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Effects of glucosamine on LPS/IFN-y induced RAW 264.7
macrophage apoptosis *
Glukozaminin LPS/IFN-y ile indiiklenen RAW 264.7 Makrofaj Apoptozu Uzerine Etkileri
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Aim: Apoptosis is a genetically programmed cell death mechanism which plays important
roles in normal physiology such as tissue homeostasis regulation and pathophsiology of
various diseases. iINOS enzyme activation and nitric oxide synthesis in various cell types as a
defense mechanism against microbial and viral pathogens plays an important role in
inflammatory and immune pathologies such as atherosclerosis, rheumatoid arthritis, diabetes,
septic shock, multiple sclerosis and highly uncontrolled production of nitric oxide leads to cell
death. Recently, glucosamine which is acclaimed to be beneficial for inflammatory disorders
such as osteoarthritis is widely used clinically. There is limited information regarding the effect
mechanisms of glucosamine on apoptosis of mainly immune cells, macrophages. In this study,
effects of different concentrations of glucosamine were tested on LPS/IFNy activated RAW
264.7 macrophages.

*Bu ¢alisma, TUBITAK tarafindan 1105240 proje numarasi ile
desteklenmistir.

Materials and methods: RAW 264.7 macrophage cell line was treated with or without
glucosamine before LPS/IFNy stimulation. Nitrite levels, cell viability, caspase-3 activity,
mitochondria membrane potential and flow cytometric analysis with Annexin V-PI cell staining
was performed.

Results and discussion: Glucosamine inhibited nitrite levels, increased mitochondrial
membrane potential, decreased caspase-3 enzyme activity significantly (p<0.05) and exhibited
antiapoptotic effects. As the NO inhibitor effect of glucosamine on activated cells is not
potent, the antiapoptotic effects of glucosamine is partly nitric oxide dependent and nitric
oxide independent pathways are also thought to be responsible. In this regard, further
elaborate studies are needed to clarify the effects of glucosamine on specific signaling
pathways.
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Amag: Apoptoz, doku homeostazisinin diizenlenmesi gibi normal fizyolojide ve cesitli hastalik-
larin patofizyolojisinde 6nemli rol oynayan genetik olarak programlanmis bir hticre 6lum me-
kanizmasidir. Cesitli hiicre tiplerinde mikrobiyal ve viral patojenlere karsi bir savunma meka-
nizmasi olarak ortaya cikan iNOS enzim aktivasyonu ve nitrik oksit sentezi, ateroskleroz,
romatoid artrit, diyabet, septik sok, multipl sklerozis gibi inflamatuvar ve immuin patolojilerde
onemli rol oynamakta, kontrolstiz yliksek duzeydeki nitrik oksit tretimi hiicre 6limiine yol
acmaktadir. Yakin zamanda, osteoartrit gibi inflamatuvar bozukluklar icin yararli oldugu iddia
edilen glukozamin gtinimuzde klinik olarak kullaniimaktadir. Glukozaminin, baslica immun
sistem hucreleri olan makrofajlarin apoptozu Uzerine olan etki mekanizmasi hakkinda sinirli
bilgi bulunmaktadir. Bu calismada, farkli konsantrasyonlardaki glukozaminin, LPS/IFNy ile akti-
ve edilmis RAW 264.7 makrofajlar Gzerindeki etkileri belirlenmistir.

Materyal ve metod: RAW 264.7 makrofaj hucre serisi, LPS/IFNy ile uyarim Oncesinde
glukozamin varliginda ve yoklugunda kultur edildi. Nitrit dizeyleri, hiicre canliligi, kaspaz-3
aktivitesi, mitokondri membran potansiyeli tayini ve Annexin V-PI hiicre boyamasi ile akim
sitometrik analizler gerceklestirilmistir.

Sonugclar ve tartisma: Glukozaminin, nitrit dizeylerini inhibe ettigi, mitokondri membran
potansiyelini arttirdigi, kaspaz-3 enzim aktivitesini azalttigi ve anlaml olarak antiapoptotik
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etkiler sergiledigi (p<0.05) belirlenmistir. Glukozaminin glicli bir nitrik oksit inhibitor etkisi
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sergilemediginden antiapoptotik etkilerinin kismen nitrik oksit bagimli oldugu, ancak bu etki-
lerinde nitrik oksit bagimsiz yolaklarin da sorumlu olabilecegi distntilmektedir. Bu baglamda,
glukozaminin spesifik sinyal yolaklari tizerindeki etkilerini aydinlatmak Gzere daha ileri calisma-
larin yapilmasina ihtiya¢ duyulmaktadir.
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Apoptosis is a programmed cell death

mechanism which is important for
tissue remodelling, organ size control,
normal embryonic development and
homeostasis of multicellular
organisms (1, 2). One of the
pathways leading to apoptosis is in
tinsic pathway which is activated with
direct or indirect action of death
signals on the mitochondria and
subsequent release of proapoptotic
proteins from mitochondrial
intermembrane space (3). Among
various stimulants of apoptosis via
intrinsic pathway is nitric oxide which
is an important cellular messenger
molecule  involved in  many
physiological ~ and  pathological
processes  (4). Nitric oxide is
synthesised by nitric oxide synthase
enzyme family which contains
izozymes eNOS, nNOS and iNOS.
iNOS is responsible for high levels of
nitric oxide production as a defense
to various pathogen agents and
therefore an important participant of
immune system (5). On the other
hand, macrophages are the primary
cells of the immune system which
synthesise NO as a result of iNOS
activation after exposure to foreign
agents (6, 7). Macrophages are
activated with bacterial endotoxin
lipopolysaccharide and cytokine IFN-
y which constitutes the classical
activation model (8, 9, 10). NO
dependent death of murine peritoneal
macrophages have shown to be
mediated by apoptosis (11). Nitric
oxide dependent apoptosis  of
activated macrophages occurs via loss
of mitochondrial membrane
potential, cytochrome c release from
mitochondria (12), stimulation of p53
expression (13) and accumulation of
pro-apoptotic Bcl-2 family members
(14). Subsequently, PARP cleavage
occurs as a sign of caspase activation
(15). High levels of nitric oxide
synthesized by INOS can effect
surrounding tissues, playing cytotoxic
roles at septic shock and wvarious
autoimmune  diseases (16, 17).
Abnormal or chronical macrophage
activation contributes to
pathogenesis of various diseases
including arthritis, atherosclerosis and
insulin resistance which are closely

related to disordered inflammatory
regulation (18) and excessive and
long time production of pro-
inflaimmator mediators may be
detrimental to host cells (19).
Therefore, developing  treatment
options by manipulating life spans of
immune system cells for controlling
inflaimmation has gained importance.
In recent years, natural or chemically
synthesized diet supplements have
been widely used for prevention or
treatment of diseases. Among these
supplements is glucosamine which is
acclaimed to be Dbeneficial for
osteoarthritis treatment (20).
Glucosamine, which serves as an
important precursor for biosynthesis
of connective tissue macromolecules
is a naturally produced hexosamine
sugar in humans (21). Among various
studies examining the biochemical
action mechanism of glucosamine,
researchers postulated that different
forms of glucosamine inhibited
COX-2 and iNOS expression in LPS-
stimulated RAW 264.7 macrophages
(22, 23) and therefore can be used as
an  antiinflammatory  agent. In
another study it was found that NO
production in mouse peritoneal

macrophages was significantly
augmented by glucosamine treatment
and glucosamine exerted

immunostimulating properties (24).
Glucosamine has been tested for its
effects on apoptosis and shown to
induce apoptosis in different cancer
cell lines (25, 26, 27) whereas it
exhibited protection against
ischemia-perfusion injury in
cardiomyocytes  (28) and impact
induced cell death in chondrocytes
(29). These literatures indicate that
glucosamine may promote or inhibit
cell viability depending on cell type
and the active specific biochemical
pathway. There is limited research
regarding the effects of glucosamine
on apoptosis of macrophages which
are the principle immune cells. Since
glucosamine has been widely used for
treatment of arthritic conditions
characterised with chronic
inflaimmation, it is important to
identify its effects on apoptotic
behaviour of macrophages.
Therefore, in this study, effects of

glucosamine on LPS/IFN-y induced
RAW 264.7 macrophage apoptosis
was investigated.

MATERIALS AND METHODS
Chemicals

RPMI-1640 medium was from Sigma, L-

glutamine, penicilin-streptomycin was
obtained from PAA, N-(1 naphtyl)
ethylenediamidedihydrochloride,
bovine serum albumin  (BSA),
Annexin V-FITC, propidium iodide,
phosphate-buffered  saline  (PBS),
glucosamine hydrochloride, 4, 5-
dimet hylthiazo 1-2yl)-2, 5-diphe
nyltetrazolium  bromide = (MTT)
dimethyl sulfoxide (DMSO), Giemsa-
Accustain, glucosamine hydrochloride,
LPS (E. Coli) were obtained from
Sigma; IFN-y was obtained from
R&D, Rhodamine 123 and Caspase-3
substrate  Ac-DEVD-AMC  were
obtained from Alexis Biochemicals,
bradford reagent was obtained from
Bio-Rad.

Cell culture

RAW 264.7 macrophage cell line (a gift

from Beatriz de Las Heras-University
Complutense-Madrid) was cultured
in RPMI-1640 medium containing
10% heat inactivated fetal bovine se-
rum and antibiotics (100 U/ml peni-
cilin and 100 pg/ml streptomycin) at
37 °C in an atmosphere of 5% CO2.
Cells were seeded to 96 well plates
and 6 well plates for 3-(4, 5-
dimethylthiazol-2-yl)-2,  5-diphenyl-
tetrazolium bromide (MTT) assay,
nitrite assay, Rh123 assay, caspase
enzyme activity assay and Annexin V-
PI staining with flow cytometry.

Nitrite assay

Nitrite production in the medium was

measured with colorimetric Griess
assay. Principle of Griess assay is
conversion of sulfanilic acid to a
diazonium salt with nitrite under
acidic conditions and coupling of this
diazonium salt to N-(1 naphthyl)
ethylenediamide dihydrochloride to
form an azo dye which can be
measured spectrophotometrically.
RAW 2647 macrophages were
seeded to 96 and/or 6-well plates for
one night incubation, the next day
fresh medium was added and cells
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were treated with glucosamine for
one hour and then stimulated with
LPS (10 ng/ml)/IFNy (1 ng/ml).
Medium was mixed with an equal
volume of Griess reagent [0.1% N-(1
naphthyl) ethylenediamide  dihyd-
rochloride, 1% sulfanilamide in 5%
phosphoric acid] and absorbance was
measured spectrophotometrically
(Molecular  Devices  Spectra-max
Gemini). Nitrite concentrations were
determined by  absorbance  of
standard sodium nitrite solutions at

Flow cytometric analysis for apoptosis

Annexin V-PI staining was used as a

biochemical marker of apoptosis.
After treatment of cells with
chemicals as explained above, cells
were washed twice with PBS, pH 7.4,
washed with binding buffer and
resuspended in  binding  buffer
containing PI and Annexin V-FITC.
Cells were incubated in the dark at
room temperature for 15 min and
then analyzed with flow cytometry

measuring fluoresence intensity at
Ex:495 Em:525 with a
spectrofluorometer(32).

Morphological investigations

Cells were grown in 6-well plates. After

adhesion overnight, cells were treated
and  stimulated  according  to
experimental protocols, scraped off
the culture plates, followed by
washing with PBS two times and
fixation with 1:5 volume of acetic

550 nm (30). (Accuri. C6) according to the acid/methanol. Cells were then

suppliers instructions (BD soaked into 1:20 diluted Giemsa
Biosciences). solution for 15 minutes and then
washed with distilled water and
visualised under a light microscope

Cell viability assay

MTT assay was used for determination

of cell viability. Briefly cells were Caspase-3 activity assay

seeded to 96 and/or 6-well plates for
overnight incubation. The next day
medium was aspirated, fresh medium
and different concentrations of
gluocosamine was added 1 hour
before stimulation with LPS (10
ng/ml)/IFNy (1 ng/ml). Cells
without glucosamine treatment was
used as control group. After
incubation petiod, MTT (0.5 mg/ml)
was added to medium and incubated
at 37 9C for 1 hour, then culture
medium was removed and DMSO
was added to solubilize formazan
crystals. Absorbance at 690 nm was
measured with spectrophotometry

After treatments, cells were lysed with

lysis buffer cocktail and spesific
caspase-3 activity was
spectrofluorometrically (Perkin-
Elmer L.C 55) determined in cytosolic
protein extracts using a specific
substrate (Ac-DEVD-AMC)
according  to  the  suppliet's
instructions (Alexis Biochemicals).

Mitochondria membrane potential

123 was wused to determine
mitochondrial ~ potential.  After
treatment of cells with chemicals as
indicated above, cells were washed

(Leica DM IL LED).

RESULTS

Effects of glucosamine on nitrite

production and cell viability in
unstimulated macrophages:

Effects of glucosamine on cell viability in

unstimulated RAW 264.7
macrophages was examined and it
was  found  that  glucosamine
concentrations higher than 4 mM
was cytotoxic for RAW 2064.7
macrophages (p<0.05) (Figure 1).

with PBS two times and incubated
Rh123 for 15 minutes before

and the color intensity was used as an
implication of cell viability (31).
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Figure 1: Effect of glucosamine on cell viability in RAW 264.7 macrophages. (**): p<0.05 versus cells not treated with glucosamine.

Nitrite concentrations were increased with glucosamine concentrations higher than 5 mM (Figure 2) and therefore a concentration
range less than 4 mM which is non-toxic and does not induce an NO production was chosen for treatment of LPS/IFNy
stimulated RAW 264.7 macrophages.
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Figure 2: Effect of glucosamine on nitrite levels in RAW 264.7 macrophages. (**): p<0.05 versus cells not treated with glucosamine.

Effects of glucosamine on nitrite production and cell viability in LPS/IFNy stimulated macrophages:

We found a massive NO production in macrophages after 24 hours of incubation with LPS/IFNy. 1 h pre-incubation with
glucosamine upon activation decreased NO levels of LPS/IFNy activated macrophages dose dependently (Figure 3) (p<<0.05).
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Figure 3: Effect of glucosamine on nitrite levels in RAW 264.7 macrophages. (*): p<0.05 versus LPS/IFN-y treated macrophages.

Besides its inhibitor effects on NO production glucosamine inhibited the decrease in cell viability caused by LPS/IFNy
treatment (Figure 4) (p<0.05).
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Figure 4: Effect of glucosamine on cell viability in macrophages. (*): p<0.05 versus LPS/IFN-y treated macrophages.

Morphological assessment of stimulated macrophages:

Apoptotic morphology was obsetved in LPS/IFNy activated macrophages and glucosamine treatment partially decreased the
apoptotic morphology of activated cells (Figure 5).
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Figure 5: (a) RAW 264.7 macrophages without stimulation. (b) LPS/IFNy stimulated RAW 264.7 macrophages.
(c) RAW 264.7 macrophages treated with 2.5 mM glucosamine before LPS/IFNy stimulation.

Flow cytometry for analysis of apoptosis:

We found that LPS/IFNy treatment significantly increased number of Annexin V-FITC stained cells and number of apoptotic cells
significantly (p<0.05) decreased with glucosamine treatment (Figure 06).
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Figure 6 (a) Cells without stimulation, (b) Cells stimulated with LPS/IFNy for 24 hours, Cells were pretreated with 1.25 mM (c) or 2.5 (d) mM for
1 hour and then stimulated with LPS/IFNy for 24 hours. Each figure was chosen as a representative of at least three different experiments. Bar
graph shows % mean of late apoptotic cells for each group. (*): p<0.05 versus LPS/IFNy treated group.

Rb 123 staining for mitochondria membrane potential:

It is found that LPS/IFNy treatment detetiorated mitochondrial permeability of macrophages and glucosamine (2.5 mM) treatment
restored mitochondrial membrane potential (Figure 7).
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Figure 7: Effect of glucosamine on mitochondrial membrane potential. Rh123 uptake of unstimulated cells was estimated as 1 fold and other

groups were determined according to unstimulated cells (*): p<0.05 versus LPS/IFNy treated group.

Effect of glucosamine on caspase-3 activity:

After 1 h pre-treatment with or without glucosamine and 24 hours of stimulation with LPS/IFNy we found that caspase-3 activity
was significantly higher in LPS/IFNy compared to unstimulated cells. Glucosamine treatment significantly decreased caspase-3

activity of stimulated cells (Figure 8).
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Figure 8: Effect of glucosamine on caspase-3 activity in RAW 264.7 macrophages. Caspase-3 activity of unstimulated cells was estimated as 1
fold and other groups were determined according to unstimulated cells. (*): p<0.05 versus LPS/IFNy treated group.

Statistical analysis

Results were expressed as means =+
standard deviation (SD) from at least
three  independent  experiments.
Statistical analysis was performed
using one-way analysis of variance . A
value of p < 0.05 was considered
statistically significant.

DISCUSSION

Apoptosis is an essential process which
plays important roles in development
and tissue homeostasis of
multicellular  organisms (1, 2).
Apoptosis regulation disorders are

closely related to different
pathologies including cancef,
diabetes, cardiovascular and
inflaimmatory  diseases. Apoptotic
pathways vary according to stimulus
and cell type and manipulating
apoptotic pathways might be a
treatment option for  different

pathologies especially those which
are linked with chronic inflammation
(33, 34). Among stimulants of
apoptosis is nitric oxide which plays
important roles in
inflammatory pathologies (35, 306).
Macrophages, one of the main
immun system cells produce various
biological mediators including nitric
oxide as a defense mechanism against

vatrious

pathogens. activation with
LPS/IFN-y, RAW 264.7
macrophages undergo nitric oxide
dependent apoptosis. It has been
shown that inhibitors of iNOS
enzyme  and/or  nitric  oxide
scavengers might be benefical for
disorders related with excess NO
production, block cell damage and
cell death (37, 38) and improve the
outcome in sepsis (39). Therefore, in
this study we explored the effects of
glucosamine on  NO-dependent
apoptosis of RAW 264.7
macrophages which has presented an
apoptotic model for nitrosative
stress.

Upon
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In order to identify the effects of

glucosamine on LPS/IFN-y
stimulated macrophages, first we
treated macrophages with only

glucosamine to show its effects on
basal NO levels and cell viability. We
interestingly found that glucosamine
increased NO levels and diminished
cell  viability in  unstimulated
macrophages at 4 mM and higher
concentrations. This finding implied
that  glucosamine could induce
immune function of macrophages.
As inhibition of iNOS and NO
production is a treatment strategy for
inflammatory  pathologies,
excess NO production may have

various

detrimental and cytotoxic effects to
themselves and
surrounding  tissues.  Therefore
concentration of glucosamine used is
critically important and NO inducing
effect of glucosamine should be
considered carefully.

macrophages

It was shown that NO dependent
apoptosis in LPS/IFN-y activated
macrophages is characterised with
up-regulation of p53, bax activation,
mitochondria depolarisation,
cytochrome ¢ release and caspase
activation (40, 34, 41, 42). In our
study, we found consistent findings
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