exposed to KCl, isopro-
terenol, and LPS  Addition of 50 mmol/L KCl caused an
increase in the [Ca2+]i of cardiomyocytes from 70.61±4.26
nmol/L to 159.63±11.88 nmol/L (n=6, P<0.01), and this in-
crease was completely suppressed by pretreatment of the
cardiomyocytes with 2 µmol/L berberine (75.26±6.06 nmol/L;
Figure 2).  As shown in Table 2, pretreatment of cardio-
myocytes with 2 µmol/L berberine for 10 min did not sup-
press the isoproterenol-evoked increase in [Ca2+]i of cardio-

myocytes.  LPS at a concentration of 200 µg/mL evoked a
rapid increase in [Ca2+]i of cardiomyocytes 10 min after stimu-
lation (Figure 3).  Berberine treatment alone for 10 min stimu-
lated an increase in the [Ca2+]i of cardiomyocytes, but did
not inhibit the LPS-induced rapid elevation of the [Ca2+]i of

Table 1.   Effect of neutral sulfate berberine on TNF-α secretion
from cardiomyocytes treated with LPS.  n=8.  Mean±SD.   bP<0.05 vs
control.  eP<0.05 vs LPS group.

                   Group                                     TNF-α (pg/mL)

Control   81.0±21.9
LPS (10 µg/mL) 125.5±21.5b

LPS (10 µg/mL)+berberine (1 µmol/L) 112.0±13.8b

LPS (10 µg/mL)+berberine (2 µmol/L) 103.8±8.0e

LPS (10 µg/mL)+berberine (4 µmol/L)   89.7±18.5e

Berberine (4 nmol/mL)   68.3±26.4

Figure 1.  TNF-α secretion from cardiomyocytes stimulated with
LPS at different doses.  n=6. Mean±SD.  bP<0.05 vs control.

Figure 2.  Changes in the 340/380 nm ratio of Fura-2 fluorescence
intensity in Fura-2-loaded cardiomyocytes after neutral sulfate ber-
berine (2 µmol/L) and KCl (50 mmol/L) stimulation.
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cardiomyocytes (Table 3).  However, [Ca2+]i in cardiomyo-
cytes decreased markedly when the cells were treated with
LPS (200 µg/mL) for 1 h, and became significantly elevated
2 h after LPS exposure.  Both of these effects were reversed
by 2 µmol/L berberine.  Berberine treatment for 1 and 2 h pro-
duced an elevation in [Ca2+]i of cardiomyocytes (Table 4, 5).

Effects of neutral sulfate berberine and LPS on heart
rate and ±dp/dtmax in isolated rat hearts Infusion with 100
µg/mL LPS for 20 min significantly decreased the heart rate
from 256±56 beats/min to 140±104 beats/min at 120 min in
isolated rat hearts (P<0.05), whereas this effect was not found
in control hearts.  Infusion with 1 µmol/L berberine for 10 min
also reduced the heart rate from 289±35 beats/min to 194±38
beats/min at 120 min (P<0.05).  Moreover, berberine did not
antagonize the LPS-induced drop in heart rate (from 253±56
beats/min to 160 ± 49 beats/min at 120 min).  As shown in
Tables 6 and 7, perfusion of isolated heart with 100 µg/mL
LPS for 20 min resulted in significantly impaired cardiac per-
formance at 120 min after LPS challenge, and the maximal rate
of left ventricular pressure rise and fall (±dp/dtmax) decreased
compared with the controls.  In contrast, ±dp/dtmax at 120

min of hearts perfused with 1 µ mol/L berberine for 10 min,
followed by 100 µg/mL LPS for 20 min was higher than that
for hearts in the LPS group.

Discussion
 The mechanism of LPS-induced cardiodepression re-

mains controversial.  Recently, some evidence has demon-
strated that TNF-α contributes to LPS-induced cardiac

Table 3.   Effects of neutral sulfate berberine (1 µmol/L) treatment
for 10 min on LPS (200 µg/mL)-induced intracellular free calcium
concentration changes in cardiomyocytes.  Cardiomyocytes pretreated
with berberine for 10 min were stimulated with LPS.  Data represent
intracellular free calcium concentrations in cardiomyocytes at 10
min post LPS treatment.  Mean±SD. bP<0.05 vs before LPS (200 µg/mL)
stimula-tion.  eP<0.05 vs control.

                                           [Ca2+]i (nmol/L)
     Group                             n     Before LPS         After LPS
                                                    stimulation      stimulation

Control 8   83.1±12.2 200.3±20.6b

Berberine (1 µmol/L) 7 201.7±86.1 244.4±102.8b

Berberine (2 µmol/L) 6 245.1±23.6e 353.2±104.6b

Table 4 .  Changes in intracellu lar free calcium concentration in
cardiomyocytes 1 h after neutral sulfate berberine (2 µmol/L) and
LPS (200 µg/mL) treatment.  Mean±SD. cP<0.01 vs control group.
fP<0.01 vs LPS group. iP<0.01 vs berberine+LPS group.

     Group                                     n                 [Ca2+]i (nmol/L)

Control 7 75.06±12.80
LPS 7 43.21±7.55c

Berberine+LPS 4 73.76±2.92
Berberine 4 95.74±5.60c,f,i

Table 2.   Effects of neutral sulfate berberine (2 µmol/L) pretreat-
ment for 10 min on isoproterenol (ISO, 5 µg/mL)-induced intracellu-
lar free calcium concentration changes in cardiomyocytes.  Mean±SD.
bP<0.05 vs control.  eP<0.05 vs before ISO stimulation.

                                        [Ca2+]i (nmol/L)
    Group                 n           Before ISO                 After ISO
                                              stimulation       stimulation

Control 3 54.78±2.40   83.48±3.04e

Berberine 6 99.95±16.42b 148.02±11.04e

Table 5 .  Changes in intracellu lar free calcium concentration in
cardiomyocytes 2 h after neutral sulfate berberine (2 µmol/L) and
LPS (200 µg/mL) treatment.  Mean±SD.   bP<0.05 vs control.  eP<0.05
vs LPS group.

    Group                                n                       [Ca2+]i (nmol/L)

Control 6  78.60±27.44
LPS 7 198.60±17.71b

Berberine+LPS 4 139.12±14.90e

Berberine 4 168.15±9.53b

Figure 3.  Changes in the 340/380 nm ratio of Fura-2 fluorescence
intensity in Fura-2-loaded cardiomyocytes after LPS (200 µg/mL)
stimulation.  ↓  Represents LPS (200 µg/mL) stimulation.  Abscissa
represents time (s); ordinate represents Fura-2 fluorescence inten-
sity ratio (340/380 nm).
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dysfunction, although other mediators have been involved
in this process[10,13].  Kapadia et al reported that during
endotoxemia, TNF-α gene and protein expression increased
in feline myocardium[14].  Furthermore, LPS has been found
to induce the secretion of TNF-α from cultured adult rat
cardiomyocytes via the CD14 signal pathway, LPS has also
been shown to trigger apoptosis in rat cardiomyocytes, which
can be blocked by pretreatment with the soluble TNF-α
fragment, indicating that the cardiodepressant action of LPS
may be in part due to TNF-α-induced apoptosis, which de-
creases the number of working myocardial cells[15].  Inhibi-
tion of myocardial NF-κB activation in transgenic mice con-
stitutively overexpressing a nondegradable I-κBα in
cardiomyocytes can inhibit cardiac TNF-α synthesis and
prevent cardiac dysfunction induced by LPS[4].  In the present
study, we confirmed that LPS stimulated TNF-α secretion
from neonatal rat cardiomyocytes and, importantly, we also
found that neutral sulfate berberine dose-dependently in-
hibited TNF-α release from cardiomyocytes exposed to LPS,
although the mechanism by which neutral sulfate berberine
suppresses LPS-stimulated TNF-α release from cardio-
myocytes remains to be further investigated.

There is some evidence that abnormal calcium cycling in
cardiomyocytes may be related to LPS-induced cardiac
depression, although reports from different laboratories are
inconsistent[16–18].  Stamm and colleagues demonstrated that
recirculating perfusion of isolated rat heart with LPS for 30

Table 7.  Effects of neutral sulfate berberine (1 µmol/L) and LPS (100 µg/mL) on -dp/dtmax in isolated rat hearts.  Mean±SD.  bP<0.05 vs control.
eP<0.05 vs LPS group.

      
Group                                        n

                                                                    -dp/dtmax (mmHg/s)
                                                      0 min                     40 min                      90 min                    120 min

Control 4 1522±117 1303±168 1173±364 1107±421
LPS 8 1792±423   957±621   777±264   551±192b

Berberine+LPS 8 1426±380 1074±684   952±358   908±314e

Table 6.  Effects of neutral sulfate berberine (1 µmol/L) and LPS (100 µg/mL) on +dp/dtmax in isolated rat hearts.  Mean±SD.  bP<0.05 vs control.
eP<0.05 vs LPS group.

       
Group                                        n

                                                 +dp/dtmax (mmHg/s)
                                                       0 min                      40 min                      90 min                  120 min

Control 4 2067±242 1746±395 1675±213 1582±213
LPS 8 2111±359 1263±722 1140±428   845±340b

Berberine+LPS 8 1767±432 1505±739 1551±489 1418±556e

min significantly impaired myocardial contractility, which was
associated with lower [Ca2+]i levels and attenuated systolic
increases in [Ca2+]i.  They found that these LPS effects were
not only mimicked by rat TNF-α but also blocked by anti-
TNF-α antibody, suggesting a direct relationship between
LPS-induced TNF-α release, abnormal calcium cycling and
reduced contractility in intact hearts[10].  Thompson et al
reported that 18-h exposure to LPS stimulated myocardial
calcium overload and that dantrolene inhibited calcium over-
load and improved LPS-induced cardiac dysfunction[19].
Therefore, decreases in [Ca2+] i in the early stage and calcium
overload in the later stage after LPS challenge played impor-
tant roles in LPS-induced myocardial depression.  In the
present study, we observed that neutral sulfate berberine
blocked a KCl-evoked increase in [Ca2+]i, although neutral
sulfate berberine itself induced a rapid rise in [Ca2+]i in
cardiomyocytes.  However, neutral sulfate berberine could
not inhibit isoproterenol- and LPS-evoked rapid increases in
cardiomyocyte [Ca2+]i.  These data indicated that LPS-stimu-
lated rapid increases in [Ca2+]i might involve multiple
mechanisms, including calcium release from the sarcoplas-
mic reticulum.  However, [Ca2+]i in cardiomyocytes decreased
markedly when the cells were treated with LPS for 1 h, and
elevated significantly 2 h after LPS exposure, both of which
were reversed by neutral sulfate berberine.

In summary, we observed that neutral sulfate berberine
not only inhibited TNF-α release, but also prevented abnor-
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mal calcium cycling in cardiomyocytes, suggesting that neu-
tral sulfate berberine may improve LPS-induced cardiac
dysfunction.  To further test this hypothesis, we also exam-
ined the effect of neutral sulfate berberine on LPS-induced
myocardial depression in isolated intact rat hearts.  We found
that neutral sulfate berberine itself had a negative effect on
frequency in isolated whole rat hearts, and did not reverse
the LPS-induced negative impact on frequency, but pre-
vented LPS-induced systolic and diastolic ventricular
dysfunction.  These findings demonstrated that neutral sul-
fate berberine inhibited LPS-stimulated TNF-α release and
normalized intracellular calcium levels in cardiomyocytes ex-
posed to LPS, and attenuated LPS-induced myocardial
depression.  Neutral sulfate berberine may be a potential
therapeutic agent for the treatment of LPS-induced heart
dysfunction, and its in vivo effect on heart function during
endotoxemia deserves to be further investigated.
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