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Berberine Differentially Modulates the Activities of ERK, p38
MAPK, and JNK to Suppress Th17 and Th1 T Cell
Differentiation in Type 1 Diabetic Mice™
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Berberine, an alkaloid derivative from Berberis vulgaris L., has
been used extensively in traditional Chinese medicine to treat
diarrhea and diabetes, but the underlying mechanisms for treat-
ing diabetes are not fully understood. Recent studies suggested
that berberine has many beneficial biological effects, including
anti-inflammation. Because type 1 diabetes is caused by T cell-
mediated destruction of B cells and severe islet inflammation,
we hypothesized that berberine could ameliorate type 1 diabetes
through its immune regulation properties. Here we reported
that 2 weeks of oral administration of berberine prevented the
progression of type 1 diabetes in half of the NOD mice and
decreased Th17 and Thl cytokine secretion. Berberine sup-
pressed Th17 and Th1 differentiation by reducing the expres-
sion of lineage markers. We found that berberine inhibited
Th17 differentiation by activating ERK1/2 and inhibited Thl
differentiation by inhibiting p38 MAPK and JNK activation.
Berberine down-regulated the activity of STAT1 and STAT4
through the suppression of p38 MAPK and JNK activation, and
it controlled the stability of STAT4 through the ubiquitin-pro-
teasome pathway. Our findings indicate that berberine targets
MAPK to suppress Th17 and Thl differentiation in type 1 dia-
betic NOD mice. This study revealed a novel role of ERKin Th17
differentiation through down-regulation of STAT3 phosphoryl-
ation and RORyt expression.

Type 1 diabetes, one of the most common autoimmune dis-
eases, is caused by T cell-mediated destruction of insulin-se-
creting 3 cells and accounts for ~5-10% of diagnosed cases of
diabetes (1). Thl and Th17 are two types of inflammatory T
cells that play important roles in the development of many
autoimmune diseases by producing IFN+? (2) and IL-17 (3, 4),
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respectively. Although Th1 is well known as an important dia-
betogenic factor in the development of type 1 diabetes (5-7),
the role of Th17 in autoimmune diabetes remains debatable.
Komiyama et al. (8) reported that IL-17 deficiency did not affect
hyperglycemia in NOD mice, whereas other studies have
emphasized the role of IL-17 in diabetes development (9 —14).
For example, IL-17 mRNA was increased during the develop-
ment of diabetes in NOD mice (11), and Th17 lymphocytes
were activated in type 1 diabetic mice (15). Interestingly, the use
of glutamic acid decarboxylase-derived peptide 206 —220-spe-
cific approaches to treat type 1 diabetes in NOD mice revealed
that adjuvant-free antigens induced IFNy and controlled blood
glucose via concomitant suppression of IL-17 secretion (9). Of
interest, a recent study showed that Th17 cells promote pan-
creatic inflammation in NOD mice (14). More interestingly,
Th17 could be converted to a Thl-like phenotype in vivo and
induce diabetes to NOD/SCID recipients (16). Accordingly, the
suppression of IL-17 production could be beneficial, if not
essential, for the treatment of type 1 diabetes. Therefore, drugs
that target Th1 and Th17 differentiation could offer promising
candidates for treating autoimmune diabetes.

Many studies are currently exploring the intracellular signal-
ing pathways involved in Th17 differentiation. It has been
shown that the orphan nuclear receptor RORyt is essential
for Th17 differentiation (17). Subsequent work revealed that
RORa is another lineage-specific transcription factor involved
in Th17 differentiation (18). Recently, STAT3 was found to act
as a novel regulator of cytokine-driven Th17 generation (19).
Interestingly, another nuclear receptor, the aryl hydrocarbon
receptor, was found to modulate Th17 differentiation (20, 21).
In our study, we found that ERK acted as a negative regulator of
Th17 differentiation in human and murine cells.

Berberine is used extensively in traditional Chinese medicine
to treat diarrhea and diabetes, but the underlying mechanisms
for treating diabetes are not fully understood. Recent studies
have shown that berberine has many beneficial biological
effects, including immunomodulation (22-27), anti-diabetic
metabolic effects (28, 29), and chemotherapeutic activity (30,
31). Because type 1 diabetes is associated with islet inflamma-
tion, we hypothesized that berberine could ameliorate type 1

regulated kinase; TCR, T cell receptor; ELISA, enzyme-linked immunosor-
bent assay; WT, wild type; BADGE, bisphenol A diglycidyl ether.
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diabetes through its immune regulatory properties, which may
explain the beneficial use of berberine in the management of
type 1 diabetes. In this study, we found that berberine treatment
ameliorated type 1 diabetes and decreased the expression of
inflammatory cytokines in NOD mice. Berberine also sup-
pressed Th17 and Thl differentiation via the activation of
ERK1/2 and inactivation of p38 MAPK and JNK, respectively.
Inhibition of ERK1/2 activity by a selective inhibitor or by ret-
roviral expression of dominant-negative forms of ERK1 or
ERK2 promoted Th17 differentiation. Berberine regulated Th1
differentiation by decreasing the activity of STAT1 and STAT4
by suppressing p38 MAPK/JNK and degrading STAT4 through
the ubiquitin-proteasome pathway. These findings may help to
evaluate the use of natural plant products in drug discovery and
to better understand the role of MAPK in T cell differentiation.

MATERIALS AND METHODS

Animals—11-week-old female NOD mice were purchased
from the SLAX animal facility at the Shanghai Institutes for
Biological Sciences and were treated with phosphate-buffered
saline (PBS) or berberine (Sigma, 200 mg/kg body weight), by
gavage, daily for 2 weeks (n = 8/group); and the mice were
monitored for 33 weeks for the progression of diabetes. This
dosage was chosen based on previous studies (28, 29). Nonfast-
ing blood glucose was measured in the tail vein every week
between 10 a.m. and 11 a.m. with a glucose meter (Freestyle;
TheraSense, Alameda, CA) throughout the study, and mice
were considered diabetic when the blood glucose level
exceeded 250 mg/dl. The nonfasting blood glucose level of
all mice was below 250 mg/dl before starting the study. In the
adoptive transfer experiment, in vitro differentiated T cells
were transferred into 7-week-old NOD.scid mice by intrave-
nous injection. Nonfasting blood glucose was measured
weekly, and it was considered diabetic when the blood glu-
cose was higher than 250 mg/dl. All animal studies were
conducted in accordance with the guidelines for animal
studies issued by the Institute for Nutritional Sciences, Chi-
nese Academy of Sciences.

Cell Purification—To isolate mouse CD4™" T cells, spleno-
cytes were prepared and depleted of B cells, macrophages,
CD8" T cells, NK cells, dendritic cells, erythrocytes, and
granulocytes using a mouse CD4 " negative selection kit (Dynal
Biotech). To isolate human CD4" T cells, peripheral blood
mononuclear cells were first isolated from peripheral blood
obtained from healthy donors by Ficoll-Paque Plus (Amersham
Biosciences), and then CD4" T cells were purified with a
MACS negative selection kit (Miltenyi Biotec). To isolate
CD4"CD25~ T cells, the purified CD4™* T cell populations
were incubated with phycoerythrin-labeled anti-CD25 anti-
body and anti-phycoerythrin magnetic beads and isolated using
a MACS separation column (Miltenyi Biotec). Cell purity was
assessed by fluorescence-activated cell sorter and was consis-
tently higher than 90% with an average purity of 96%. A repre-
sentative result is shown in supplemental Fig. 1.

Cell Culture—For Thl and Thl7 differentiation, naive
CD4™ T cells from 8- to 10-week-old NOD mice were cul-
tured in complete medium (RPMI 1640 medium and 10%
fetal bovine serum) in the presence of a-CD3/28 antibodies
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(2 pg/ml) to stimulate T cell receptors (TCRs). Th1 mixture
(IL-12 (10 ng/ml), a-IL-4 antibody (10 pug/ml)) or Th17 mix-
ture (IL-6 (10 ng/ml), transforming growth factor-B (2 ng/
ml), IL-1B (10 ng/ml), IL-23 (10 ng/ml), a-IL-4 antibody (10
pg/ml), and a-IFNvy antibody (10 ug/ml)) were added to
drive Thl and Th17 polarization, respectively. For human
Th17 differentiation, purified CD4" T cells were cultured
under a Th17 condition (IL-6 (20 ng/ml), IL-23 (20 ng/ml),
IL-1B (10 ng/ml), a-IL-4 antibody (10 pg/ml) and a-IFNvy
antibody (10 wg/ml)). After culture for 4 days, cells were
restimulated with 50 ng/ml phorbol 12-myristate 13-acetate
(Sigma) and 500 ng/ml ionomycin (Sigma) in the presence of
GolgiPlug (Pharmingen) for 5 h before intracellular staining.

To study cytokine production in berberine-treated or
untreated mice, NOD mice were sacrificed, and single-cell
suspensions of splenocytes or lymphocytes were prepared.
To examine cytokine secretion, the splenocytes were acti-
vated with a-CD3 antibody for 48 h, and the supernatant was
collected and subjected to ELISA. The following chemical
inhibitors and activators were added to the cell culture
together with the cytokine mixture, at the indicated concen-
trations: SB-202190 (0.5 ug/ml), PD98059 (10 or 20 um),
SP600125 (1 um), BADGE (1 um), rosiglitazone (1 um), and
wortmannin (1 um).

Histology—Mice were sacrificed and pancreata were dis-
sected, immediately frozen in liquid nitrogen, and then stored
at —80 °C. Pancreata were sectioned (20 wm thick) in a cryostat
(Leica), and the sections were transferred to gelatin-coated
slides. Slides were stained with hematoxylin and eosin and
examined under light microscopy. One hundred islets from
vehicle- or berberine-treated mice with equivalent glucose lev-
els were examined. Insulitis was scored using the method illus-
trated in Fig. 1.

Western Blotting and Immunoprecipitation—Cells were
lysed, and protein was extracted and resolved by 10% SDS-
PAGE. Immunoblot analysis was performed by transferring the
proteins onto polyvinylidene difluoride membranes (Millipore)
using a Mini TransBlot system (Bio-Rad). The membranes were
blocked with 5% milk in Tris-buffered saline supplemented
with Tween 20 (TBST) and incubated overnight at 4 °C with
antibodies against p38 MAPK, JNK, ERK1/2, STAT1, STAT4,
actin, phosphorylated p38 MAPK, phosphorylated JNK, phos-
phorylated ERK1/2, phosphorylated STAT1, or phosphoryla-
ted STAT4 (Cell Signaling) followed by incubation with horse-
radish peroxidase-conjugated secondary antibodies for 1 h at
room temperature. Signals were detected by enhanced chemi-
luminescence (Pierce) according to the manufacturer’s instruc-
tions. To detect STAT4 ubiquitination, protein extracts were
incubated overnight with anti-STAT4 antibody (Cell Signaling)
and precipitated with protein A/G plus-agarose (Santa Cruz
Biotechnology). The immunoprecipitation was resolved by 10%
SDS-PAGE and immunoblotted with an anti-ubiquitin anti-
body (Santa Cruz Biotechnology).

Real Time PCR—RNA (0.5-1 ug) was reverse-transcribed
into cDNA using an oligo(dT) primer (Takara), and 1 ul of
the synthesized cDNA product was then added to the PCR
mixture. Quantitative real time RT-PCR was performed
using an ABI Prism 7500 sequence detection system
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FIGURE 1. BBR improved type 1 diabetes in NOD mice. 11-week-old
female NOD mice were orally administered with vehicle or berberine daily
for 14 days. A, nonfasting blood glucose was measured every week for 33
weeks, and the NOD mice were considered diabetic when the blood glu-
cose was higherthan 250 mg/dl. B, 14 days after starting berberine admin-
istration, berberine-treated or untreated NOD mice were sacrificed, and
pancreata were dissected for histology examination. Representative
hematoxylin and eosin staining of pancreatic slides with insulitis scores
ranging from 0 to 4 are shown. C, insulitis scores of islets from berberine-
treated or untreated NOD mice with equivalent glucoses level (100 islets
each group).

Berberine

(Applied Biosystems). The sequences of the primers were as
follows: IFNy forward primer 5'-TTGGCTTTGCAGCTCT-
TCCT-3' and IFNvy reverse primer 5'-TGACTGTGCCGT-
GGCAGTA-3'; T-bet forward primer 5'-GCCATTACAGG-
ATGTTTGTGGAT-3" and T-bet reverse primer 5'-CATG-
CTGCCTTCTGCCTTTC-3'; IL-17 forward primer 5'-CTCC-
AGAAGGCCCTCAGACTAC-3" and IL-17 reverse primer
5'-AGCTTTCCCTCCGCATTGACACAG-3'; IL-17F forward
primer 5'-GAGGATAACACTGTGAGAGTTGAC-3' and
IL-17F reverse primer 5'-GAGTTCATGGTGCTGTCTTCC-
3'; RORyt forward primer 5'-CCGCTGAGAGGGCTTCAC-3’
and RORyt reverse primer 5'-TGCAGGAGTAGGCCACA-
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FIGURE 2. Cytokine profiles in berberine-treated NOD mice. 11-week-old
female NOD mice were orally administered with vehicle or berberine daily for
14 days. Splenocytes were prepared and cultured with a-CD3 antibodies at
the indicated concentration for 48 h. The supernatant was harvested, and the
concentration of IL-17 (A), IL-6 (B), IFNvy (C), and TNFa (D) was measured by
ELISA (*, p < 0.05; **,p < 0.01,n = 3).
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TTACA-3'; and B-actin forward primer 5'-TGACAGGATGC-
AGAAGGAGA-3' and B-actin reverse primer 5'-GTACTTG-
CGCTCAGGAGGAG-3'. Gene expression was normalized to
the level of B-actin in each example.

Flow Cytometry—For surface staining of CD4, T cells were
resuspended in PBS containing 1% bovine serum albumin and
were incubated on ice for 30 min with fluorochrome-conju-
gated antibodies (eBioscience) for these surface markers. For
intracellular staining of IL-17 and IFNYy, cells were fixed,
permeabilized, and stained with fluorochrome-conjugated
antibodies. The stained cells were then analyzed using a
FACSCalibur instrument.

Retroviral Transduction—Wild-type (WT) and the domi-
nant-negative (DN) form of ERK1 and ERK2 (a gift from Dr.
Melanie Cobb) were cloned into the retroviral vector pMXs-
IRES-GFP (Cell Biolabs). These constructs were transfected
into a Platinum-E cell line (Cell Biolabs) to generate retrovirus
supernatant. Naive CD4™ T cells (0.5 X 10°) were activated
under Th17 culture conditions for 2 days before incubation
with Platinum-E supernatant containing retroviruses supple-
mented with 4 ug/ml Polybrene (Sigma) and centrifuged for 1 h
at 2000 rpm at 30 °C. Two days after infection, the cells were
tested for IL-17 production using intracellular staining.

ELISA—ELISA Kits for the detection of murine IL-17, IL-6,
IFNy, and TNFa were purchased from R & D Systems and
were used in accordance with the manufacturer’s instruc-
tions. Microtiter plates were coated overnight at room temper-
ature with mouse monoclonal antibodies (capture antibody).
The wells were then blocked for 1 h with PBS containing 1%
bovine serum albumin and washed four times with 0.05%
Tween 20 in PBS. Duplicate standards and samples were added
to adjacent wells and incubated for 2 h at room temperature.
Wells were washed, and detection antibodies were added. Two
hours later, wells were washed and incubated with a horserad-
ish peroxidase-conjugated antibody in 1% bovine serum albu-
min/PBS. The plates were washed four times and incubated for
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FIGURE 3. Berberine treatment decreased IL-17 and IFN+y secretion in NOD mice. 11-week-old female NOD mice were orally administered with vehicle or
berberine daily for 14 days. Freshly isolated splenocytes and lymph nodes cells were stimulated with 50 ng/ml phorbol 12-myristate 13-acetate and 500 ng/ml
ionomycin in the presence of GolgiPlug for 5 h before intracellular staining (n = 4).

30 min with the substrate 0.0125% tetramethylbenzidine,
0.008% H,O, in citrate buffer (pH 5.0), and color development
was stopped using 2 N H,SO,. Optical densities were measured
using a microplate reader, and the concentration of cytokines
was calculated using a double standard curve (R & D Systems)
on each plate.

Statistical Analysis—The log-rank test was used to calculate
differences between diabetes rate curves of NOD mice. Two-
tailed Student’s ¢ test was used to calculate differences in other
assays. p values less than 0.05 were considered statistically
significant.

RESULTS

Berberine Delayed the Onset of Type 1 Diabetes in NOD Mice—
We first examined the effect of berberine treatment in NOD

OCTOBER 9, 2009 +VOLUME 284+NUMBER 41

mice. All (n = 8) of the vehicle-treated mice became diabetic,
but only 50% (4:8) of the berberine-treated NOD mice
became diabetic (»p < 0.05) (Fig. 1A). Insulitis was signifi-
cantly improved in the berberine-treated mice compared
with the vehicle-treated controls. The criteria for insulitis
scoring is illustrated in Fig. 1B. One hundred islets from
vehicle- or berberine-treated mice with equivalent glucose
levels were examined. Overall, 77.0% of the islets from the
berberine-treated group did not show lymphocyte infiltra-
tion, and only 45.2% of the islets in the vehicle-treated group
were free from insulitis (Fig. 1C). As a result, the insulitis
scores were markedly lower in the berberine-treated group.
To investigate whether berberine suppressed type 1 diabetes
development through inhibition of Th1/Th17 cells, in vitro
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FIGURE 4. Berberine suppressed Th17 differentiation in vitro. A, naive CD4™" T cells from NOD mice were cultured under the Th17 condition in the absence
or presence of berberine at the indicated concentration for 4 days. Intracellular staining profiles for IL-17 and IFN-y are shown. B, naive CD4* T cells were isolated
from NOD mice and cultured with «-CD3/28 to stimulate TCRin the absence of presence of the Th17 differentiation mixture (transforming growth factor-g3, IL-6,
IL-1B, IL-23, a-IL-4, and a-IFNy). Berberine was added at the indicated concentration. Three days later, RNA was extracted and reverse-transcribed into cDNA
and subjected to real time PCR. The gene expression is presented relative to that of B-actin (**, p < 0.01, n = 3). C, naive CD4" T cells from NOD mice were
cultured under the Th17 condition in the presence of the indicated drugs for 4 days. Intracellular staining profiles for IL-17 and IFN+y are shown. D, naive CD4™*
T cells from NOD mice were cultured under the Th17 condition in the absence or presence of berberine or PD98059 for 4 days. Intracellular staining profiles for
IL-17 and IFN+y are shown. E, naive CD4™ T cells from NOD mice were cultured in the presence of a-CD3/28 alone (lane 1), with the Th17 mixture alone (lane 2),
or with the Th17 mixture plus berberine (lane 3) for 24 h. The cell lysates were subjected to Western blotting for ERK and phosphorylated ERK. Quantification
of the optical density of the bands is shown in the right panel. F, CD4™ T cells were purified from vehicle- or berberine-treated mice, and cell lysates were
subjected to Western blotting for ERK and phosphorylated ERK (four mice per group). Quantification of the optical density of the bands is shown in the right
panel (**,p < 0.01,n = 4).

polarized Thl or Th17 cells with or without berberine treat- and were stimulated with a-CD3 antibody at the indicated
ment were adoptively transferred to NOD.scid mice, respec- concentration for 48 h. The cytokine profile of the superna-
tively. Adoptive transfer of berberine-treated Thl or Th17 tant showed a dramatic decrease in inflammatory cytokines,
cells both decreased diabetic rate as compared with the ber- including IL-17, IL-6, IFNy, and TNF« (Fig. 2, A-D). To
berine-untreated controls, although the suppression of dia- further investigate the effect of berberine administration on
betes with berberine-treated Th1 cells was more significant IL-17 and IFNy secretion in vivo, we also performed intra-
(supplemental Fig. 2). The results suggest that the treatment cellular staining of these two inflammatory cytokines using
efficacy of berberine in type 1 diabetes is mediated through CD4™ T cells from both the spleen and lymph nodes (Fig. 3).
the inhibition of both Thl and Th17 cells differentiation. The level of IL-17 was significantly reduced after berberine

Berberine Significantly Decreases the Production of Inflam-  treatment from 0.49 = 0.19% to 0.16 = 0.05% (p < 0.05, n =
matory Cytokines in NOD Mice—Previous studies have indi- 4) in splenic CD4* T cells and from 0.14 * 0.07% to 0.04 =
cated that the administration of berberine up-regulates the 0.02% in lymph node CD4™ T cells (p < 0.05, n = 4). Simi-
expression of IL-10 (25) and down-regulates inflammatory larly, the level of IFNywas reduced after berberine treatment
cytokines, including IFN+y, TNFq, and IL-183, but had limited  from 0.72 = 0.21% to 0.24 * 0.09% (p < 0.01, n = 4) in
effect on IL-17 production (23, 24, 27, 32) in various animal  splenic CD4™" T cells and from 0.40 = 0.34% to 0.16 = 0.07%
models. To examine whether berberine affected the cytokine  in lymph node CD4™ T cells (p > 0.05, n = 4). No significant
profile in this murine model of type 1 diabetes, splenocytes changes were found in berberine-treated NOD regarding
were isolated from vehicle- or berberine-treated NOD mice NK, NKT, or Treg populations (supplemental Fig. 3).
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FIGURE 5. ERK negatively regulated in vitro Th17 differentiation. A, naive CD4" T cells from NOD mice were cultured under the Th17 condition in the
absence or presence of PD98059 at the indicated concentration for 4 days. Intracellular staining profiles for IL-17 and IFN+y are shown. B and C, retroviral
expression of the DN form of ERK1 (B) and ERK2 (C) promoted Th17 differentiation. The WT and DN forms of ERK1 and ERK2 were cloned into the retroviral vector
pMXs-IRES-GFP. Plasmids were transfected into Platinum-E to generate a retrovirus supernatant. Naive CD4 ™" T cells were activated with TCR stimulants and the
Th17 mixture for 2 days before infection with the retrovirus-containing Platinum-E supernatant and then cultured for a further 2 days. The gate was set on GFP™
CD4™" T cells to study IL-17 production. D, 11-week-old female NOD mice were intraperitoneally injected with vehicle or PD98059 (5 or 10 mg/kg) for 3
consecutive days (one time each day) and were then sacrificed. Naive CD4™ T cells were isolated and cultured under the Th17 condition for 4 days. Intracellular
staining profiles of IL-17 and IFNy are shown. E, human CD4 * T cells were isolated from healthy donors and cultured under the Th17 condition in the presence
of PD98059 at the indicated concentration for 3 days. The supernatant was collected for ELISA tests. The concentration of IL-17 was normalized for cell number
(**,p < 0.01,n = 3).Fand G, naive CD4™ T cells from NOD mice were cultured under the Th17 condition in the absence or presence of PD98059 for 4 days. Cell
lysates were subjected to Western blotting (F) and real time PCR after RNA extraction and reverse transcription to cDNA (G). The gene expression is presented
relative to that of B-actin (*, p < 0.05).

Berberine Suppresses Th17 Differentiation in Vitro by Acti-
vating ERK—Next we investigated whether berberine affected
cytokine-driven Th17 differentiation in an in vitro setting. After
4 days of culture under the Th17 condition, about 20% of the
naive CD4™ T cells were polarized into IL-17-secreting Th17
cells, although the addition of berberine dose-dependently
inhibited this polarization (Fig. 44). The result was confirmed
by real time PCR. As shown in Fig. 4B, the expression of genes
associated with Th17 differentiation such as IL-17A, IL-17F,
and Ror+yt was suppressed by berberine in a dose-dependent
fashion.

OCTOBER 9, 2009 +VOLUME 284+NUMBER 41

To characterize the mechanisms underlying the suppression
of Th17 by berberine, we examined the activity of signaling
pathways, which were reported to be involved in the biochem-
ical effects of berberine (22, 28, 29, 33-35), using a series of
specific inhibitors and activators, including SB-202190 (an
inhibitor of p38 MAPK), PD98059 (an inhibitor of MEK1/2),
SP600125 (an inhibitor of JNK/SAPK), BADGE (an inhibitor of
PPARY), rosiglitazone (an activator of PPARY), and wortman-
nin (an inhibitor of PI3K/Akt). We found that PD98059
increased the proportion of IL-17" T cells from 20 to 30% (Fig.
4C), and the inhibition of Th17 differentiation by berberine was
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FIGURE 6. Berberine suppress Th1 differentiation in vitro. A, naive CD4" T cells from NOD mice were cultured under the Th1 condition in the absence or
presence of berberine at the indicated concentration for 4 days. Intracellular staining profiles of IL-17 and IFN+y are shown. B, naive CD4™" T cells were isolated
from NOD mice and cultured with «-CD3/28 to stimulate TCR in the absence or presence of Th1 differentiation mixture (IL-12 and «-IL-4). Berberine was then
added at the indicated concentration. Three days later, RNA was extracted and reverse-transcribed into cDNA and subjected to real time PCR. Gene expression
is presented relative to that of B-actin (**, p < 0.01, n = 3). C, naive CD4 " T cells from NOD mice were cultured under the Th1 condition in the presence of the
indicated drugs for 4 days. Intracellular staining profiles of IL-17 and IFN+y are shown. D, naive CD4* T cells from NOD mice were cultured in the presence of
a-CD3/28 alone (lane 1), with the Th1 mixture alone (/ane 2), or with the Th1 mixture plus berberine (lane 3) for 24 h. Cell lysates was subjected to Western
blotting for p38 MAPK, JNK, phosphorylated p38 MAPK and phosphorylated JNK. Quantification of the optical density of the bands is shown in the right panel.
E,CD4™ T cells were purified from vehicle- or berberine-treated mice, and cell lysates were subjected to Western blotting for p38 MAPK, JNK, phosphorylated
p38 MAPK, and phosphorylated JNK. Quantification of the optical density of the bands is shown in the right panel (**, p < 0.01,n = 4).

restored by adding PD98059 (Fig. 4D). We found that berberine 20 um. Next, we expressed the wild-type (WT) or the DN form

treatment activated ERK1/2 in both in vitro and in vivo settings
(Fig. 4, E and F), suggesting that berberine inhibited Th17 dif-
ferentiation by increasing ERK activity, which implies that ERK
may regulate Th17 differentiation.

ERK Inhibits Th17 Differentiation by Down-regulation of
STAT3 and RORt Signaling Pathway—Our findings described
above support a negative regulatory role of ERK in Th17 differ-
entiation. To confirm this finding, ERK selective inhibitor and
the dominant-negative (DN) form of ERK1/2 were used in vitro,
and PD98059 was administered to NOD mice iz vivo. As shown
in Fig. 54, inhibition of ERK expression with PD98059 pro-
moted Th17 polarization from 20 to 27% at 10 uMm and to 34% at
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of ERK1/2 in naive CD4™ T cells to investigate their effects on
Th17 differentiation. As shown in Fig. 5B, ERK1-DN promoted
Th17 differentiation from 20 to 34%, whereas WT ERK1 had
little effect. Similarly, ERK2-DN increased IL-17" T cells from
19% to 35%, whereas WT ERK2 had little effect (Fig. 5C). To
determine the role of ERK in Th17 differentiation in vivo,
PD98059 at 5 and 10 mg/kg was administered to NOD mice.
After 3 consecutive days of administration of PD98059 or vehi-
cle, NOD mice were sacrificed. CD4* T cells from the
PD98059-treated mice were more susceptible to Th17 induc-
tion in a dose-dependent fashion (Fig. 5D). The negative regu-
latory role of ERK in Th17 differentiation was also found in
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human CD4™ T cells as demonstrated in Fig. 5E, and inhibition
of ERK by PD98059 dose-dependently promoted IL-17 secre-
tion. The inhibition of ERK activity by PD98059 increased
phosphorylated STAT3 level and the expression of RORvyt in
CD4™ T cells cultured under the Th17 conditions (Fig. 5, F and
G). These results collectively indicate that ERK plays a negative
regulatory role in Th17 programming upstream to STAT3 and
RORwt.

Berberine Suppresses Thl1 Differentiation in Vitro by Inhibit-
ing p38 MAPK and JNK—Because Thl is well known as a dia-
betogenic factor for the development of type 1 diabetes, we
determined whether berberine affects Th1 differentiation. As
shown in Fig. 64, although the Thl differentiation mixture
induced the differentiation of about 80% of naive CD4™" T cells
into Th1, the addition of berberine decreased the proportion of
IFNvy* Th1 cells to 33% at a low dose (5 uMm) and to 24% (10 wm)
at a high dose. We also examined the lineage markers of the
CD4™" effector T subsets, IFN+y and T-bet. As expected, the
mRNA levels of both genes were down-regulated by berberine
(Fig. 6B).

To study the mechanisms underlying the suppressive effect
of berberine on Th1 differentiation, we next examined the sig-
naling pathways as described above. Interestingly, we found
that SB-202190 and SP600125 could inhibit Thl differentia-
tion, which was consistent with the earlier studies showing that
p38 MAPK and JNK played an important role in Th1 differen-
tiation (Fig. 6C). We also found that berberine treatment down-
regulated the phosphorylation status of p38 MAPK and JNK
(Fig. 6, D-G), suggesting that berberine inhibited Th1 differen-
tiation by decreasing p38 MAPK and JNK activity.

Berberine Decreases STAT4 Protein Expression through the
Ubiquitin-Proteasome Pathway—W e next examined the phos-
phorylation status of STAT1 and STAT4, two transcription fac-
tors associated with Th1 differentiation. As shown in Fig. 74,
berberine treatment markedly attenuated the phosphorylation
of STAT1 and STAT4. Interestingly, the protein level of STAT4
was also decreased after berberine treatment (Fig. 74). We
hypothesized that berberine treatment promoted the degrada-
tion of STAT4. Next we found that MG132, a proteasome
inhibitor, could reverse the degradation of STAT4 induced by
berberine (Fig. 7B). Further experiments revealed that inhibi-
tion of p38 MAPK and JNK decreased phosphorylation of
STAT1 and STAT4 but did not affect their protein level, sug-
gesting that p38 MAPK and JNK were not involved in the deg-
radation of STAT4 (Fig. 7C). Instead, berberine degraded the
STAT4 protein through the ubiquitin-proteasome pathway,
which was independent of p38 MAPK and JNK (Fig. 7D).

DISCUSSION

In this study, we showed that berberine differentially regu-
lated MAPK activity to decrease IL-17 and IFNy production,
which was associated with the protection against the develop-
ment of type 1 diabetes in NOD mice as illustrated in Fig. 8. This
conclusion is supported by the following experimental evi-
dence. (i) The improved outcome of diabetes is correlated with
decreased IL-17 and IFNy production. (ii) Berberine treatment
activated ERK1/2 activation and inactivated p38 MAPK/JNK in
vitro and in vivo. (iii) Inhibition of ERK1/2 using the selective
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FIGURE 7. Berberine decreased the STAT4 protein level via the ubiquitin-
proteasome pathway. A, naive CD4™" T cells from NOD mice were cultured at
the indicated conditions in the absence or presence of berberine for 24 h, and
cell lysates were subjected to Western blotting. B, naive CD4™" T cells from
NOD mice were cultured in the absence or presence of the indicated condi-
tions of berberine or MG132 for 24 h, and cell lysates were subjected to West-
ern blotting. C, naive CD4" T cells from NOD mice were cultured in the
absence or presence of the indicated conditions of SB-202190 and SP600125
for 24 h, and cell lysates were subjected to Western blotting. D, naive CD4™ T
cells from NOD mice were cultured in the presence of berberine or SB-202190
or SP600125 at the indicated conditions for 24 h, and cell lysates were immu-
noprecipitated (/P) with a monoclonal antibody against STAT4 followed by
Western blotting (IB) against ubiquitin and STAT4. Actin was used as a loading
control.

inhibitor PD98059 or by inducing the expression of dominant-
negative forms of ERK promoted Th17 differentiation, whereas
inhibition of p38 MAPK and JNK decreased the expression of
IFNy during Th1 differentiation.

The MAPK superfamily, which includes p38 MAPK, ERK,
and JNK, plays important roles in cell proliferation, differenti-
ation, and cell death. Recent studies have also implicated
MAPK in immune responses. p38 MAPK, JNK, and ERK are
reported to be involved in CD4™" effector T cell differentiation.
The expression of the dominant-negative form of p38 MAPK
selectively impaired Th1 responses, suggesting a key regulatory
role of the p38 MAPK pathway (36). The Thl response was
attenuated in JNK-deficient mice, which was primarily due to
reduced IL-12-stimulated IFNYy production by CD4™ T cells
(37). In contrast, JNK-deficient CD4™ T cells preferentially dif-
ferentiated into Th2 subset effector T cells (38). ERK1 and
ERK?2 specifically affect T cell development in the thymus (39,
40). Moreover, ERK activation favored Th2 development
through stabilizing GATA3 (41). Our study also showed that
ERK plays a role in the program of Th17, another subset of
CD4™" T cells, which enhanced our understanding of the rela-
tionship between MAPK and T cell differentiation (Fig. 8). A
previous study showed that PD98059 slightly inhibited IL-17
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FIGURE 8. Schematic illustration of berberine in the control of Th17 and Th1 differentiation in type 1
diabetes. In this model, berberine inhibits Th17 and Th1 differentiation to suppress the development of type
1 diabetes. On the one hand, berberine activates ERK to suppress Th17 differentiation. On the other hand,
berberine inhibits p38 MAPK and JNK to down-regulate STAT1 and STAT4 activity to suppress Th1 polarization.
Berberine also regulates the Th1 program by degrading STAT4 through the ubiquitin-proteasome pathway.

production by lymph node cells activated by concanavalin A
(42), a difference that can be attributed to the cell culture con-
ditions used. Lymph node cells stimulated with concanavalin A
secreted various cytokines other than IL-17, and these cyto-
kines could have various effects on IL-17 production. However,
under the Th17 culture condition, the T cells mainly secreted
cytokines belonging to the Th17 family, including IL-17,
IL-17F, and IL-22 (43). Therefore, T cells cultured with the
Th17 mixture were a much more homogenous population
compared with those simulated with concanavalin A and may
be a better system to study the effect of PD98059 on Th17
differentiation.

Th17 is critically involved in the development of many auto-
immune diseases in both human and mouse models, including
experimental autoimmune encephalomyelitis and collagen-in-
duced arthritis. However, the role of Th17 in the development
of type 1 diabetes remains debatable. A study by Komiyama et
al. (8) indicated that IL-17 deficiency did not affect hyperglyce-
mia in NOD mice. On the other hand, other studies have
emphasized the role of IL-17 in diabetes development in NOD
mice. For example, it was shown that IL-17 transcripts
increased during the evolution of diabetes in NOD mice (11)
and that Th17 lymphocytes are activated in type 1 diabetic mice
(15). Interestingly, in multiple low dose streptozotocin-induced
diabetic mice, another murine model of type 1 diabetes, strep-
tozotocin-stimulated IL-17 secretion promoted nitric oxide-
dependent toxic inflammatory responses toward MING6, a
mouse insulinoma cell line (10). Meanwhile, another study
showed that, in the same model, IL-23 is involved in the devel-
opment of type 1 diabetes by inducing the production of IL-17
(12). Of greater interest, the use of glutamic acid decarboxyl-
ase-derived peptide 206 —220-specific approaches to treat type
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Th17

Thl

1 diabetes in NOD mice showed
that adjuvant-free antigen induced
IFNy and controlled blood glucose
via the suppression of IL-17 secre-
tion (9). A recent study using IL-21r
knock-out mice suggested that
IL-17 may play an important role in
the development of type 1 diabetes
(13). Meanwhile, studies by Dong
and co-workers (14) suggested that
Th17 promoted pancreatic inflam-
mation. Our study has shown that
berberine strongly inhibited IL-17
production in vivo and in vitro,
which could be beneficial, if not
responsible, for its therapeutic
effect in protecting against the
development of type 1 diabetes in
NOD mice.

A couple of studies have de-
scribed the anti-inflammatory
properties of alkaloid derivatives
from Berberis vulgaris L., includ-
ing berbamine and berberine. Ren
et al. (32) found that berbamine
targets STAT4 via a ubiquitin-
protein isopeptide ligase resulting in decreased production
of IFNy in CD4" T cells of experimental autoimmune
encephalomyelitis mice, whereas the secretion of IL-17 was
not markedly altered. In our study, berberine inhibited the
production of both IFNyand IL-17 in NOD mice probably as
a result of structural differences between berberine and ber-
bamine. Another possible reason why berberine could sup-
press the development type 1 diabetes is its antimicrobial
activity (44, 45). A previous study revealed that intestinal
microbes are a critical epigenetic factor that modifies the
predisposition toward type 1 diabetes (46). Therefore, ber-
berine could also suppress the development of type 1 diabe-
tes by influencing microbial flora in the gut.

Taken together, our study provides new evidence that ber-
berine differentially regulates MAPK activity to control Th17
and Thl1 differentiation. This could be favorable in terms of its
therapeutic potential in type 1 diabetes. This study also pro-
vides new insights into the anti-inflammatory properties of
Chinese herbs.

Type 1
diabetes
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