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Abstract: Ursane-type pentacyclic triterpenoids exert various biological effects, including anticancer
and anti-inflammatory activities. We previously reported that ursolic acid, corosolic acid, and asiatic
acid interfered with the intracellular trafficking and glycosylation of intercellular adhesion molecule-1
(ICAM-1) in human lung adenocarcinoma A549 cells stimulated with the pro-inflammatory cytokine
interleukin-1o.. However, the structure-activity relationship of ursane-type pentacyclic triterpenoids
remains unclear. In the present study, the biological activities of seven ursane-type pentacyclic
triterpenoids (B-boswellic acid, uvaol, madecassic acid, 3-O-acetyl-11-keto-B-boswellic acid, ursolic
acid, corosolic acid, and asiatic acid) were investigated. We revealed that the inhibitory activities of
ursane-type pentacyclic triterpenoids on the cell surface expression and glycosylation of ICAM-1
and o-glucosidase activity were influenced by the number of hydroxy groups and/or the presence
and position of a carboxyl group. We also showed that B-boswellic acid interfered with ICAM-1
glycosylation in a different manner from other ursane-type pentacyclic triterpenoids.
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1. Introduction

Pro-inflammatory cytokines, such as interleukin-1 (IL-1) and tumor necrosis factor o« (TNF-
), are produced at local sites in response to pathogen infections as well as physical and chemical
stimuli, and trigger intracellular signaling pathways, one of which leads to the activation of the
transcription factor nuclear factor kB (NF-«B) [1]. NF-«B induces the transcription of a number
of genes that are essential for immune and inflammatory responses, including those encoding
cytokines, chemokines, and cell adhesion molecules [2,3]. Intercellular adhesion molecule-1
(ICAM-1) is one of the major cell adhesion molecules primarily up-regulated by NF-«B in
response to pro-inflammatory cytokines [4,5].

ICAM-1 belongs the immunoglobulin (Ig) superfamily and is expressed on the cell
surface, in order to interact with 32-integrins, leukocyte function-associated antigen 1
(CD11a/CD18), and macrophage antigen 1 (CD11b/CD18) via its Ig domains [6]. In
vascular endothelial cells, ICAM-1 is expressed at basal levels and is up-regulated by
pro-inflammatory cytokines [7]. In addition to other adhesion molecules, ICAM-1 plays an
essential role in the recruitment and the transendothelial migration of circulating leuko-
cytes [8,9]. Human ICAM-1 possesses eight N-glycosylation sites, and is heavily glycosy-
lated with complex-type N-glycans [6,7]. N-glycosylation is essential for the intracellular
trafficking of ICAM-1 because tunicamycin has been shown to prevent the cell-surface
expression of non-N-glycosylated ICAM-1 [10,11]. Previous studies demonstrated that
high mannose-type ICAM-1 enhanced adhesion to monocytes [12,13]. Therefore, ICAM-1
helps to regulate cell-cell interactions by its cell-surface level and glycan forms, which in
turn influence inflammatory and immune responses.
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Ursolic acid

Hydroxy pentacyclic triterpene acids (HPTAs) and their derivatives are secondary
metabolites that are often found in plants, and have been shown to exert diverse biological
effects, such as anti-inflammatory and anti-tumor activities [14-16]. We previously revealed
that six HPTAs (Figure S1) interfered with different steps in the N-glycosylation and intra-
cellular transport of glycoproteins [11,17,18]. Ursolic acid (a ursane-type HPTA) inhibited
the transport of ICAM-1 from the endoplasmic reticulum (ER) to the Golgi apparatus [11],
while its structural isomers, oleanolic acid (an oleanane-type HPTA) and betulinic acid (a
lupane-type HPTA), did not suppress the cell-surface expression of ICAM-1 [17]. Corosolic
acid (a ursane-type HPTA) and, to a lesser extent, maslinic acid (an oleanane-type HPTA)
inhibited the cell-surface expression of ICAM-1, whereas asiatic acid (a ursane-type HPTA)
delayed the transport of ICAM-1 to the cell surface [18]. These findings suggest that ursane-
type HPTAs interfere with the N-glycosylation and intracellular transport of glycoproteins
with various efficacies and different modes of action. However, the structure-activity
relationship of ursane-type HPTAs in these processes remains unclear. In addition to the
three HPTAs previously examined (i.e., ursolic acid, corosolic acid, and asiatic acid), we
investigated the biological activities of three ursane-type HPTAs (i.e., B-boswellic acid,
3-O-acetyl-11-keto-B-boswellic acid (AKBA), and madecassic acid) and uvaol in order to
elucidate the structure—-activity relationship of ursane-type pentacyclic triterpenoids in
more detail (Figure 1). In the present study, we also revealed that -boswellic acid inter-
fered with the glycosylation and transport of ICAM-1 in a different manner from other
ursane-type pentacyclic triterpenoids.

Uvaol Madecassic acid 3-0O-Acetyl-11-keto-B-boswellic acid
(AKBA)

Corosolic acid Asiatic acid
Figure 1. Structures of ursane-type pentacyclic triterpenoids.

2. Results and Discussion
2.1. Bioactive Evaluation of Ursane-Type Pentacyclic Triterpenoids on the Viability of A549 Cells

We previously showed that three ursane-type HPTAs (i.e., ursolic acid, corosolic
acid, and asiatic acid) exerted different effects on the expression and glycosylation of
ICAM-1 in human lung adenocarcinoma A549 cells stimulated with IL-1cc [11,18]. IL-1cx
and IL-1 have been shown to stimulate the same IL-1 receptor and trigger the same
signaling pathway [19,20]. In the present study, we also used four ursane-type pentacyclic
triterpenoids (i.e., B-boswellic acid, AKBA, madecassic acid, and uvaol) to investigate the
structure-activity relationship. A549 cells were incubated with seven triterpenoids for 7 h.
Cell viability was evaluated using the 3-(4,5-dimethylthizol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. The effects of B-boswellic acid, uvaol, madecassic acid, and asiatic
acid on cell viability were negligible at concentrations up to 100 uM (Figure 2). Furthermore,
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ursolic acid and corosolic acid did not markedly affect cell viability at 100 uM. In contrast,
AKBA decreased cell viability by ~50% at 100 uM up to 7 h. These results showed that
AKBA exerted the strongest cytotoxic effect on A549 cells. This is consistent with previous
findings indicating that AKBA reduced the viability of A549 cells at lower concentrations
when they were incubated for longer durations (24 to 72 h) [21,22].
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Figure 2. Effects of ursane-type pentacyclic triterpenoids on cell viability. A549 cells were incubated
with serial dilutions of triterpenoids for 7 h at the indicated concentrations. Cell viability was
evaluated by the MTT assay. Cell viability (%) is shown as the mean =+ S.E. of three independent
experiments. *** p < 0.001.

2.2. Bioactive Evaluation of Ursane-Type Pentacyclic Triterpenoids on Cell-Surface ICAM-1 Expression

To investigate the structure—activity relationship of cell-surface ICAM-1 expression,
A549 cells were preincubated with triterpenoids for 1 h followed by IL-1« for 6 h, and
a cell-enzyme-linked immunosorbent assay (ELISA) was then performed to quantitate
the cell-surface expression of ICAM-1. Consistent with our previous findings [11,18],
the cell-surface expression of ICAM-1 was inhibited by ursolic acid and corosolic acid at
concentrations higher than 50 uM, and was slightly suppressed by asiatic acid at 100 uM
(Figure 3). Asiatic acid at 100 pM up-regulated the expression of ICAM-1 protein, increased
the co-localization of ICAM-1 with the ER marker calnexin, and delayed the expression of
cell-surface ICAM-1 [18]. These biological activities of asiatic acid may explain the slight
suppression of cell-surface ICAM-1 expression by asiatic acid at 100 tM. Madecassic acid
and uvaol did not markedly decrease the cell-surface expression of ICAM-1 (Figure 3).
B-Boswellic acid at 100 pM reduced the cell-surface expression of ICAM-1 by ~50%. AKBA
at 50 uM inhibited the cell-surface expression of ICAM-1 by ~80%. These results showed
that ursolic acid and corosolic acid, which possess one and two hydroxy groups, exhibited
the strongest inhibitory activities on the cell-surface expression of ICAM-1 with lower
cytotoxicity than AKBA. Regarding the structure-activity relationship of ursane-type
triterpenoids on the cell-surface expression of ICAM-1, the present results revealed the
following: (1) inhibitory activity required a carboxyl group (based on a comparison between
ursolic acid and uvaol); (2) inhibitory activity was weakened by the presence of additional
hydroxy groups (based on a comparison of three and four hydroxy groups in asiatic acid
and madecassic acid with ursolic acid and corosolic acid); and (3) inhibitory activity was
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influenced by the position of the carboxyl group (based on a comparison between ursolic
acid and B-boswellic acid).
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Figure 3. Effects of ursane-type pentacyclic triterpenoids on cell-surface ICAM-1 expression. A549 cells
were preincubated with serial dilutions of triterpenoids for 1 h, and then incubated with (+) or without
(—) IL-1x (0.25 ng/mL) for 6 h in the presence of triterpenoids at the indicated concentrations. ICAM-1
expression was evaluated by cell-ELISA. ICAM-1 expression (%) is shown as the mean £ S.E. of three
independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.3. Bioactive Evaluation of Ursane-Type Pentacyclic Triterpenoids on ICAM-1 N-Glycosylation

Human ICAM-1 possesses eight N-glycosylation sites [6]. In A549 cells, fully glyco-
sylated ICAM-1 was observed as a heterogenous band migrating at more than 80 kDa,
while unglycosylated ICAM-1 caused by a tunicamycin treatment or digestion by a pep-
tide: N-glycosidase F (PNGase F) was detected as a band migrating at 50-55 kDa [11]. To
investigate the structure-activity relationship of ICAM-1 glycosylation, the molecular size
of the ICAM-1 protein was evaluated by Western blotting. Consistent with our previous
findings [11,18], ursolic acid, corosolic acid, and asiatic acid decreased the molecular size
of ICAM-1 to between 59 and 81 kDa (Figure 4). Ursolic acid and corosolic acid at 100 uM
down-regulated ICAM-1 protein expression. In contrast, madecassic acid at 100 pM did
not affect the molecular size of ICAM-1. B-Boswellic acid at 50 and 100 uM induced step-
by-step decreases in the molecular size of ICAM-1. Uvaol at 100 pM only slightly affected
the molecular size of ICAM-1. AKBA at 50 uM decreased the molecular size of ICAM-1 to
between 59 and 81 kDa. Since madecassic acid and uvaol did not exert marked effects on
the molecular size of ICAM-1 among seven triterpenoids, the carboxyl group of ursane-type
triterpenoids appeared to be essential for interfering with ICAM-1 glycosylation, and this
biological activity was also attenuated by increases in hydroxy groups.
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Figure 4. Effects of ursane-type pentacyclic triterpenoids on the glycosylation and expression of ICAM-1.
A549 cells were preincubated with triterpenoids for 1 h and then incubated with IL-1ex (0.25 ng/mL) for
6 h in the presence of triterpenoids at the indicated concentrations. The ICAM-1 protein was evaluated by
Western blotting. Blots are representative of at least three independent experiments.

2.4. Bioactive Evaluation of Ursane-Type Pentacyclic Triterpenoids on a-Glucosidase Activity

In N-glycan modifications, three glucose residues are removed by ER «-glucosidases I
and II from the GlucosesMannosegGIcNACc; glycans after their transfer to proteins in the ER,
which was prevented by castanospermine [23]. While betulinic acid and oleanolic acid did not
prevent the cell-surface expression of ICAM-1, they interfered with its N-glycan modifications,
similar to castanospermine in A549 cells [17]. Yeast a-glucosidase activity was inhibited by
betulinic acid and oleanolic acid at 50% inhibitory concentration (ICsg) values of 10.5 and
54.3 uM [17]. Therefore, betulinic acid and oleanolic acid appear to prevent glucose trimming
by «-glucosidases in the ER. We previously reported that the ICs value of ursolic acid on yeast
a-glucosidase was 20.1 uM [17]. We also showed that the IC5, values of corosolic acid and
asiatic acid were 8.5 and 24.4 uM [18]. To elucidate the structure-activity relationship in more
detail, the inhibitory activities of seven triterpenoids on «-glucosidase were measured and
directly compared. Ursolic acid, corosolic acid, and asiatic acid exerted inhibitory activities
at ICs( values of 20.5 £ 4.9,18.2 + 4.7, and 45.9 £ 1.4 uM (Figure 5), indicating that ursolic
acid and corosolic acid inhibited o-glucosidase with similar efficacies. f-Boswellic acid and
AKBA inhibited o-glucosidase activity at ICsp values of 11.1 4= 1.4 and 30.1 & 6.0 uM. The
IC5g values of madecassic acid and uvaol were 108.9 + 1.7 and 47.9 + 7.0 uM. These results
showed that B-boswellic acid exhibited a stronger inhibitory activity against «-glucosidase
compared to ursolic acid and corosolic acid. B-Boswellic acid has been reported to inhibit
a-glucosidase at the ICsq value of 49.726 £ 1.224 M [24], while it has been also shown
that B-boswellic acid is not active for x-glucosidase up to 1 mM [25]. Our present results
also revealed that the carboxyl group of ursane-type pentacyclic triterpenoids is important
for the inhibitory activity of a-glucosidase, which was attenuated by increases in hydroxy
groups. This is consistent with previous findings for the structure-activity relationship of
a-glucosidase: corosolic acid exhibited a stronger inhibitory activity than asiatic acid [26-28],
while ursolic acid more strongly inhibited x-glucosidase than uvaol [29,30].
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Figure 5. Effects of ursane-type pentacyclic triterpenoids on a-glucosidase activity. Yeast o-
glucosidase was preincubated with triterpenoids for 30 min, and then incubated with p-nitrophenyl-
a-D-glucopyranoside for 15 min in the presence of triterpenoids. x-Glucosidase activity (%) was
shown as the mean =+ S.E. of three independent experiments. * p < 0.05, and *** p < 0.001.

2.5. B-Boswellic Acid Altered ICAM-1 Glycosylation in a Different Manner from Other
Ursane-Type Pentacyclic Triterpenoids

Figures 3 and 4 suggested that S-boswellic acid interfered with ICAM-1 glycosylation
and/or intracellular transport in a different manner from ursolic acid, corosolic acid, and
asiatic acid. High-mannose-type glycans are attached to proteins in the ER and processed to
complex-type and hybrid-type glycans by the removal and addition of sugars in the ER and
Golgi apparatus. PNGase F digests high mannose-type, hybrid-type, and complex-type
glycans, while Endoglycosidase H (Endo H) digests high mannose-type and some hybrid-
type glycans. We previously showed that ICAM-1 proteins in ursolic-acid-, corosolic-acid-,
or asiatic-acid-treated cells were digested by both Endo H and PNGase F to a similar
size [18], indicating that Endo-H-sensitive glycans are mainly attached to ICAM-1 upon
exposure to ursolic acid, corosolic acid, and asiatic acid. In control cells, the ICAM-1 protein
was not cleaved by Endo H, indicating that Endo-H-resistant glycans were mainly attached
to ICAM-1 (Figure 6). In uvaol-treated cells, the digestion of the ICAM-1 protein by Endo
H was negligible. In AKBA-treated cells, the ICAM-1 protein was digested by both Endo
H and PNGase F to a similar size, indicating that Endo-H-sensitive glycans were mainly
attached to ICAM-1. The effect of AKBA on ICAM-1 N-glycosylation seemed to be similar
to that of ursolic acid, corosolic acid, and asiatic acid [11,18]. In B-boswellic-acid-treated
cells, Endo H digested the ICAM-1 protein to major bands, which were larger than those
digested by PNGase F (Figure 6). These results show that Endo-H-sensitive glycans and
Endo-H-resistant glycans both attached to the ICAM-1 protein in B-boswellic-acid-treated
cells and that the effects of B-boswellic acid on ICAM-1 N-glycosylation differed from those
of ursolic acid, corosolic acid, and asiatic acid [11,18].
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Figure 6. Effects of ursane-type pentacyclic triterpenoids on the Endo H sensitivity of ICAM-1
N-glycans. A549 cells were preincubated with triterpenoids for 1 h, and then incubated with IL-1«
(0.25 ng/mL) for 6 h in the presence of uvaol (100 uM), B-boswellic acid (100 uM) or AKBA (50 uM).
Cell lysates were treated with (+) or without (—) PNGase F or Endo H and then analyzed by Western
blotting. Blots are representative of three independent experiments.

2.6. B-Boswellic Acid Induced the Localization of ICAM-1 at the Perinuclear Region

To investigate the subcellular localization of ICAM-1, A549 cells were preincubated with
B-boswellic acid for 1 h, stimulated with IL-1« for 6 h, and then immunostained with antibodies
reactive to ICAM-1, with calnexin as the ER marker. This IL-1x stimulation induced the
expression of ICAM-1, which was detected as small puncta over the cytoplasm and at the
cell periphery (Figure 7). Calnexin mainly localized to the perinuclear region, a part of which
co-localized with ICAM-1. These results showed that ICAM-1 was expressed in the ER, the cell
membrane, and other intracellular regions. In contrast, B-boswellic acid caused ICAM-1 puncta
mainly at the perinuclear region (Figure 7). The perinuclear localization of calnexin was not
clearly observed in B-boswellic-acid-treated cells. These results suggested that -boswellic acid
interfered with the intracellular transport of ICAM-1 mainly at the ER, which may be ascribed
to a partial reduction in cell-surface ICAM-1 expression.

ICAM-1 Calnexin Merge

Figure 7. Cont.
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B-Boswellic acid

B-Boswellic acid + IL-1a

Scale bar: 20 uym

Figure 7. Effects of -boswellic acid on the subcellular localization of ICAM-1 and calnexin. A549
cells were preincubated with (+) or without (—) B-boswellic acid for 1 h and then incubated with (+)
or without (—) IL-1c (0.25 ng/mL) for 6 h in the presence or absence of f-boswellic acid (100 pM).
Cells were stained with the mouse anti-ICAM-1 antibody and Alexa Fluor® 488-labeled anti-mouse
IgG antibody or rabbit anti-calnexin and Alexa Fluor® 594-labled anti-rabbit IgG antibody. Due
to different acquirement conditions for clearer images, the subcellular localization of ICAM-1 and
calnexin was observed, while fluorescent intensities between images were not directly compared.
Data are representative of three independent experiments. Scale bars: 20 um.

2.7. B-Boswellic Acid Interferes with ICAM-1 Glycosylation and Intracellular Transport in a
Different Manner from Other Ursane-Type Pentacyclic Triterpenoids

We previously showed that ursolic acid inhibited the transport of ICAM-1 from the
ER to the Golgi apparatus and induced the accumulation of Endo-H-sensitive ICAM-1
in the ER [11]. Asiatic acid delayed the transport of ICAM-1 from the ER, and allowed
the expression of Endo-H-sensitive ICAM-1 at the cell surface [18]. In the present study,
we showed that B-boswellic acid induced the expression of ICAM-1 possessing Endo-H-
sensitive and Endo-H-resistant glycans, and this was accompanied by a partial reduction in
the cell-surface expression of ICAM-1. These results revealed that the mechanisms of action
of B-boswellic acid differed from those of ursolic acid and asiatic acid. We also previously
demonstrated that ICAM-1 accumulated at the perinuclear regions, and co-localized with
calnexin in ursolic-acid-treated cells [11]. In asiatic-acid-treated cells, ICAM-1 co-localized
with calnexin in the perinuclear region [18]. However, calnexin was not clearly observed at
the perinuclear region in B-boswellic-acid-treated cells. This is consistent with the notion
that B-boswellic acid impairs the morphology of the ER and/or the expression of ER-
resident proteins in a different manner from ursolic acid or asiatic acid. Boswellic acid and
its analogues have been shown to inhibit many molecular targets, such as transcription
factors, protein kinases, receptors, and enzymes, for its anti-inflammatory and anticancer
activities [31-33]. Nevertheless, the molecular targets of S-boswellic acid for glycoprotein
transport and N-glycosylation remain unclear. Therefore, the effects of -boswellic acid on
ER processes and components warrant further study.

3. Materials and Methods
3.1. Cell Culture
Human lung adenocarcinoma A549 cells (JCRB0076) were obtained from the National

Institutes of Biomedical Innovation, Health and Nutrition JCRB Cell Bank (Osaka, Japan).
A549 cells were cultured with RPMI 1640 medium (Thermo Fisher Scientific, Gland Island,
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NY, USA) supplemented with heat-inactivated fetal calf serum (Sigma-Aldrich, St. Louis,
MO, USA) and a penicillin-streptomycin antibiotic mixture (Nacalai Tesque, Kyoto, Japan).

3.2. Reagents

Asiatic acid (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), B-boswellic acid
(Cayman Chemical Company, Ann Arbor, MI, USA), corosolic acid (Cayman Chemical
Company), madecassic acid (Cayman Chemical Company), AKBA (Alexis Corporation,
Lausen, Switzerland), ursolic acid (Sigma-Aldrich), and uvaol (Sigma-Aldrich) were used
in this study. Recombinant human IL-1 was provided by Dainippon Pharmaceutical Co.,
Ltd. (Osaka, Japan).

3.3. Antibodies

Primary antibodies for 3-actin (AC-15; Sigma-Aldrich), yl-actin (2F3; FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan), calnexin (ab92573; Abcam, Cambridge,
UK), ICAM-1 (15.2; Leinco Technologies, Inc., St. Louis, MO, USA), ICAM-1 (28; BD
Biosciences, San Diego, CA, USA), peroxidase-conjugated anti-mouse IgG(H+L) antibody
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA), Alexa® 488-conjugated
anti-mouse IgG antibody (Thermo Fisher Scientific), and Alexa® 594-conjugated anti-rabbit
IgG antibody (Thermo Fisher Scientific) as secondary antibodies were used in this study.

3.4. Cell Viability Assay

A549 cells (100 uL./well) were incubated for the last 2 h after the addition of 10 uL of
MTT-phosphate-buffered saline (PBS) (0.5 mg/mL). To solubilize MTT formazan, A549 cells
were incubated overnight after the addition of 100 uL of 10% SDS. Absorbance at 570 nm was
measured using the iMark™ microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).

3.5. Cell-ELISA

A549 cells were washed twice with PBS, fixed with 1% paraformaldehyde-PBS for 15 min,
washed twice with PBS, and incubated with 1% bovine serum albumin (BSA)-PBS overnight.
A549 cells were incubated with anti-ICAM-1 antibody (15.2) in BSA-PBS for 1 h, washed three
times with 0.02% Tween 20-PBS, and then incubated with peroxidase-conjugated anti-mouse
IgG(H+L) antibody in BSA-PBS for 1 h. A549 cells were washed three times with 0.02% Tween
20-PBS and then incubated with substrate solution (0.2 M sodium citrate buffer (pH 5.3), 0.1%
o-phenylenediamine hydrochloride, and 0.02% HO,) until color development. Absorbance at
450 nm was measured by the iMark™ microplate reader.

3.6. Western Blotting

A549 cells were washed with PBS and lyzed by Triton X-100 lysis buffer (50 mM Tris-
HCI (pH 7.5), 1% Triton X-100, 2 mM dithiothreitol, and 2 mM sodium vanadate) containing
cOmplete™ (Sigma-Aldrich) on ice for 15 min, followed by centrifugation (15,300 g,
5 min). Cell lysates were collected as supernatants. Cell lysates (30 pg protein) were
separated by SDS-PAGE and transferred to ClearTrans® 0.22-um nitrocellulose membranes
(FUJIFILM Wako Pure Chemical Corporation). Membranes were incubated with 5% skim
milk in 0.5% Tween 20-PBS (PBS-T) overnight at 4 °C. Membranes were then incubated with
primary antibodies and peroxidase-conjugated secondary antibodies. Protein bands were
visualized by Amersham Imager 680 (GE Healthcare Japan, Tokyo, Japan) and analyzed by
ImageQuant TL software (GE Healthcare Japan).

3.7. a-Glucosidase Assay

a-Glucosidase from yeast (0.005U) (FUJIFILM Wako Pure Chemical Corporation) was
preincubated with triterpenoids at room temperature for 30 min and then incubated with
50 mM sodium phosphate buffer (pH 6.8) containing p-nitrophenyl-u-D-glucopyranoside
(0.5 mM) (FUJIFILM Wako Pure Chemical Corporation) at 37 °C for 15 min. Absorbance at
405 nm was measured using the iMark™ microplate reader.
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3.8. Glycosidase Digestion

Cell lysates (20 pg of protein) were denatured and then incubated with PNGase F
(New England BioLabs, Ipswich, MA, USA) or Endo H (New England Biolabs) according
to the manufacturers’ protocols. Cell lysates were separated by SDS-PAGE and analyzed
by Western blotting.

3.9. Immunostaining

Ab549 cells were grown on coverslips coated with Cellmatrix type I-C (Nitta Gelatin,
Osaka, Japan). A549 cells were fixed with 4% PFA-PBS for 15 min, washed serially with
PBS, 25 mM glycine-PBS, and 0.3% Triton X-100-PBS (PBS-T), followed by blocking with
5% normal goat serum-PBS-T. Cells were incubated with the mouse anti-ICAM-1 anti-
body and rabbit anti-calnexin antibody, followed by the Alexa® 488-conjugated anti-mouse
IgG antibody (Thermo Fisher Scientific) and Alexa® 594-conjugated anti-rabbit IgG anti-
body (Thermo Fisher Scientific). Images were acquired using a confocal laser scanning
microscope system FV10i (Olympus, Tokyo, Japan).

3.10. Statistical Analysis

A one-way ANOVA and Tukey’s post hoc test were performed for multiple compar-
isons using KaleidaGraph 4.5 software (Hulinks, Tokyo, Japan).

4. Conclusions

Ursane-type HPTAs interfered with the cell-surface expression and glycosylation of
ICAM-1. Due to the essential role of ICAM-1 in inflammatory responses, the development
of ursane-type HPTAs as anti-inflammatory agents was expected. Ursolic acid and corosolic
acid were the strongest inhibitors of the cell-surface expression of ICAM-1. Asiatic acid
delayed the cell-surface expression of ICAM-1, while madecassic acid did not affect the
cell-surface expression or glycosylation of ICAM-1. In conclusion, this structure-activity
relationship study revealed that the number of hydroxy groups and the presence and/or
position of a carboxyl group attached to ursane-type HPTAs influenced their biological
effects on the transport and glycosylation of ICAM-1. The preparation of ursane-type penta-
cyclic derivatives with protected hydroxy groups (for example, acetate) and their bioactive
evaluation is important for confirming our proposed results. We also demonstrated that
B-boswellic acid interfered with the transport and glycosylation of ICAM-1 in a different
manner from other ursane-type pentacyclic triterpenoids. Further studies to elucidate
the mechanisms of action of HPTAs on the glycosylation and intracellular glycoprotein
transport are needed for the development of more effective anti-inflammatory agents.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /molecules27103073/s1, Figure S1: Structures of HPTAs.

Author Contributions: Conceptualization, K.N., S.S. and T.K,; formal analysis, K.N., S.S. and TK.;
investigation, K.N. and S.S.; writing—original draft preparation, T.K.; writing—review and editing,
TK.; visualization, K.N. and T.K,; supervision, T.K.; funding acquisition, T.K. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was partly supported by the Japan Society for the Promotion of Science (JSPS)
KAKENHI Grant Number 19H02885 (to T.K.).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in the present study are available upon request
from the corresponding author.

Acknowledgments: We are very grateful to Yoshihiro H. Inoue for his critical advice on the interpre-
tation of our data.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/molecules27103073/s1
https://www.mdpi.com/article/10.3390/molecules27103073/s1

Molecules 2022, 27, 3073 11 of 12

References

1.  Wang, T.; He, C. Pro-inflammatory cytokines: The link between obesity and osteoarthritis. Cytokine Growth Factor Rev. 2018, 44,
38-50. [CrossRef] [PubMed]

2. Karin, M,; Greten, ER. NF-«B: Linking inflammation and immunity to cancer development and progression. Nat. Rev. Immunol.
2005, 5, 749-759. [CrossRef] [PubMed]

3. Baud, V; Karin, M. Is NF-kB a good target for cancer therapy? Hopes and pitfalls. Nat. Rev. Drug Discov. 2009, 8, 33—40. [CrossRef]
[PubMed]

4. Roebuck, K.A ; Finnegan, A. Regulation of intercellular adhesion molecule-1 (CD54) gene expression. J. Leukoc. Biol. 1999, 66,
876-888. [CrossRef]

5. Singh, M.; Thakur, M.; Mishra, M.; Yadav, M.; Vibhuti, R.; Menon, A.M.; Nagda, G.; Dwivedi, V.P; Dakal, T.C.; Yadav, V. Gene
regulation of intracellular adhesion molecule-1 (ICAM-1): A molecule with multiple functions. Immunol. Lett. 2021, 240, 123-136.
[CrossRef]

6. Ramos, T.N,; Bullard, D.C.; Barnum, S.R. ICAM-1: Isoforms and phenotypes. J. Immunol. 2014, 192, 4464-4474. [CrossRef]

7. Bui, TM.; Wiesolek, H.L.; Sumagin, R. ICAM-1: A master regulator of cellular responses in inflammation, injury resolution, and
tumorigenesis. . Leukoc. Biol. 2020, 108, 787-799. [CrossRef]

8. Gerhardt, T.; Ley, K. Monocyte trafficking across the vessel wall. Cardiovasc. Res. 2015, 107, 321-330. [CrossRef]

9.  Vestweber, D. How leukocytes cross the vascular endothelium. Nat. Rev. Immunol. 2015, 15, 692-704. [CrossRef]

10. He, P; Srikrishna, G.; Freeze, H.H. N-glycosylation deficiency reduces ICAM-1 induction and impairs inflammatory response.
Glycobiology 2014, 24, 392-398. [CrossRef]

11. Mitsuda, S.; Yokomichi, T.; Yokoigawa, J.; Kataoka, T. Ursolic acid, a natural pentacyclic triterpenoid, inhibits intracellular
trafficking of proteins and induces accumulation of intercellular adhesion molecule-1 linked to high-mannose-type glycans in the
endoplasmic reticulum. FEBS Open Bio 2014, 4, 229-239. [CrossRef] [PubMed]

12. Scott, D.W.; Dunn, T.S.; Ballestas, M.E.; Litovsky, S.H.; Patel, R.P. Identification of a high-mannose ICAM-1 glycoform: Effects of
ICAM-1 hypoglycosylation on monocyte adhesion and outside in signaling. Am. J. Physiol. Cell Physiol. 2013, 305, C228-C237.
[CrossRef] [PubMed]

13.  Regal-McDonald, K.; Xu, B.; Barnes, J.W.; Patel, R.P. High-mannose intercellular adhesion molecule-1 enhances CD16* monocyte
adhesion to the endothelium. Am. J. Physiol. Heart Circ. Physiol. 2019, 317, H1028-H1038. [CrossRef] [PubMed]

14. Laszczyk, M. Pentacyclic triterpenes of the lupane, oleanane and ursane group as tools in cancer therapy. Planta Med. 2009, 75,
1549-1560. [CrossRef] [PubMed]

15.  Yadav, V.R; Prasad, S.; Sung, B.; Kannappan, K.; Aggarwal, B.B. Targeting inflammatory pathways by triterpenoids for prevention
and treatment of cancer. Toxins 2010, 2, 2428-2466. [CrossRef]

16. Shanmugam, M.K.; Nguyen, A.H.; Kumar, A.P,; Tan, B.K.H.; Sethi, G. Targeted inhibition of tumor proliferation, survival, and
metastasis by pentacyclic triterpenoids: Potential role in prevention and therapy of cancer. Cancer Lett. 2012, 320, 158-170.
[CrossRef]

17.  Hiramatsu, R.; Fukuhara, S.; Mitsuda, S.; Yokomichi, T.; Kataoka, T. Betulinic acid and oleanolic acid, natural pentacyclic
triterpenoids, interfere with N-linked glycan modifications to intercellular adhesion molecule-1, but not its intracellular transport
to the cell surface. Eur. J. Pharmacol. 2015, 767, 126-134. [CrossRef]

18. Baba, K.; Hiramatsu, R.; Suradej, B.; Tanigaki, R.; Koeda, S.; Waku, T.; Kataoka, T. Asiatic acid, corosolic acid, and maslinic acid
interfere with intracellular trafficking and N-linked glycosylation of intercellular adhesion molecule-1. Biol. Pharm. Bull. 2018, 41,
1757-1768. [CrossRef]

19. Malik, A.; Kanneganti, T.D. Function and regulation of IL-1« in inflammatory diseases and cancer. Immunol. Rev. 2018, 281,
124-137. [CrossRef]

20. Cavalli, G.; Colafrancesco, S.; Emmi, G.; Imazio, M.; Lopalco, G.; Maggio, M.C.; Sota, J.; Dinarello, C.A. Interleukin 1a: A
comprehensive review on the role of IL-1c in the pathogenesis and treatment of autoimmune and inflammatory diseases.
Autoimmun. Rev. 2021, 20, 102763. [CrossRef]

21. Lv, M,; Shao, S.; Zhang, Q.; Zhuang, X.; Qiao, T. Acetyl-11-keto-B-boswellic acid exerts the anti-cancer effects via cell cycle
arrest, apoptosis induction and autophagy suppression in non-small cell lung cancer cells. OncoTargets Ther. 2020, 13, 733-744.
[CrossRef] [PubMed]

22. Li, C; He, Q,; Xu, Y;; Lou, H.; Fan, P. Synthesis of 3-O-acetyl-11-keto-B-boswellic acid (AKBA)-derived amides and their
mitochondria-targeted antitumor activities. ACS Omega 2022, 7, 9853-9866. [CrossRef] [PubMed]

23. Chang, J.; Block, TM.; Guo, ].T. Antiviral therapies targeting host ER alpha-glucosidases: Current status and future directions.
Antivir. Res. 2013, 99, 251-260. [CrossRef] [PubMed]

24. Li,J; Lu, Y, Su, X,; Li, E; She, Z.; He, X.; Li, Y. A norsesquiterpene lactone and a benzoic acid derivative from the leaves
of Cyclocarya paliurus and their glucosidase and glycogen phosphorylase inhibiting activities. Planta Med. 2008, 74, 287-289.
[CrossRef] [PubMed]

25. Rehman, N.U,; Khan, A.; Al-Harrasi, A.; Hussain, H.; Wadood, A.; Riaz, M.; Al-Abri, Z. New «-glucosidase inhibitors from

the resins of Boswellia species with structure-glucosidase activity and molecular docking studies. Bioorg. Chem. 2018, 79, 27-33.
[CrossRef]


http://doi.org/10.1016/j.cytogfr.2018.10.002
http://www.ncbi.nlm.nih.gov/pubmed/30340925
http://doi.org/10.1038/nri1703
http://www.ncbi.nlm.nih.gov/pubmed/16175180
http://doi.org/10.1038/nrd2781
http://www.ncbi.nlm.nih.gov/pubmed/19116625
http://doi.org/10.1002/jlb.66.6.876
http://doi.org/10.1016/j.imlet.2021.10.007
http://doi.org/10.4049/jimmunol.1400135
http://doi.org/10.1002/JLB.2MR0220-549R
http://doi.org/10.1093/cvr/cvv147
http://doi.org/10.1038/nri3908
http://doi.org/10.1093/glycob/cwu006
http://doi.org/10.1016/j.fob.2014.02.009
http://www.ncbi.nlm.nih.gov/pubmed/24649404
http://doi.org/10.1152/ajpcell.00116.2013
http://www.ncbi.nlm.nih.gov/pubmed/23703526
http://doi.org/10.1152/ajpheart.00306.2019
http://www.ncbi.nlm.nih.gov/pubmed/31398058
http://doi.org/10.1055/s-0029-1186102
http://www.ncbi.nlm.nih.gov/pubmed/19742422
http://doi.org/10.3390/toxins2102428
http://doi.org/10.1016/j.canlet.2012.02.037
http://doi.org/10.1016/j.ejphar.2015.10.017
http://doi.org/10.1248/bpb.b18-00276
http://doi.org/10.1111/imr.12615
http://doi.org/10.1016/j.autrev.2021.102763
http://doi.org/10.2147/OTT.S236346
http://www.ncbi.nlm.nih.gov/pubmed/32158225
http://doi.org/10.1021/acsomega.2c00203
http://www.ncbi.nlm.nih.gov/pubmed/35350335
http://doi.org/10.1016/j.antiviral.2013.06.011
http://www.ncbi.nlm.nih.gov/pubmed/23816430
http://doi.org/10.1055/s-2008-1034309
http://www.ncbi.nlm.nih.gov/pubmed/18300194
http://doi.org/10.1016/j.bioorg.2018.04.020

Molecules 2022, 27, 3073 12 of 12

26.

27.

28.

29.

30.

31.

32.

33.

Hou, W.; Li, Y.,; Zhang, Q.; Wei, X.; Peng, A.; Cheng, L.; Wei, Y. Triterpene acids isolated from Lagerstroemia speciosa leaves as
a-glucosidase inhibitors. Phytother. Res. 2009, 23, 614-618. [CrossRef]

Zhang, B.-W.; Xing, Y.; Wen, C.; Yu, X.-X,; Sun, W.-L.; Xiu, Z.-L.; Dong, Y.-S. Pentacyclic triterpenes as x-glucosidase x-amylase
inhibitors: Structure-activity relationships and the synergism with acarbose. Bioorg. Med. Chem. Lett. 2017, 27, 5065-5070.
[CrossRef]

Du, H; Li, H.; Wu, P; Wang, C.; Xue, J.; Wei, X. a-Glucosidase inhibitory pentacyclic triterpenoids from the leaves of Cleistocalyx
consperipunctatus. Phytochem. Lett. 2021, 4, 109-113. [CrossRef]

Morocho, V.; Valle, A.; Garcia, J.; Gilardoni, G.; Cartuche, L.; Sudrez, A.l. x-Glucosidase inhibition and antibacterial activity of
secondary metabolites from the Ecuadorian species Clinopodium taxifolium (Kunth) govaerts. Molecules 2018, 23, 146. [CrossRef]
Nyemb, ].N.; Tchuenguem, R.T.; Venditti, A.; Tchinda, A.T.; Henoumont, C.; Talla, E.; Laurent, S.; Igbal, J. Antimicrobial and
a-glucosidase inhibitory activities of chemical constituents from Gardenia aqualla (Rubiacease). Nat. Prod. Res. 2022. [CrossRef]
Roy, N.K; Parama, D.; Banik, K.; Bordoloi, D.; Devi, A.K.; Thakur, K.K.; Padmavathi, G.; Shakibaei, M.; Fan, L.; Sethi, G.; et al.
An update on pharmacological potential of boswellic acids against chronic diseases. Int. ]. Mol. Sci. 2019, 20, 4101. [CrossRef]
[PubMed]

Sharma, T.; Jana, S. Boswellic acids as natural anticancer medicine: Precious gift to humankind. J. Herb. Med. 2020, 20, 100313.
[CrossRef]

Siddiqui, A.; Shah, Z.; Jahan, R.N.; Othman, I.; Kumari, Y. Mechanistic role of boswellic acids in Alzheimer’s disease: Emphasis
on anti-inflammatory properties. Biomed. Pharmacother. 2021, 144, 112250. [CrossRef] [PubMed]


http://doi.org/10.1002/ptr.2661
http://doi.org/10.1016/j.bmcl.2017.09.027
http://doi.org/10.1016/j.phytol.2020.11.005
http://doi.org/10.3390/molecules23010146
http://doi.org/10.1080/14786419.2022.2031187
http://doi.org/10.3390/ijms20174101
http://www.ncbi.nlm.nih.gov/pubmed/31443458
http://doi.org/10.1016/j.hermed.2019.100313
http://doi.org/10.1016/j.biopha.2021.112250
http://www.ncbi.nlm.nih.gov/pubmed/34607104

	Introduction 
	Results and Discussion 
	Bioactive Evaluation of Ursane-Type Pentacyclic Triterpenoids on the Viability of A549 Cells 
	Bioactive Evaluation of Ursane-Type Pentacyclic Triterpenoids on Cell-Surface ICAM-1 Expression 
	Bioactive Evaluation of Ursane-Type Pentacyclic Triterpenoids on ICAM-1 N-Glycosylation 
	Bioactive Evaluation of Ursane-Type Pentacyclic Triterpenoids on -Glucosidase Activity 
	-Boswellic Acid Altered ICAM-1 Glycosylation in a Different Manner from Other Ursane-Type Pentacyclic Triterpenoids 
	-Boswellic Acid Induced the Localization of ICAM-1 at the Perinuclear Region 
	-Boswellic Acid Interferes with ICAM-1 Glycosylation and Intracellular Transport in a Different Manner from Other Ursane-Type Pentacyclic Triterpenoids 

	Materials and Methods 
	Cell Culture 
	Reagents 
	Antibodies 
	Cell Viability Assay 
	Cell-ELISA 
	Western Blotting 
	-Glucosidase Assay 
	Glycosidase Digestion 
	Immunostaining 
	Statistical Analysis 

	Conclusions 
	References

