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Triggered by changes in macrophage redox status and lipid metabolism, foam cells represent a hallmark of
atherosclerosis. Induction of macrophage foam cell formation by Chlamydia pneumoniae, a gram-negative human
pathogen, has been established in various earlier studies in vitro and in vivo. Oxidation of low-density lipoprotein
(LDL) by C. pneumoniae and alterations in macrophage lipid metabolism do not require chlamydial replication,
making conventional antibiotics useless in the intervention of the process. In this work, we report on the ability of
schisandrin B and schisandrin C, two dibenzocyclooctadiene lignans, to suppress the C. pneumoniae -induced foam
cell formation in RAW264.7 macrophages. This effect was accompanied with the upregulation of PPARy, a nuclear
receptor acting as a major transcriptional regulator of lipid metabolism and inflammatory responses. Schisandrin
B and schisandrin C also increased the total intracellular glutathione content of the macrophages. In the case of
schisandrin B, this was accompanied with the upregulation of GSH biosynthetic genes glutamate cysteine ligase
(both the catalytic and the modifier subunits GCLc and GCLm) as well as gamma-glutamyl transpeptidase GGT1.
In addition, schisandrin B and schisandrin C upregulated the expression of a lipid transport protein ABCAI gene
mediating cholesterol efflux from macrophages translating into a reduction in total cholesterol concentration in
the schisandrin B -treated cells. Collectively, these data indicate that both schisandrin B and schisandrin C are
able to alleviate the pathogenic consequences of C. pneumoniae infection in macrophages by altering the cellular
redox balance and lipid trafficking.

Introduction

Cardiovascular diseases (CVD), including stroke and myocardial in-
farction, are the leading causes of death in the world [1]. The main
underlying factor of most CVD is atherosclerosis which is a chronic
inflammatory condition involving interaction between monocyte de-
rived macrophages, T cells, arterial walls and modified lipoproteins [2].
The initial triggers of atherosclerosis are the oxidation of low-density
lipoproteins (LDL) and accumulation of inflammatory cells to arterial
wall. In atherosclerotic lesions the immune cells secrete cytokines and
thus promote the proinflammatory environment [3]. Eventually, cellu-
lar lipids accumulate into macrophages as lipid vacuoles and the cells

are converted into foam cells which is considered one of the hallmarks
of early atherosclerosis [4].

Monocyte derived macrophages play a central role in cholesterol
metabolism [5]. Under proinflammatory and oxidative conditions, the
uptake of oxidized LDL (oxLDL) into these cells is increased while choles-
terol efflux is reduced, leading to the accumulation of esterified choles-
terol into the lipid droplets in the cytoplasm. Thus, oxidative stress is
one of the key underlying factors in atherosclerosis [6]. The macrophage
foam cell formation during early atherogenesis is determined by the ox-
idative state and antioxidant levels in these cells, because they translate
to the degree of LDL oxidation.
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Glutathione (GSH) is a major small-molecule antioxidant in the
cells and disruptions in glutathione metabolism are associated with
atherosclerosis development [7,8]. Decreased GSH levels enable the ac-
cumulation of excess reactive oxygen species (ROS) which promotes the
generation of oxidatively modified molecules such as oxLDL. In addition,
ROS initiate redox signaling cascades, leading to e.g. nuclear factor kB
(NF-xB) and activator protein 1 (AP-1) activation [9].

The biosynthesis of GSH inside mammalian cells involves two en-
zymatic reactions [10]. First glutamate cysteine ligase (GCL) produces
y-glutamylcysteine (yGC) from glutamic acid and cysteine. Glutathione
synthase then catalyzes the GSH formation from yGC and glycine. Once
generated, the oxidized form of glutathione can be transported from
cytosol to extracellular space to maintain cellular and systemic redox
status [11]. In the extracellular space, glutathione is broken down by
y-glutamyl transpeptidase (GGT). By breaking down extracellular GSH
and providing components for de novo synthesis of GSH, including the
rate limiting amino acid cysteine, GGT activity is involved in the syn-
thesis of GSH.

In macrophages, scavenger receptors CD36, scavenger receptor A
(SR-A) and lectin-like oxidized low-density lipoprotein receptor-1 (LOX-
1) are mostly responsible for the oxLDL uptake [5]. Among them, CD36
prefers mildly oxidized forms of LDL and mediates the activation of c-
Jun N-terminal kinase (JNK) signaling which has a central role in foam
cell formation [12,13]. On the other hand, cholesterol export occurs
via pathway known as reverse cholesterol transport (RCT) [14]. Lipid
accumulation in macrophages induces the efflux of cholesterol, mainly
occurring via ABC transporters ABCA1 and ABCG1 [15].

In addition to oxLDL internalization and cholesterol export, the es-
terification of cholesterol is also one of the key factors involved in the
macrophage lipid metabolism [16]. Once lipoproteins are taken into the
cells free cholesterol is esterified by acyl coenzyme A cholesterol acyl-
transferase 1 (ACAT1). Esterified cholesterol is more likely taken into
lipid droplets and promotes the lipid accumulation [17].

One major regulator of the macrophage lipid metabolism is the nu-
clear receptor peroxisome proliferator-activated receptor y (PPARy). Ox-
idized fatty acid internalized by CD36 act as high-affinity ligands for
PPARy, leading to transcriptional regulation of PPARy target genes. This
yields a proatherogenic regulatory loop by the induction of CD36 tran-
scription [18] and ACAT1 transcription [4]. On the other hand, PPARy
activation also results in the upregulation of ABCA1 and ABCG1 genes,
enhancing lipid efflux in macrophages [19,20].

A central pathogenic mechanism of atherosclerosis is chronic inflam-
mation [21]. Infectious burden is considered a risk factor for atheroscle-
rosis and the involvement of chronic infections has been suggested in
the development of the disease [22]. One of the most widely studied
pathogens in this context is Chlamydia pneumoniae [21,23]. C. pneumo-
niae is a gram-negative, obligate intracellular bacterium that primarily
infects respiratory tract [24]. It disseminates from lung epithelium to
other body sites via peripheral blood mononuclear cells (PBMN), mono-
cytes and macrophages [25,26]. Viable and cultivable forms of C. pneu-
moniae have been isolated from atherosclerotic arterial walls, but not
from healthy arteries [27-29]. In addition, several animal models en-
dorse the role of C. pneumoniae in the onset and progression of chronic
inflammatory diseases [30-32]. C. pneumoniae is also reported to turn
spontaneously into persistent form in PBMCs [33-35].

Upon the persistent infection, C. pneumoniae has been shown to al-
ter the normal functions of macrophages in several ways; it induces
foam cell formation [36], alters cytokine production, changes monocyte
maturation process and enhances adhesion and migration [25]. While
chlamydial lipopolysaccharide (cLPS) is able to trigger macrophage
foam cell formation [36], C. pneumoniae heat shock protein 60 (hsp60)
contributes to the process by promoting the oxidation of LDL [37,38].
Heat and UV-inactivated C. pneumoniae disturb the cholesterol home-
ostasis in macrophages in a fashion similar to viable bacteria [39], which
further supports the view that chlamydial replication is not needed to
trigger the macrophage foam cell formation.
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According to earlier studies, the interconnected actions of mitogen-
activated protein kinase (MAPK) and PPARy signaling have a central
role in the C. pneumoniae -induced foam cell formation [40]. JNK sig-
naling is the most prominent MAPK pathway in this respect [41] which
is also demonstrated by the inhibitory role of the JNK1/2 inhibitor
SP600125 on C. pneumoniae-induced foam cell formation [42]. In addi-
tion, C. pneumoniae infection inhibits ABCA1 expression and cholesterol
efflux in mice [21].

As bacterial replication is not required for C. pneumoniae -induced
macrophage lipid accumulation, traditional antibiotics do not prevent
or suppress C. pneumoniae -induced foam cell formation. Our previ-
ous studies revealed the antichlamydial activity of dibenzocycloocta-
diene lignans originating from a medicinal plant Schisandra chinen-
sis [43]. We have also shown that treatment with these lignans has
a chemosensitizing effect on the persistent C. pneumoniae infection in
THP-1 macrophages, by significantly improving the bacterial eradica-
tion by a standard of care antibiotic azithromycin [33].

Given the previous reports on the ability of S. chinensis lignans to
alter cellular redox balance and the well-established role of oxidative
stress in macrophage foam cell formation, it was of interest to ex-
amine the effect of the dibenzocyclooctadiene lignans on C. pneumo-
niae -induced foam cell formation as well as on lipid and glutathione
metabolism in macrophages. The impact of schisandrin, schisandrin B
and schisandrin C on foam cell formation, intracellular glutathione and
cholesterol levels as well as their impact on the expression of genes
involved in glutathione and cholesterol metabolism were studied in
murine RAW264.7 macrophages.

Materials and methods
Compounds

Schisandrin was purchased from Sigma-Aldrich (St. Louis, MO, USA)
and schisandrin B and schisandrin C were from Fine Tech Industries
(London, UK) (Fig. 1). Compounds were diluted in concentration of 20
mM in DMSO. Buthionine sulfoximine (BSO) was purchased from Sigma-
Aldrich (St. Louis, MO, USA) and it was diluted as 100 mM concentra-
tion in H,O. JNK1/2 inhibitor SP600125 was purchased from Tocris
Bioscience (Bristol, UK) and diluted in DMSO in concentration of 20
mM.

Cell culture

Murine macrophage cell line RAW264.7 (ATCC TIB-71) were pur-
chased from American Type Culture Collection (ATCC). The cells were
grown in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Invit-
rogen, Thermo Fisher Scientific, Paisley, UK) with 10% Fetal bovine
serum (FBS) (BioWhittaker, Lonza, Basel, Switzerland) and 20 pg/ml
Gentamicin (Fluka, Buchs, Switzerland) and maintained in 37°C, 5%
CO, and 95% humidity in 75 ¢cm? cell culture flasks and subcultured
when reached confluence. Cells were seeded into 6- or 24-well plates
one day prior to experiments at densities indicated below.

Cell viability assay

The impact of schisandrin, schisandrin B, schisandrin C and BSO on
RAW264.7 cell viability were studied with resazurin cell viability assay.
The cells were seeded into 24-well plates at a density at 1 x 10° cells/ml.
The lignans were added at 25 uM and 50 pM concentration, and posi-
tive control, usnic acid at 10 uM concentration, and the cultures were
incubated for 24 or 48 h. Resazurin (Sigma-Aldrich, 3 mM stock dis-
solved in H20) was added to yield a final concentration of 20 uM. Cells
were incubated for 2 h, 200 ul of the culture medium from each well
was transferred into a 96-well plate and fluorescence was recorded at
570/590 nm with Varioskan Lux plate reader (Thermo Fisher scientific).
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C. pneumoniae infection

C. pneumoniae clinical isolate, CV6, from an atherosclerotic artery
[44] was obtained from professor Matthias Maass (Paracelsus Medical
University, Salzburg, Austria) and propagated in HL cells [45] as previ-
ously described [46]. Cells were infected with multiplicity of infection
(MOI) 1 or MOI 5. The C. pneumoniae inoculum was added on the cell
monolayer in 6- or 24-well plate, centrifuged at 550 g for 1h, and incu-
bated at 37°C for another hour. Then inoculum was removed and 1 ml
culture medium with the studied compounds were added to the wells,
followed by an incubation for 24 or 48 h.

Foam cell formation assay

RAW264.7 cells were seeded into 24-well plates at a density at
1 x 10° cells/ml and infected with MOI 1 of C. pneumoniae. Cells
were incubated with 50 uM schisandrin lignans, 250 uM BSO or 10 uM
SP600125 and 25 pg/ml of LDL (Sigma-Aldrich) for 48 h. The studied
compounds and LDL were added to the cells at the same time, after re-
moving the bacterial inoculum from the wells. After the 48 h incubation
cells were washed two times with PBS and fixed with 4% paraformalde-
hyde (PFA, Santa Cruz Biotechnology, Dallas, TX, USA) for 15 min.
Then, cells were washed 2 times with H,O and incubated 5 min with
1 ml 60% isopropanol. After that, cells were dried in RT and 5 mM Oil
Red O (Sigma- Aldrich) solution was added to the wells and incubated
for 10 min. The staining solution was removed, and cells were washed 4
times with H,O. Water was left to the wells and the cells were analyzed
under EVOS Cell Imaging System (Thermo Fisher scientific) using the
20 x magnification.

Glutathione quantitation

The intracellular total glutathione levels of RAW264.7 macrophages
were determined using an enzymatic recycling method described pre-
viously by Rahman et al [47]. In brief, cells were seeded into 6-well
plates at a density of 2 x 10> cells/ml and the monolayer was incu-
bated with schisandrin lignans or BSO for 24 or 48 h. Then, cells were
collected, washed with PBS and resuspended into extraction buffer and
lysed. Glutathione concentrations were determined based on its reaction
with 5.5-dithio-bis(2-nitrobenzoic acid) (DTNB) in the presence of glu-
tathione reductase (GR) and #-nicotinamide adenine dinucleotide phos-
phate (8-NADPH). Formation of TNB was measured with Multiskan sky
plate reader set to 412 nm. Also GSSG levels were assayed but they re-
mained below the detection limit of the assay and are thus not reported.

For data normalization, total protein concentration determination
of the cell lysates was performed with acetone precipitation. 100 ul of
cell lysate sample was heated 5 min at 95°C and 400 ul of cold (-20°C)
acetone was added. The sample was mixed and incubated 1 h at -20°C,
centrifuged at 15000 g and the supernatant was discarded. The pellet
was resuspended to 100 mM Tris-buffer (pH; 7.5) and protein concen-
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Fig. 1. Chemical sructures of (A) schisandrin
(B) schisandrin B and (C) schisandrin C. All
three lignans contain the core dibenzocyclooc-

o) tadiene structure and they only differ by side

chains. Schisandrin differs from the others by
having hydroxyl group bound in the cyclooc-
(@) tadiene ring. In addition, schisandrin B con-
O tains one and schisandrin C two methylene-
dioxy groups which replace two corresponding
free hydroxyl groups present in the schisandrin

O structure.

tration was detected with Multiskan sky, uDrop plate (Thermo Fisher
Scientific).

Total cholesterol and cholesteryl ester quantification

RAW264.7 macrophages were seeded into 24-well plates at a density
at 1 x 10° cells/ml. Cells were infected with C. pneumoniae at MOI 5.
Schisandrin, schisandrin B, schisandrin C (50 uM) and BSO (250 puM) in
the presence of 25 pug/ml LDL (Sigma-Aldrich) were added to the wells
and the cultures were incubated for 48 h.

The levels of total cholesterol and cholesteryl esters were determined
from the macrophages with Amplex© Red cholesterol assay kit (Invitro-
gen) by modifying manufacturer’s instructions. In brief, the cells were
fixed with 2% PFA and washed 3 times with PBS. The lipids were ex-
tracted with ethanol, 200 ul/well, by incubating 30 min at 4°C. The
sample was prepared by mixing 40 ul of ethanol-lipid solution and 60
ul of reaction buffer. For determining the concentration of total choles-
terol 50 ul of sample was incubated with 50 pl of assay solution (150
uM Amplex© Red solution, 1 U/ml HRP, 1 U/ml cholesterol oxidase,
0.1 uM cholesterol esterase and reaction buffer). For the free cholesterol
quantification, the sample was incubated with a similar assay solution
but without cholesterol esterase. Both solutions were incubated 30 min
at 37°C, protected from light and the fluorescence was recorded with
Varioskan Lux plate reader set to 540/590 nm. The cholesterol concen-
trations (ug/ml) were determined from a six-point standard curve. The
fraction of esterified cholesterol was calculated based on the concentra-
tions of the free and the total cholesterol.

Quantitative reverse transcription PCR

RAW264.7 cells were seeded into 24-well plates at a density of
1 x 10° cells/ml. Cells were either infected or not infected with C. pneu-
moniae, MOI 5, as described above, and treated with 50 pM schisandrin,
schisandrin B and schisandrin C. 250 pM BSO was used as a control. Cells
were incubated for 48 h and after that cells were lysed and RNA was iso-
lated with PureLink RNA Mini Kit (Ambion, life technologies, Thermo
Fisher Scientific) according to the manufacturer’s instructions. The RNA
was then used as a template for cDNA synthesis, which was performed
with RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scien-
tific). The reactions were carried out in 20 pl volumes including tem-
plate RNA, Oligo (dT),g primers, nucleotides and revertAid reverse tran-
scriptase. The cDNA concentrations were determined with NanoDrop
(Thermo Fisher Scientific) and the expression of studied genes were ex-
amined with Step One Plus Real-Time PCR system (Thermo Fisher Sci-
entific), using, GAPDH as a reference housekeeping gene. The primers
used for each of the studied genes are listed in Table 2.

Data analysis

The SPSS Statistics 25 software was used for statistical analysis. Sta-
tistical significances of the GSH level analysis and cholesterol level anal-
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Table 1
Host cell viability after treatment with
studied compounds.

Compound Viability-%
Schisandrin 25 pM 979 + 0.9
Schisandrin 50 pM 99.0 + 2.2
Schisandrin B 25 tM  86.7 + 0.8
Schisandrin B 50 pM ~ 61.0 + 3.2
Schisandrin C 25 yM 102.6 + 2.9
Schisandrin C 50 M 1014 + 1.6
BSO 250 pM 113.0 + 1.2
Usnic acid 10 pM 13.5 + 0.05

Viability data are normalized to the
values of 0.25% DMSO control.

Table 2
Primers used in the RT-PCR analysis.

Gene Primers

PPAR-y Forward: 5’- GAC ATC CAA GAC AAC CTG CTG -3’
Reverse: 5'- GCA ATC AAT AGA AGG AAC ACG -3’
CD36 Forward: 5’- TCG GAA CTG TGG GCT CAT TG -3’

Reverse: 5'- CCT CGG GGT CCT GAG TTA TAT TTT C -3’

ABCA1 Forward: 5’- CAA CTA CAA AGC CCT CTT TG -3’
Reverse: 5'- CTT GGC TGT TCT CCA TGA AG -3’

ACAT1 Forward: 5'- TTT ATT GCA AGG CGC TCT CT -3’
Reverse: 5'- GAA CTC AAG CAC CAG CCT TC -3’

GCLc Forward: 5’- ATG TGG ACA CCC GAT GCA GTA TT -3’
Reverse: 5'- TGT CTT GCT TGT AGT CAG GAT GGT TT -3’

GCLm Forward: 5’- GCC ACC AGA TTT GAC TGC CTT T -3’
Reverse: 5'- CAG GGA TGC TTT CTT GAA GAG CTT -3’

GGT1 Forward: 5’- GGA GAG AGT TTC TGC CCA TCC ATA C -3’

Reverse: 5'- GCG GCT GGG TGG GTG GT -3’

ysis were determined by One-way ANOVA and Dunnett’s T post hoc test,
and data are shown as mean + SEM. In gene expression analysis, the ex-
pression level of each gene was compared to GAPDH expression and
the results were obtained using the 2"-AACt analysis. Statistical signif-
icances of the gene expression analysis were determined by Student’s
T-test or One-way ANOVA and Dunnett’s T post hoc test, using ACt val-
ues. A minimum of three biological replicates were used throughout the
studies.

Results
Impact of schisandrin lignans on host cell viability

The host cell viability was studied with resazurin assay. Cells were
treated with 25 pM and 50 uM of schisandrin lignans and 250 uM of BSO
for 24 h. The 10 uM of usnic acid was used as positive control. Usnic
acid was toxic to the cells and the cell viability was only 13%. Neither
of schisandrin lignans reduced the viability statistically significantly as
shown in Table 1.

Impact of schisandrin lignans on C. pneumoniae induced foam cell
formation

The C. pneumoniae induced foam cell formation in RAW264.7
macrophages were studied by staining the lipid droplets in the cells us-
ing Oil Red O staining. The effect of 50 uM schisandrin lignans, 250 uM
BSO and 10 pM SP600125, a JNK1/2 inhibitor on lipid accumulation,
in presence of 25 pg/ml of LDL, were examined. Consistent with earlier
reports, C. pneumoniae infection clearly increased the lipid accumula-
tion in the cells inducing a foam cell -like appearance (Fig. 2A and B).
Schisandrin had no effect (Fig. 2E) but schisandrin B (Fig. 2F), schisan-
drin C (Fig. 2G) and SP600125 (Fig. 2D) eliminated lipid accumulation
effectively after 48 h treatment. The glutathione synthesis inhibitor BSO
increased the foam cell formation even more pronouncedly than C. pneu-
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moniae infection (Fig. 2C), which is in line with previous findings on the
role of glutathione homeostasis in foam cell formation [7].

Impact of schisandrin lignans on glutathione levels in RAW264.7
macrophages

The cellular glutathione content controls the local oxidative environ-
ment and among other things, affects macrophage foam cell formation
[7]. Since previous work on the schisandrin lignans indicate their ability
to affect cellular glutathione metabolism in a context-dependent man-
ner, we measured the GSH levels of RAW264.7 macrophages after 24
and 48 h exposure to 25 and 50 uM schisandrin lignans. The glutathione
synthesis inhibitor BSO (250 pM) was used as a control.

According to these data, schisandrin did not affect the RAW264.7
glutathione levels at either concentrations or incubation times (Fig. 3).
On the contrary, schisandrin C increased the GSH levels after 48 h with
both 25 uM (76.3%, p = 0.02) and 50 uM (110.1%, p = 0.0005) con-
centration. Schisandrin B seemed to also increase the glutathione levels
after 48 h with 25 uM (48.6%, p = 0.23) and 50 uM (59.8 %, p = 0.093),
but the changes did not reach statistical significance. Similar results
were also obtained when quantifying cellular GSH levels upon the con-
comitant C. pneumoniae infection and lignan treatment. Also in this case,
schisandrin C yielded significant elevation of RAW264.7 GSH pools (p
= 0.007) while the impact of schisandrin B treatment did not reach sta-
tistical significance compared to an infection control.

The impact of schisandrin lignans on total cholesterol and cholesteryl ester
levels in RAW264.7 macrophages

Next, the total cholesterol and cholesteryl ester levels of RAW264.7
cells were determined with Amplex© red reagent. Cells were infected
with MOI 5 of C. pneumoniae, exposed to 50 uM schisandrin, schisandrin
B, schisandrin C and 250 pM BSO for 48 h, in the presence of 25 pg/ml
of LDL.

According to these data, BSO had a significant impact on total choles-
terol levels, compared to infection control, by elevating the levels by
19.4% (p = 0.004) (Fig. 4). Schisandrin B -treatment reduced the total
cholesterol levels by 18.9% (p = 0.005). The cholesteryl ester levels were
calculated by reducing the free cholesterol from total cholesterol levels.
Both schisandrin B and schisandrin C showed tendency to suppress the
degree of cholesterol esterification yet the changes did not reach statis-
tical significance.

The impact of schisandrin lignans on expression of genes involved in lipid
and GSH metabolism

The RT-PCR analysis were performed to compare the expressions of
genes taking part in lipid and GSH metabolism, between the C. pneumo-
niae infected samples and between schisandrin lignan treated and un-
treated samples. The expression of PPARy, CD36, ABCA1, ACAT1, GCLc,
GCLm and GGT1 were detected and compared to the expression of an
internal reference gene GAPDH. To evaluate the impact of C. pneumoniae
infection on gene expression RAW264.7 cells were infected with MOI 5
and incubated for 48 h in the presence or absence of LDL. In the sam-
ples lacking LDL, there were no statistically significant differences in the
gene expression between the infected and uninfected samples (data not
shown). When the cells were infected and concomitantly treated with
25 pg/ml LDL the expression of PPARy and ACAT1 was downregulated
compared to the uninfected but LDL-treated controls (RQ 0.4, p = 0.045
and 0.4, p = 0.1, respectively) (Table 3). For the rest of the studied
genes, no changes in expression were observed between infected and
noninfected samples.

Next, cells were treated with 50 pM concentrations of schisandrin
lignans for 48 h. The impact of the lignan treatment on gene expression
were determined, as well as expression levels after concomitant expo-
sure of the cells to C. pneumoniae infection and lignan treatment. As pre-
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Fig. 2. The impact of schisandrin lignans on foam cell formation in RAW264.7 macrophages. Cells were infected with C. pneumoniae (MOI 1) and incubated with
schisandrin lignans, BSO or JNK1/2 inhibitor SP600125 for 48 h in presence of LDL. Cells were stained with Oil Red O and analyzed under microscope and compared
to non-infected control. Black arrows indicate the lipid droplets inside the cells. (A) Non-infected control, (B) vehicle-treated Infection, (C) treatment with 250 uM
BSO, (D) treatment with 10 uM SP600125, (E) treatment with 50 uM Schisandrin, (F) treatment with 50 uM Schisandrin B, (G) treatment with 50 pM Schisandrin C.

All samples include 25 pg/ml LDL.
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Fig. 3. The impact of schisandrin lignans on total cellular glutathione levels in RAW264.7 macrophages. Cells were incubated with schisandrin lignans for 24 and
48 h and glutathione levels were determined by using the enzymatic recycling method with DTNB and compared to vehicle control. Glutathione concentrations
are normalized to the total protein content of each sample. Data are presented as mean + SEM. Statistical significances are determined using one-way ANOVA and

Dunnett’s T post hoc test and they are presented as marks of p-values: < 0.05: *; < 0.01: **; < 0.001: ***, n = 4.

sented in Table 4, schisandrin B and schisandrin C increased the PPARy
expression in both infected and noninfected cells. In infected samples,
the increase in PPARy expression by schisandrin B and schisandrin C
treatment was accompanied with the increased expression of the scav-
enger receptor CD36, which is known to be transcriptionally regulated
by PPARy [18]. Also ACAT1, another lipid metabolism mediator under
PPARy transcriptional control, showed increased expression upon the
lignan treatment.

Interestingly, the three lignans showed differential effects on the
ABCA1 cholesterol efflux protein gene expression. While schisandrin de-
creased the ABCA1 expression in both infected and noninfected cells,
schisandrin B and schisandrin C treatment caused a significant upregu-
lation in the ABCA1 gene.

Regarding the genes involved in glutathione biosynthesis, schisan-
drin B was found to increase the expression of both the catalytic and

modifier subunits of glutamate cysteine ligase (GCLc and GCLm) as well
as GGT-1, a key enzyme in the y-glutamyl cycle controlling the intracel-
lular availability of GCL substrates. A statistically significant increase
in the GCL modifier subunit (GCLm) was observed also in schisandrin
C treated samples, while GCLc and GGT-1 expression levels were not
significantly affected. Schisandrin also seemed to increase the GGT-1
expression, but not reach statistical significance.

Discussion

The phylogenetically distinct chlamydial pathogens exhibit var-
ious unique features among gram-negative bacteria. Induction of
macrophage foam cell formation by C. pneumoniae has been established
in several earlier studies in vitro and in vivo [48,49]. One fundamental
underlying factor of this phenomenon is that C. pneumoniae triggers the
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1,4 Fig. 4. The impact of schisandrin lignans on total
* % cholesterol and cholesteryl ester levels in C. pneumoniae
1,2 -infected RAW264.7 macrophages. Cells were infected
as described under Materials and methods and incu-
s 3 - bated with the schisandrin lignans for 48 h in the pres-
S *x = ence of 25 pg/ml LDL. Cholesterol levels were deter-
_e o mined with Amplex© Red reagent and compared to the
2 ; 0,8 infection control. Data are presented as mean + SEM.
E _g Statistical significances are determined using one-way
2% 06 ANOVA and Dunnett’s T post hoc test and they are pre-
o E sented as marks of p-values: < 0.05: *; < 0.01: **; <

204 0.001: ***, n = 6.

- i - = - ‘
0
Sch 50 uM Sch B 50 uM Sch C 50 uM BSO
H Total ® Esterified
Table 3 Table 4

The impact of C. pneumoniae infection on the expression
of genes involved in lipid and glutathione metabolism.

Gene Effect on expression ~ RQ value

PPARy decreasing 0.4 + 0.08* (p=0.045)
CD36 - 0.9 + 0.04

ABCA1 - 1.8 +04

ACAT1 decreasing 04 + 0.1

GCLc - 0.8 + 0.06

GCLm - 0.9 + 0.09

GGT1 - 0.6 + 0.05

The amplification of each gene was compared to an inter-
nal reference gene GAPDH and the results were obtained
by using the 2°-AACt analysis. Fold changes of RQ val-
ues above 2 and below 0.5 are considered as significant
and presented as bold. Statistical significances were ap-
plied from ACt values, using Students t-test and they are
presented as marks of p values: < 0.05: *; < 0.01: **; <
0.001: ***. Results are calculated from 3 biological repli-
cates and reported as RQ mean + SEM.

oxidation of LDL [37,38] and by this way stimulates the cholesterol and
fatty acid uptake and intracellular accumulation. Consistent with ear-
lier studies, this is seen as the appearance of lipid droplets into the C.
pneumoniae -infected macrophages upon their exposure to native LDL,
in contrast to noninfected cells treated with the same LDL preparation
(Fig. 2). Out of the three studied lignans, schisandrin B and schisandrin
C treatments significantly prevent the lipid loading of the macrophages,
implying that they protect the cells from the infection-induced patho-
logical changes.

Fruits from Schisandra chinensis are known for their wide use in orien-
tal medicine [50]. Dibenzocyclooctadiene lignans, the main secondary
metabolites in S. chinensis berries, have been reported to carry several
biological and pharmacological activities, such as protective effects of
different organ systems against chemical- and hypoxia-induced injury
[51,52] and anti-cancer properties [53]. Various studies have also re-
ported the influence of the lignans on several pathological phenomena
occurring in cardiovascular diseases, such as fibrosis, inflammation and
apoptosis [54]. Schisandrin B is the most widely studied among the iso-
lated S. chinensis lignans, and the safety and pharmacokinetics of this lig-
nan has been previously addressed. Single dose of orally administrated
schisandrin and schisandrin B yield micromolar plasma concentrations
[55,56]. High schisandrin B concentrations have also been reported to
have hepatotoxic effects [57], but consistent with our data, 48 h with 50
UM concentration did not reduce the viability statistically significantly.

The impact of schisandrin lignans on the expression of lipid and GSH
metabolism genes.

Gene Treatment RQ value / infected RQ value/ noninfected

PPARy  Schisandrin 1.2 +03 1.5+ 0.5
Schisandrin B 6.5 + 0.3** (p=0.001) 4.7 + 0.8** (p=0.008)
Schisandrin C 2.0 + 0.5 23 +05

CD36  Schisandrin 0.8 + 0.04 0.9 + 0.2
Schisandrin B 2.2 + 0.3 1.6 +03
Schisandrin C 2.0 + 0.6 1.7 £+ 0.5

ABCA1 Schisandrin 0.3 + 0.05* (p=0.043) 04 + 0.2
Schisandrin B 10.1 + 3.4** (p=0.005) 15.2 + 0.1** (p=0.003)
Schisandrin C 5.3 + 1.9* (p=0.041) 40+ 1.1

ACAT1  Schisandrin 1.7 + 11 3.0+ 05
Schisandrin B 4.4 + 1.5 8.6 +£ 6.0
Schisandrin C 1.7+ 03 19+03

GCLc  Schisandrin 1.4 + 0.05 1.2 + 0.6
Schisandrin B 2.5 + 0.3** (p=0.003) 2.2 + 0.1* (p=0.018)
Schisandrin C 1.2 +0.2 1.5+03

GCLm  Schisandrin 1.6 +0.2 1.5 +0.2

Schisandrin B

Schisandrin C
GGT1  Schisandrin

Schisandrin B

3.8 + 0.4*** (p=0.0002)
1.8 + 0.4* (p=0.0039)
1.2 +0.2

4.4 + 1.2** (p=0.004)

2.6 + 0.2** (p=0.003)
1.9 + 0.3* (p=0.025)
21 +09

4.5 + 0.7* (p=0.012)

Schisandrin C 14 + 04 1.2+03

The amplification of each gene was compared to an internal reference gene
GAPDH and the results were obtained by using the 2"-AACt analysis. Fold
changes of RQ values above 2 and below 0.5 are considered as significant
and presented as bold. Statistical significances were applied from ACt values,
using one-way ANOVA and Dunnet’s T post hoc test and they are presented
as marks of p values: < 0.05: *; < 0.01: **; < 0.001: ***. Results are calculated
from 3 biological replicates and reported as RQ mean + SEM.

While there are very few studies about the antibacterial activities of
schisandrin lignans, our previous findings demonstrate that S. chinensis
extract [58] and the dibenzocyclooctadiene lignans [43] have antich-
lamydial activity. However, suppressing bacterial replication or affect-
ing the infection phenotype are not likely involved in the protection
of RAW264.7 macrophages from foam cell formation. According to our
studies, the C. pneumoniae isolate CV6 does not exhibit a productive
infection in RAW264.7 macrophages (data not shown). Furthermore,
lipid accumulation by oxLDL uptake reduces the C. pneumoniae growth
in macrophages [59]. In addition, earlier work demonstrates that even
heat-inactivated C. pneumoniae is able to induce foam cell formation
[36], which indicates that Chlamydia LPS and other structural compo-
nents, rather than bacterial replication, trigger the cellular changes re-
sulting in lipid accumulation.



M. Kortesoja, E. Taavitsainen and L. Hanski

Anti-inflammatory and anti-oxidative functions are generally con-
sidered to underlie the histoprotective properties of the schisandrin lig-
nans. S. chinensis fruit extract decreases the NF-xB expression which reg-
ulates inflammatory cytokine expression in murine and human cell lines
[60,61]. Similar results on the inhibition of NF-«B and cytokine expres-
sion in mice have been obtained with schisandrin B [62]. Furthermore,
schisandrin B has been reported to affect PPARy signaling in murine
microglia, which is also involved in inflammatory response [63]. Our
previous findings in human dendritic cells and THP-1 monocytes also
show that schisandrin lignans suppress the inflammatory response in-
duced by LPS of E. coli as well as C. pneumoniae infection [64].

Consistent with the earlier findings in murine microglia [63],
schisandrin B wupregulated the PPARy expression in RAW264.7
macrophages and a similar effect was observed also with the structurally
related lignan schisandrin C (Table 4). The potential relevance of PPARy
upregulation in the lignan-induced protection of the macrophages from
foam cell formation is supported by the demonstration of this effect
also in C. pneumoniae -infected cells. Furthermore, when RAW264.7
cells were incubated with excess LDL during C. pneumoniae infection,
PPARy, was significantly downregulated (Table 3). Downregulation of
both mRNA and protein levels of PPARy has also previously been con-
nected to C. pneumoniae -induced foam cell formation [40,65].

Cellular oxidative homeostasis is one of the key regulators of lipid ac-
cumulation and antioxidative glutathione system is strongly associated
with it. While the oxidative state of extracellular space has an obvious
role in the degree to which LDL is modified, intracellular ROS have a
central role in the signaling pathways induced by the recognition and
internalization of oxLDL by macrophages [66].

The intracellular redox balance thus affects the response of
macrophages to LDL, and in particular, cellular glutathione content has
been related to the degree of LDL oxidation [67,68]. When cellular GSH
levels are low, the LDL oxidation is accelerated which promotes foam
cell formation. GSH depletion is also reported to induce LDL mediated
cell injury, occurring within macrophage foam cells [69]. According to
our data, schisandrin B and C elevate the total cellular glutathione levels
(Fig. 3) and thereby increase the antioxidative status of the cells which
may have a significant role in their ability to suppress foam cell forma-
tion (Fig. 2).

In several earlier studies, S. chinensis berry extract and the schisan-
drin lignans are reported to affect cellular glutathione metabolism in
different cell types and organ systems [70-74]. For example, the fruit
extract alters the expression of genes involved in GSH metabolism, such
as GGT1 and glutathione S-transferase, in cardiomyocytes [75]. Schisan-
drin B has been reported to elevate the GSH levels e.g. in mice brain
tissue [76], hepatocytes [77] and human fibroblasts [78]. In particular,
studies on hepatocytes and liver tissue indicate that the enhancement
of cellular GSH status by schisandrin and schisandrin B occurs by the
elevation in mitochondrial GSH pools [54,79,80].

In this study, gene expression analysis on glutathione biosynthetic
genes was conducted to shed light on the mechanisms by which schisan-
drin B and C promote the GSH levels in RAW264.7 macrophages. Our
results show that schisandrin B induces the expression of both, catalytic
and modifier subunits (GCLc and GCLm) of the rate limiting enzyme
in glutathione biosynthesis (Table 4), which may contribute to the ob-
served increase in cellular glutathione content (Fig. 3). Schisandrin B
also induced the GGT1 expression (Table 4), which implies to induce
GGT1 activity in the plasma membrane. By breaking down the extracel-
lular GSH and its conjugates, GGT1 activity enables the uptake of GSH
precursor molecules. Our findings are in line with earlier reports with
data from hepatocytes and cardiomyocytes reporting that schisandrin
B increased the glutathione biosynthesis and regeneration capacity but
also increased the cysteine concentration in the cells [81].

In spite of its obvious ability to elevate cellular GSH pools, schisan-
drin C had only a moderate effect on GCLm expression and no effect on
GCLc or GGT1 expression. This observation proposes that there are dif-
ferent mechanisms between schisandrin B and schisandrin C concerning
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their effects on GSH metabolism and highlights the central role of the
modifier subunit in determining GCL enzymatic activity.

Regarding the genes related to cholesterol metabolism, our gene
expression data also reveals that both schisandrin B and schisandrin
C upregulated the expression of ABCAI, the cholesterol efflux protein
(Table 4). This may result from the upregulation of PPARy by the two
lignans, since activation of PPARy is known to promote the ABCA1 medi-
ated cholesterol efflux [19,20]. In the case of schisandrin B, a moderate
decrease in total intracellular cholesterol levels was observed (Fig. 4).
Schisandrin, on the other hand, downregulated the ABCA1 expression
(Table 4). Based on the oil red O staining, schisandrin treatment did
not cause alterations in macrophage lipid loading (Fig. 2) and neither
did the ABCA1 downregulation translates into quantitative differences
in the macrophage cholesterol content (Fig. 4).

To study the role of cholesterol esterification in the C. pneumoniae
-induced foam cell formation, also the expression of ACAT1 was stud-
ied. Consistent with PPARy downregulation, C. pneumoniae infection de-
creased the ACATI expression in the presence of LDL (Table 3). This
contrasts an earlier report in this respect [82] and the opposite results
can be speculated to arise from the use of a cardiovascular C. pneumoniae
isolate instead of a reference strain and a lower, physiologically more
relevant LDL concentration in our study. Regarding the impact of the lig-
nans on ACAT1 expression, increased mRNA levels were observed upon
the treatment of all three derivatives (Table 4). However, cholesterol
ester levels were decreased rather than elevated in the lignan-treated
samples (Fig. 4), demonstrating that the cholesterol esterification in
macrophages is governed by mechanisms that are much more complex
than sole ACAT1 expression. In fact, even though cholesterol esterifica-
tion via ACAT1 is known to have a role in macrophage foam cell for-
mation, ACAT1 depletion has proatherogenic actions [83]. Decrease in
ACATI levels leads to offset in lipid balance and alteration in ABCA1
levels. This in turn is suggested to affect cholesterol trafficking, since in
mice ACAT]I deficiency increased the intracellular lipid vacuoles which
were not available for efflux. In the light of these findings, the previously
proposed role of ACAT1 in C. pneumoniae induced foam cell formation
does not seem justified.

Taken together, the protective effect of schisandrin B and schisandrin
C on infection-induced foam cell formation was associated with their
ability to improve the glutathione biosynthetic capacity and choles-
terol trafficking of the macrophages. Upregulation of PPARy along
with its downstream transcriptional effects seem plausible mecha-
nisms for mediating these effects. Besides its role in lipid metabolism,
PPARy regulates also inflammatory pathways and the redox balance of
macrophages. The upregulation of PPARy by schisandrin B and schisan-
drin C may thus contribute also to the increase in cellular glutathione
content.

It has to be noted, however, that additional and alternative pathways
to the PPARy mediated induction of GSH biosynthetic enzyme upregu-
lation may take place as a response to schisandrin lignan treatment.
Another possible mechanism by which schisandrin lignans affect the
glutathione metabolism of the cells, is through nuclear factor erythroid
2-related factor 2 (Nrf2) signaling. Schisandrin B has been reported to
activate the Nrf2 nuclear translocation and the expression of its down-
stream genes [84,85]. Future studies on the interplay of PPARy, Nrf2
and additional pathways on the biological activities of schisandrin B
and schisandrin C are of great interest to deconvolute the details of the
differential properties of these natural products.

Conclusions

The current work demonstrates that dibenzocyclooctadiene lignans,
schisandrin B and schisandrin C decrease the foam cell formation in
RAW264.7 macrophages and thus could inhibit the onset of atheroscle-
rosis. The protective effects of schisandrin B and schisandrin C were
associated with changes in macrophage glutathione metabolism, seen
in both mRNA levels of key regulatory genes as well as in biochemical
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quantification of the target biomolecules. The probable mechanism by
which these lignans decrease the lipid accumulation in macrophages is
PPARy-mediated elevation in glutathione biosynthetic capacity in the
cells and subsequently reduced lipid oxidation.
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