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The elevated circulating levels of lipopolysaccharide (LPS) due to disruption of intestinal
barrier function and free long-chain fatty acids (FFA) are implicated in insulin resistance and
systemic inflammation, both of which are positively associated with the development and pro-
gression of NAFLD [3,4]. Although the mechanism by which LPS/FFA induce hepatic lipo-
toxicity is still not fully understood, LPS/FFA-induced expression of inflammatory cytokines,
such as TNF-o. and IL-6, and activation of the endoplasmic reticulum (ER) stress signaling
pathway, known as the unfolded protein response (UPR), are major contributors [5-8].

Berberine (BBR), an isoquinoline alkaloid isolated from many medicinal herbs, is one of
the widely used traditional Chinese medicines and has been used to treat various infectious
disorders for more than 3,000 years [9]. During the last few decades, many studies have shown
that BBR exerts various beneficial effects on cardiovascular and metabolic diseases [10]. It also
has been reported that BBR can prevent NAFLD disease progression by regulating multiple
metabolic pathways and reducing inflammation response [11]. We have previously reported
that BBR could inhibit HIV protease inhibitor-induced ER stress and TNF-o and IL-6 expres-
sion through regulating the RNA-binding protein (RBP) HuR in macrophages [12].

In this study, we specifically examined the effect of BBR on PA/LPS-induced inflammatory
response in macrophages and hepatocytes. The results indicated that BBR significantly inhib-
ited PA/LPS-induced inflammatory response via modulating ER stress and ERK1/2 activation.

2. Materials and methods
2.1. Materials

Antibodies against phospho-ERK1/2, ERK1, ERK2, CHOP, ATF-4, XBP-1, IL-1B, ATF6,
GRP78, IREl0q, B-Actin were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The
detailed information of the antibodies was listed in S1 Table. Berberine (BBR), lipopolysaccha-
rides (LPS), and Palmitic acid (PA) were purchased from Sigma (St. Louis, MO, USA). Bovine
Serum Albumin Fraction V, heat shock, fatty acid-free, was from Roche (Roche Diagnostics
GmbH, Mannheim, Germany). All cell culture media were purchased from Thermo Fisher
(Waltham, MA, USA).

2.2. Cell culture and treatment

Mouse 264.7 macrophages (ATCC, Rockville MD, USA) were cultured as previously described
[13]. BBR was dissolved in DMSO while LPS was dissolved in the culture medium. PA was
firstly dissolved in ethanol at 200 mM followed by combination with 10% FFA-free, low-endo-
toxin BSA, giving a final concentration of 5 mM. The working solution was prepared fresh by
diluting the stock solution (1:10) in the culture medium.

2.3. Isolation of primary mouse hepatocytes

Primary mouse hepatocytes were isolated from C57BL/6 wild type mice (male, 6-8 weeks old,
from Jackson Laboratories, Bar Harbor, ME, USA) by the collagenase-perfusion technique,
which has been previously described [14]. Mice were anesthetized with continuous 2% isoflur-
ane in O, (500 cc/min) during the isolation. After that, mice were euthanized by cervical dislo-
cation. The procedures for isolation of primary mouse hepatocytes were approved by the
Virginia Commonwealth University Institutional Animal Care and Use Committee (Approved
protocol number: AD1001773). Hepatocytes were plated at the collagen-coated 60-mm dish or
6-well plate in serum-free Williams E medium containing penicillin, dexamethasone (0.1uM),
and thyroxine (1uM) [15].
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2.4. RNA isolation and real-time Quantitative RT-PCR

Total RNA was isolated using TRIzol Reagent (QIAGEN, Valencia, CA, USA) following the
manufacturer’s protocol. The first-strand cDNA was reverse transcribed and Quantitative
PCR analysis of relative mRNA levels of target genes was performed, as previously described
[16]. The mRNA levels of CHOP, ATF4, XBP-1s, XBP-1us, TNF-a, IL-6, IL-1B, and MCP-1
were quantified by real-time PCR using gene-specific primers. Primer sequences used are pro-
vided in S2 Table.

2.5. Enzyme-linked immunosorbent assay (ELISA) of TNF-a, IL-6, MCP-1

Mouse RAW264.7 macrophages were pre-treated with BBR (5 uM) for 1 h, then treated with
PA (0.25 mM) or LPS (25 ng/mL) or PA plus LPS for 6 h. Wild type-derived primary hepato-
cytes were pre-treated with BBR (5 uM) for 1 h, then treated with PA (0.25 mM) or LPS (25
ng/mL) for 6h. At the end of the treatment, the culture medium was collected and centrifuged
to remove the cell debris. The protein levels of TNF-q, IL-6, and MCP-1 in the media were
measured using mouse TNF-o,, IL-6, and MCP-1 ELISA Max™ Set Deluxe Kits (Biolegend, San
Diego, CA, USA) as previously described [17,18]. The total protein concentrations of the viable
cells were measured using Bio-Rad Protein Assay reagent and Bradford protein assay. Total
amounts of the TNF-a, IL-6, and MCP-1 were normalized to the total protein amount of the
viable cells and expressed as pg/mg protein.

2.6. Western blot analysis

Total cellular proteins were prepared using cold RIPA buffer as previously described [19]. Pro-
tein concentration was measured using the Bio-Rad Protein Assay reagent. Proteins were
resolved by 10% SDS-PAGE and transferred to nitrocellulose membranes. After blocking with
5% nonfat milk in TBS-T, the membranes were incubated with the primary antibodies over-
night at 4°C followed by detection using horseradish peroxidase-conjugated secondary anti-
body. The antibody-antigen complexes were detected using the ECL system (Thermo
Scientific, Rockford, IL, USA). The density of immunoblotted bands was analyzed using Bio-
Rad Image Lab computer software and normalized with §-Actin [15].

2.7. Statistical analysis

Results are expressed as the mean + SEM and are from at least three independent experiments.
One-way analysis of variance was performed to compare the differences between multiple
groups using GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA). A value of
p<0.05 was considered statistically significant.

3. Results

3.1. Effect of BBR on PA and LPS-induced upregulation of the
proinflammatory cytokines in RAW264.7 cells

Activation of the inflammatory response is a critical driving force of NAFLD disease progres-
sion. Macrophages are the major sources of proinflammatory cytokines and chemokines, such
as TNF-a, IL-6, IL-1B, and MCP-1 [20]. Our previous studies reported that BBR could inhibit
HIV protease inhibitor-induced inflammatory response via modulating ER stress in mouse
J774A.1 macrophages [12]. To investigate the potential anti-inflammatory properties of BBR
on PA and LPS-induced inflammation in macrophages, we first determined the mRNA
expression levels of the proinflammatory cytokines and chemokine, including TNF-a, IL-6,
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Fig 1. Effect of BBR on PA and LPS-induced mRNA expression of proinflammatory mediators in RAW264.7 cells. RAW264.7 cells were
pretreated with BBR (5 uM) for 1 h, then treated with palmitic acid (PA, 0.25 mM) or LPS (25 ng/mL) or both for 6 h. The mRNA levels of TNF-
o, IL-6, MCP-1, and IL-1p were detected by real-time RT-PCR and normalized to HPRT1 as an internal control as described under Materials
and Methods. Values are mean + S.E. of three independent experiments. Statistical significance relative to vehicle control, **p<0.01,
***p<0.001; relative to LPS, $p<0.05; relative to PA+LPS, #p<0.05. A. TNF-g; B. IL-6; C. IL-15; D. MCP-1.

https://doi.org/10.1371/journal.pone.0232630.9001

IL-1B, and MCP-1 using real-time RT-PCR. As shown in Fig 1A, LPS significantly induced the
expression of TNF-o. PA alone had minimal effect, but PA further promoted LPS-induced
TNF-o expression, which was inhibited by BBR. Similarly, LPS/PA-induced upregulation of
IL-6, IL-1PB, and MCP-1 mRNA levels was also inhibited by BBR in mouse RAW264.7 macro-
phages (Fig 1B-1D).

In a parallel experiment, we measured the protein levels of TNF-q, IL-6, and MCP-1
secreted into cell culture media using ELISA. As shown in Fig 2A-2C, the protein levels of
TNF-q, IL-6, and MCP-1 were significantly increased in the culture media of LPS-stimulated
mouse RAW264.7 macrophages. PA alone also had no significant effect on protein expression
of proinflammatory cytokines, but further potentiated LPS’ effect. Both LPS and LPS+PA-
induced upregulation of TNF-a, IL-6, and MCP-1 were significantly inhibited by BBR. In
addition, we measured the mature IL-1p protein levels by Western blot. As shown in Fig 2D
and 2F, the combination of LPS with PA-induced activation of the inflammasome and mature
IL-1 procession, which was inhibited by BBR.
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Fig 2. Effect of BBR on PA and LPS-induced protein expression of proinflammatory mediators in RAW264.7
cells. RAW264.7 cells were pretreated with BBR (5 uM) for 1 h, then treated with PA (0.25mM) or LPS (25 ng/mL) or
both for 6 h. At the end of treatment, cell culture medium and total cell lysates were collected. The protein levels of
TNF-a, IL-6, and MCP-1 were determined by ELISA as described under Materials and Methods. Relative protein
levels of TNF-a, IL-6, and MCP-1 were normalized by total protein amounts and expressed as pg/mg of protein. The
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protein levels of mature IL-1p were determined by Western blot. B-Actin was used as the loading control. Values are
mean *S.E. of three independent experiments. Statistical significance relative to vehicle control, *p<0.05, **p<0.01,
##%p<0.001; relative to LPS, *p<0.05, *p<0.01; relative to PA+LPS, *p<0.05, “*p<0.01. A. The relative protein levels of
TNEF-o; B. The relative protein levels of IL-6; C. The relative protein levels of MCP-1; D. Representative immunoblots
of mature IL-1B and B-Actin; E. The relative protein levels of IL-1.

https://doi.org/10.1371/journal.pone.0232630.9002

3.2. Effect of BBR on PA and LPS-induced UPR activation in RAW?264.7
macrophages

It has become increasingly evident that sustained activation of the UPR signaling pathways
and upregulation of transcription factors, such as CHOP and ATF4, contribute to ER stress-
induced liver injury [21]. CHOP is the major mediator responsible for ER stress-induced apo-
ptosis. We have previously reported that activation of ER stress contributed to the HIV prote-
ase inhibitor (ER stress-inducer)-induced inflammatory response [22]. Here, we further
examined whether BBR has an inhibitory effect on PA and LPS-induced UPR activation in
macrophages. As shown in Fig 3A, LPS and PA synergistically induced the expression of
CHOP mRNA, which was markedly inhibited by BBR in RAW264.7 macrophages. LPS and
PA also upregulated mRNA levels of ATF4 and XBP-1, but to less extent compared to CHOP.
BBR also inhibited LPS and PA-induced ATF4 mRNA expression, but not XBP1 (Fig 3B and
30).

In order to determine whether inhibition of the mRNA expression of CHOP and ATF4 by
BBR is correlated to the reduction of protein levels, we measured the protein levels of CHOP,
ATF4, and XBP1 by Western blot analysis. As shown in Fig 4, BBR significantly inhibited PA
and LPS-induced protein expression of CHOP, ATF4.

3.3. Effect of BBR on PA and LPS-induced ERK activation in RAW?264.7
macrophages

Activation of ERK1/2 has been reported to promote LPS-induced production of TNF-a, IL-6,
IL-1B, and MCP-1 [23]. Our previous studies showed that BBR inhibits HIV protease inhibi-
tor-induced inflammatory response by modulating ER stress signaling pathways in macro-
phages [12]. It also has been shown that BBR significantly inhibits the expression of
inflammatory cytokines in ARPE-19 cells and that the inhibitory effect is mediated by inactiva-
tion of the ERK1/2, JNK, and p38 pathways [24]. In order to delineate the potential signaling
pathways underlying the inhibitory effect of BBR on PA and LPS-induced TNF-a, IL-6, IL-1,
and MCP-1 expression and ER stress in macrophages, we further examined effects of PA/LPS
and BBR on ERK activation. As shown in Fig 5, PA and LPS synergistically induced ERK acti-
vation, which was completely inhibited by BBR. As shown in the Supplementary S1 Fig, the
effect of BBR on PA/LPS-induced ERK activation was time-dependent, the maximal effect was
found at the 6 h time point. Furthermore, the inhibitory effect of BBR on PA/LPS-induced
ERK activation was also dose-dependent (Fig 6).

3.4. Effect of BBR on PA and LPS-induced activation of inflammation,
UPR, and ERK in primary mouse hepatocytes

To further examine the effect of BBR on PA/LPS-induced activation of inflammation, UPR,
and ERK in hepatocytes, we isolated primary mouse hepatocytes and pre-treated with BBR for
1 h, then treated with PA/LPS for 6 h. The protein levels of TNF-a, IL-6, and MCP-1 were mea-
sured by ELISA. The protein levels of mature IL-18, CHOP, ATF4, XBP1, p-ERK, and total
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Fig 3. Effect of BBR on PA and LPS-induced mRNA expression of the UPR genes in RAW264.7 macrophages.
RAW264.7 cells pre-treated with BBR (5 uM) for 1 h, then treated with PA (0.25 mM) or LPS (25 ng/mL) or both for 6
h. The mRNA levels of CHOP, ATF4, XBP-1s, and XBP-1us were detected by real-time RT-PCR and normalized to
HPRT]1 as described under Materials and Methods. Values are mean + S.E. of three independent experiments.
Statistical significance relative to vehicle control, **p<0.01, ***p<0.001; relative to LPS, $p<0.05; relative to PA+LPS,
*p<0.05, p<0.01. A. CHOP; B. ATF4; C. XBP-1s.

https://doi.org/10.1371/journal.pone.0232630.g003
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Fig 4. Effect of BBR on PA and LPS-induced protein expression of the UPR genes in RAW264.7 macrophages.
RAW264.7 cells were pre-treated with BBR (5 uM) for 1 h, then treated with PA (0.25mM) or LPS (25 ng/mL) or both
for 6 h. Total cell lysates were prepared for Western blot analysis as described under Materials and Methods. B-Actin
was used as the loading control. Values are mean + S.E. of three independent experiments. Statistical significance
relative to control, *p<0.05, **p<0.01; relative to PA+LPS, #p<0.05. A. Representative immunoblots of CHOP, ATF4,
XBP-1s, and B-Actin; B. The relative protein levels of CHOP; C. The relative protein levels of ATF4; D. The relative
protein levels of XBP-1s;.
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https://doi.org/10.1371/journal.pone.0232630.9005

ERK were determined by Western blot analysis. As shown in Fig 7A-7C, PA/LPS-induced
upregulation of the protein expression levels of TNF-a, IL-6, IL-1B, and MCP-1 were
completely inhibited by BBR. The Western blot results further indicated that BBR not only
inhibited PA/LPS-induced CHOP and ATF-4 activation but also significantly suppressed PA/
LPS-induced ERK activation in primary mouse hepatocytes (Fig 7D-7G). However, LPS/PA
had no effect on the protein expression levels of IRElo, ATF6, and GRP78 (S2 Fig). Further-
more, the oil-red O staining showed that PA/LPS-induced hepatic lipid accumulation was also
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Fig 6. Effect of BBR on PA and LPS-induced ERK activation in RAW264.7 macrophages. RAW264.7 cells are pre-
treated with BBR (0, 1.25, 2.5, 5, 10 pM) for 1 h, then treated with PA(0.25mM) and LPS (25 ng/mL) for 6 h. Total cell
lysates were prepared for Western blot analysis as described under Materials and Methods. Values are mean +S.E. of
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"p<0.05, p<0.01. A. Representative immunoblots of phospho(p)-ERK and total (T)-ERK; B. The relative protein
levels of p-ERK/total ERK.

https://doi.org/10.1371/journal.pone.0232630.g006

inhibited by BBR (S3 Fig). However, LPS alone did not induce lipid accumulation, which was
consistent with the previous report [25].

Discussion

Macrophages play a critical role in activating the immune response against dangerous invad-
ers, such as bacteria and viruses, by producing numerous proinflammatory mediators [26].
However, over activation of macrophages also causes tissue injury and promotes chronic dis-
ease progression, including metabolic liver disease, NAFLD. Therefore, inhibition of chronic
inflammation becomes a potentially effective therapy to prevent the pathological progression
of chronic diseases. In the rapid progression of the pandemic of obesity, NAFLD has emerged
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immunoblots of IL-1B and B-Actin; C. The relative protein levels of IL-1B; D. Representative immunoblots of CHOP,
ATF4, XBP-1s, and B-Actin. E. The relative protein levels of CHOP, ATF4, and XBP-1s; F. Representative
immunoblots of phospho(p)-ERK and total (T)-ERK. G. The relative protein levels of p-ERK/total ERK.

https://doi.org/10.1371/journal.pone.0232630.9007

as the most common chronic liver disease. Inflammation is a major contributor to insulin
resistance, dyslipidemia, and metabolic syndrome [27,28]. BBR, isolated from Rhizoma copti-
dis, has been widely used in traditional Chinese medicine to treat bacteria infection for thou-
sands of years. The clinically beneficial effects of BBR on metabolic diseases are linked to its
anti-inflammatory activity [29-31].

Recent advances in NAFLD studies indicate that saturated fatty acid (SFA) or LPS promotes
hepatic lipid accumulation and inflammation, which contribute to NAFLD disease progres-
sion [32-34]. Consistent with recent studies, our results showed that PA, a major SFA, syner-
gistically promoted LPS-induced inflammatory response in both RAW264.7 macrophages and
hepatocytes [35-37]. We have previously reported that the effect of BBR on high-fat diet-
induced NAFLD was mediated by modulating gut microbiomes [38]. Numerous pre-clinical
studies also showed a promising therapeutic effect of BBR on NAFLD by its modulation of
inflammatory responses [39-41]. Consistent with previous findings, this study clearly indi-
cated that PA exacerbated LPS-induced inflammation by increasing the mRNA and protein
expression of proinflammatory mediators in macrophages and primary mouse hepatocytes,
which was inhibited by BBR. Interestingly, PA alone did not significantly induce an inflamma-
tory response in both macrophages and hepatocytes, but markedly promoted LPS-mediated
activation of the inflammatory response. BBR efficiently blocked PA/LPS-induced upregula-
tion of TNF-o,, IL-6, IL-1B, and MCP-1 (Figs 1, 2 and 7).

As the major site in the cell for protein folding and trafficking, ER stress response has
emerged as an essential cellular mechanism underlying numerous pathological conditions,
such as inflammation and metabolic disorders [21,42,43]. Disruption of ER homeostasis leads
to the activation of UPR. Extensive studies have shown that persistent activation of the UPR
eventually induces inflammation and cell injury [6]. Our previous study reported that HIV
protease inhibitors were strong ER stress inducers and activation of ER stress was responsible
for HIV protease inhibitor-induced inflammation and dysregulation of lipid metabolism in
macrophages and hepatocytes [12,44,45]. We also showed that BBR inhibited HIV protease
inhibitor-induced inflammatory response by modulating ER stress response and inhibiting
ERK activation in macrophages [12,46]. Here, we provide new evidence indicating that BBR-
mediated beneficial effect against PA/LPS-induced inflammatory response is via modulating
ER stress signaling pathways in both macrophages and hepatocytes. So far, three major
branches of the UPR have been identified, including the IRE1 pathway, protein kinase RNA-
like ER kinase (PERK) pathway, and ATF6 pathway [21]. Our results in the current study dem-
onstrated that BBR significantly inhibited PA/LPS-induced activation of the PERK-ATF4--
CHOP signaling pathway in macrophages and primary mouse hepatocytes, but no significant
impact on protein levels of ATF6, IREla, and GRP78 in RAW264.7 macrophages (S2 Fig).
Our previous study showed that activation of CHOP is responsible for ERK activation and
subsequent upregulation of the expression levels of proinflammatory mediators in macro-
phages [46]. We also showed that knockout CHOP reduced ER stress-induced hepatic dyslipi-
demia and intestinal barrier dysfunction [47,48]. Most recent studies with high fat diet-
induced NAFLD rodent models and Larval Zebrafish model indicated that several signaling
pathways, such as the nuclear factor erythroid 2-related factor 2/antioxidant response element
(Nrf2/ARE), sirtuin 3 (SIRT3)/AMPK/ACC, and AMPK-SREBP1c-SCD-1 pathways, are
potential targets [39,41,49-51].

PLOS ONE | https://doi.org/10.1371/journal.pone.0232630 May 1, 2020 12/16


https://doi.org/10.1371/journal.pone.0232630.g007
https://doi.org/10.1371/journal.pone.0232630

PLOS ONE

ER stress and inflammation

In summary, the current study identified a key cellular mechanism underlying the potential
protective effect of BBR on PA and LPS-induced inflammatory response in macrophages and
hepatocytes. BBR is an effective ER stress modulator, and its beneficial effects on preventing
inflammatory and metabolic diseases may be largely through regulating the UPR signaling
pathways. Therefore, further in vivo study using a clinically relevant NAFLD/NASH model
and clinical studies are needed to evaluate the potential applications of BBR as a therapeutic
agent for NAFLD.
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