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Glucosamine improves survival in a mouse model of sepsis
and attenuates sepsis-induced lung injury and inflammation
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The aim of the current study was to investigate the effects of
glucosamine (GIcN) on septic lethality and sepsis-induced
inflammation using animal models of mice and zebrafish. GlcN
pretreatment improved survival in the cecal ligation and puncture
(CLP)-induced sepsis mouse model and attenuated lipopolysac-
charide (LPS)-induced septic lung injury and systemic inflamma-
tion. GlcN suppressed LPS-induced M1-specific but not M2-spe-
cific gene expression. Furthermore, increased expressions of
inflammatory genes in visceral tissue of LPS-injected zebrafish
were suppressed by GlcN. GlcN suppressed LPS-induced activa-
tion of mitogen-activated protein kinase (MAPK) and NF-«B in
lung tissue. LPS triggered a reduction in O-GlcNAc levels in nucle-
ocytoplasmic proteins of lung, liver, and spleen after 1 day, which
returned to normal levels at day 3. GIcN inhibited LPS-induced
O-GIcNAc down-regulation in mouse lung and visceral tissue of
zebrafish. Furthermore, the O-GlcNAcase (OGA) level was
increased by LPS, which were suppressed by GlcN in mouse and
zebrafish. OGA inhibitors suppressed LPS-induced expression of
inflammatory genes in RAW?264.7 cells and the visceral tissue of
zebrafish. Stable knockdown of Oga via short hairpin RNA led to
increased inducible nitric oxide synthase (iNOS) expression in
response to LPS with or without GIcN in RAW264.7 cells. Overall,
our results demonstrate a protective effect of GlcN on sepsis poten-
tially through modulation of O-GlcNAcylation of nucleocytoplas-
mic proteins.

Sepsis, one of the most fatal diseases worldwide, often leads
to multiple organ failure, mainly due to uncontrolled inflam-
matory responses. However, the pathophysiological mecha-
nisms associated with development and therapeutic targets of
sepsis are largely unknown at present (1). Sepsis is often asso-
ciated with organ dysfunction induced by dysregulation of host
defense against infection. The lung is the most vulnerable and
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critical organ during sepsis (2), with acute lung injury (ALI)*
being a common sepsis-induced inflammatory disorder (3).
Lipopolysaccharide (LPS), a component of Gram-negative bac-
terial endotoxin that induces acute inflammation by stimulat-
ing host cells to produce proinflammatory cytokines, is recog-
nized as the main cause of ALI (4, 5). LPS induces ALI in animal
models by promoting pulmonary microvascular permeability
and recruiting activated neutrophils and macrophages to the
lung (6). The LPS-induced ALI mouse model is widely used for
pathogenesis studies and drug development at present (7).

Macrophages circulating in blood or residing in tissues rep-
resent the first barrier against external infection through con-
trolling both innate and acquired immunity. Because of their
diversity and plasticity, macrophages undergo heterogeneous
activation and polarization. Classically activated M1 and alter-
natively activated M2 phenotypes of macrophages represent
two distinct states of activation and M1/M2 polarization is a
tightly coordinated process. M1 macrophages release proin-
flammatory molecules such as IL-1, IL-6, TNF-c, and reactive
nitrogen and oxygen intermediates, which cause tissue damage,
whereas M2 macrophages release anti-inflammatory cytokines
that promote wound healing and tissue repair (8).

Nitric oxide (NO), an inflammatory mediator produced by
diverse immune cell types, plays a crucial role in control of host
defense response to bacterial infection. iNOS expression and
production of nitric oxide (NO) contribute to the pathophysi-
ologic features of ALI (9). NF-«B, a major transcription factor
of iNOS/NO regulation, normally exists in an inactive form in
the cytoplasm bound to inhibitor kB (IkB). Activation of the
IkB kinase complex results in phosphorylation of IkB, leading
to proteolytic degradation and thereby facilitating translocation of
NF-«B complexes into the nucleus. Translocated homo- or het-
erodimers of NF-«B subunits trigger the expression of various
inflammatory target genes that are implicated in lung inflamma-
tion (10, 11). Mitogen-activated protein (MAP) kinases and AKT
(also known as protein kinase B) are threonine/serine kinases that

“The abbreviations used are: ALI, acute lung injury; LPS, lipopolysaccharide;
IL, interleukin; IFN, interferon; TNF, tumor necrosis factor; CLP, cecal liga-
tion and puncture; OGT, O-GlcNAc transferase; OGA, O-GlcNAcase; BMDM,
bone marrow-derived monocyte; NO, nitric oxide; ERK, extracellular signal-
regulated kinase; HAT, histone acetyltransferase; shRNA, short hairpin
RNA; H&E, hematoxylin and eosin; DAPI, 4',6-diamidino-2-phenylindole;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MAPK, mitogen-
activated protein kinase; COX, cyclooxygenase.
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Protection against sepsis-induced inflammation by glucosamine
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Figure 1. Effects of GlcN on survival and systemic inflammation in septic

mice. A, schematic design of the experimental procedure. Mice (n = 10, each

group) underwent sham or CLP operation on day 0. At 1 h before surgery, mice were subjected to intraperitoneal injection with GIcN (200 mg/kg) or PBS. B,
survival of control and GlcN-treated septic mice was recorded over 12 days. C-F, mice were subjected to intraperitoneal injection with LPS (5 mg/kg body

weight) with or without intraperitoneal GIcN (200 mg/kg) pre-treatment. Body

weights were measured and plotted every day for 4 days after LPS injection (C).

Pulmonary edema formation was measured via determination of the wet-to-dry (W/D) lung weight ratio at 24 h of LPS and/or GlcN injection (D). Levels of nitrite
in plasma after 24 h LPS and/or GlcN challenge were measured with the Griess assay (E). Concentrations of TNF-aand IL-6 in plasma at 6 and 24 h of LPS and/or
GlcN injection were determined using ELISA (F). All values are presented as mean = S.E. Asterisks denote significantly increased from untreated control (¥, p <
0.05; **, p < 0.01); hash marks indicate significantly decreased from LPS-stimulated conditions (#, p < 0.05; ##, p < 0.01).

play critical roles in inflammation through regulation of NF-«B-
dependent gene transcription (12, 13).

Animal models of sepsis can provide significant insights into
the complex pathophysiology of the disease. The most popular
preclinical sepsis model involves mice. Various mice models
with different paradigms have been generated, among which
endotoxin, bacterial infusion, cecal ligation and puncture, and
colon ascendens stent peritonitis models are the most com-
monly used (14). Zebrafish has additionally recently been
reported as an excellent model to investigate innate immune
responses, infectious diseases, inflammatory disorders, and
other immune-related diseases (15, 16) because these animals
share common major blood lineages (17) and a remarkably sim-
ilar immune system with mammals (18, 19).

O-Linked GlcNAc (O-GlcNAc), a post-translational modifi-
cation of serine and threonine residues in nuclear, cytoplasmic,
and mitochondrial proteins, is an important mechanism
involved in regulation of various cellular functions (20).
O-GlcNAcylation is a dynamic and reversible process regulated
by two key enzymes: O-GIcNAc transferase (OGT) that cata-
lyzes the addition of O-GlcNAc to the hydroxyl group of serine
or threonine residues of proteins and O-GlcNAcase (OGA) that
removes O-GlcNAc from proteins (21). The dynamic modula-
tion of O-GlcNAcylation levels on proteins results from the
concerted action of these two antagonist enzymes (22). Protein
O-GlcNAcylation is reported to play roles in transcription, cell
signaling, and metabolism. Recent studies further suggest that
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O-GlcNAcylation is involved in the regulation of inflammation
and exerts protective effects against inflammation-induced tis-
sue injury, both in the brain and peripheral system (23-26). In
particular, our group demonstrated that glucosamine (GIcN)
exerts neuroprotective effects in a rat middle cerebral artery
occlusion ischemia model through a mechanism involving a
delay in damage processes via regulation of O-GlcNAcylation
of NF-«B/P65 in the post-ischemic brain (26).

In the current study, we showed that GIcN protects against
lethal septic shock and sepsis-induced lung inflammation and
injury in mouse and zebrafish models and examined the potential
underlying mechanisms. Notably, sepsis stimulation induced a
decrease in O-GlcNAcylation accompanied by increased OGA
expression in the lung. Based on the findings, we hypothesize that
sepsis-induced hypo-O-GlcNAcylation of lung tissue proteins is
an important injury response and restoration of O-GlcNAcylation
by GlcN or OGA inhibitors may present important therapeutic
strategies for sepsis-induced injury of lung.

Results

GlcN pretreatment decreases mortality and systemic
inflammation in septic mice

To examine the effects of GIcN on septic mortality, we moni-
tored mouse survival after cecal ligation and puncture (CLP) with
or without GIcN (200 mg/kg) for 12 days (Fig. 1A). Based on
Kaplan-Meier survival curves, mice with CLP-induced sepsis pre-
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Figure 2. Effects of GIcN on pulmonary inflammation in LPS-induced septic mice. A, representative histological analysis of lung of control (PBS-injected)
and 5 mg/kg of LPS- and/or 200 mg/kg of GlcN-injected mice via H&E staining. Scale bar, 500 um (upper) and 200 um (lower). B and C, representative
immunofluorescence staining (B) and quantification (C) of lung sections from PBS-, GIcN-, LPS-, and LPS + GlcN-treated mice at 24 h for detection of LY6G (red)
and DAPI (blue) signals. Scale bar, 200 um. D, representative Western blotting of iNOS and densitometric measurement in mice lung tissue at 24 h after LPS-
and/or GlcN injection. GAPDH was determined as the loading control. E and F, representative immunohistochemistry (E) and quantification (F) in mice lung
tissue at 24 h after LPS- and/or GlcN injection. Scale bar, 200 um. All values are presented as mean = S.E. Asterisk denotes significantly increased from the
untreated control (p < 0.05); hash mark (#) indicates significantly decreased from LPS-stimulated conditions (p < 0.05).

sented a 12-day survival rate of 11%. GlcN pretreatment increased
the 12-day survival rate to 55% relative to that in mice with
untreated sepsis (Fig. 1B). All sham-operated control mice treated
with or without GlcN survived. We additionally examined the
effects of GlcN pretreatment on LPS-induced sepsis. Intraperito-
neal injection of LPS (5 mg/kg) did not cause death in mice for 12
days, but animals appeared very sick for the first 3—4 days with
little movement. Mice with LPS-induced CLP with or without
GIcN pretreatment demonstrated weight loss for the first 3 days,
followed by recovery of weight (Fig. 1C). Estimation of the lung
wet/dry weight ratios revealed that LPS-induced pulmonary
edema is not significantly altered by GlcN (Fig. 1D). We further
assessed plasma NO levels by measuring nitrite, a stable end prod-
uct of NO, in mice treated with LPS and/or GlcN. Our data showed
a dramatic increase in nitrite levels in serum of LPS-treated mice,
which was decreased upon GIcN pretreatment (Fig. 1E). Plasma
levels of cytokines, TNF-« and IL-6, were also strongly increased
after 6 and 24 h from LPS stimulation relative to those measured in
saline-injected control mice. GIcN pretreatment reduced the LPS-
induced increase in TNF-« and IL-6 in plasma (Fig. 1F).

GIcN pretreatment suppresses histological changes,
neutrophil infiltration, and iNOS gene expression in lungs of
LPS-induced septic mice

Histological changes in lungs of septic mice with or without
GIcN pretreatment were examined using H&E staining. One
day after saline injection, lung tissues from mice in the control
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group displayed normal alveolar walls and no inflammatory cell
infiltration. In comparison, the 5 mg/kg of LPS injection group
showed obvious alveolar wall thickening (Fig. 24, upper panels)
with profound inflammatory cell infiltration (Fig. 24, lower
panels). For investigation of neutrophil and/or monocyte infil-
tration, lung tissues of LPS-induced septic mice with or without
GlcN at 24 h were immunostained using a Ly6G antibody. LPS
induced an increase in immunofluorescence, which was sup-
pressed with GIcN pretreatment (Fig. 2, B and C). Next, we
examined iNOS protein expression in lung tissue of LPS-in-
duced septic mice with or without GIcN preincubation at 24 h.
Western blotting analyses revealed a dramatic increase in iNOS
protein levels in lung tissue of septic mice, which were reduced
by GlcN pretreatment (Fig. 2D). Immunohistochemical stain-
ing disclosed significant up-regulation of iNOS in alveolar walls
after exposure to LPS, which was effectively inhibited upon pre-
treatment with 200 mg/kg of GlcN (Fig. 2, E and F).

GIcN pretreatment inhibits expression of LPS-induced
M71-typical genes in bone marrow-derived macrophage and
lung tissue

Macrophages are classified into two groups, specifically, clas-
sically activated (M1) and alternatively activated (M2) cells. We
further investigated whether GIcN affects LPS-induced polar-
ization of macrophages into the proinflammatory M1 pheno-
type in bone marrow-derived monocytes (BMDM) and lung
tissue. Our experiments revealed that GIcN pretreatment

SASBMB
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Figure 3. mRNA levels of M1/M2 macrophage markers in bone marrow cells and lung tissue of LPS- and/or GlcN-injected mice. Mice were intraperito-
neally injected with GIcN (200 mg/kg) or PBS before LPS (5 mg/kg) injection. At 24 h, total mRNAs were prepared from bone marrow cells (A) and lung tissue (B).
Determination of iNos, II-6, Mcp-1, Tnf-a, Mgl-1, and Mmr mRNA levels using PCR or quantitative real-time PCR. Blots are representative of three independent
experiments. All values are mean = S.E. Asterisks denote significantly increased from the untreated control (*, p < 0.05; **, p < 0.01); hash marks indicate
significantly decreased from LPS-stimulated conditions (#, p < 0.05; ##, p < 0.01).

decreased mRNA expression of LPS-induced genes encoding
typical M1 genes, including iNos, II-6, Mcp-1, and Tnf-a, in
BMDM (Fig. 3A). LPS treatment additionally led to decreased
mRNA levels of typical M2 (galactose-type C-type lectin
(Mgl-1) and C-type mannose receptor 1 (Mmr)) in BMDM,
which were not significantly affected by GlcN (Fig. 34). We
then investigated the effect of GIcN on IL-4-induced M2 polar-
ization in BMDM cells. IL-4 treatment led to increased mRNA
expression of M2 marker, including Mgl-1, Arg-1, and Relma
(resistin-like molecule ) but GlcN did not affect gene expres-
sion of M2 signature genes (Fig. S1).

Next we examined the mRNA expressions of M1 or M2 sig-
nature genes in lung tissue of LPS- and/or GlcN-treated mice
(Fig. 3B). Consistent with the results obtained using BMDM
cells, LPS treatment led to increased levels of typical M1 genes,
including iNos, 11-6, Il-13, and Tnf-« in the lung (Fig. 3B). Nota-
bly, GIcN pretreatment suppressed the expression levels of
these genes in lung tissue, compared with the LPS group. Pul-
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monary expression of M2 signature genes, Mgl-1 and Mmr
were increased by LPS, which were not significantly affected by
GIcN pretreatment.

GIcN pretreatment inhibits mRNA expression of LPS-induced
inflammatory genes in visceral tissue of zebrafish

Zebrafish has been recently proposed as an appropriate ani-
mal model to study the sepsis response or acute inflammatory
conditions (27). Injection of adult zebrafish (Danio rerio) with
LPS at concentrations of 100, 500, 1000, and 2000 ug/g of body
weight resulted in no mortality (Fig. S2). To examine the
inflammatory response and potential effects of GIcN on inflam-
mation in response to LPS, zebrafish were injected with LPS
(100 ug/g) with or without GIcN pretreatment. Notably,
mRNA levels of inflammatory genes, including inos, cox-2,
il-1B, il-6, tnf-a, and ifun-v, were significantly elevated by LPS in
visceral tissue of zebrafish. GlcN suppressed the LPS-induced
elevation of these genes (Fig. 4).

J. Biol. Chem. (2019) 294(2) 608622 611
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Figure 4. Levels of proinflammatory gene transcripts in visceral tissue of LPS- and/or GlcN-injected adult zebrafish. Adult zebrafish were incubated with
GlcN (1 g/liter of maintained water) for 12 h before abdominal GIcN (200 ng/g) injection and subsequently stimulated with LPS (100 ng/g). Visceral tissue was
separated at 24 h and inos, cox-2,il-1B, il-6, tnf-a, and ifn-y mRNA levels were determined via PCR or quantitative real-time PCR. Blots are representative of three
independent experiments. All values are mean = S.E. Asterisk denotes significantly increased from the untreated control (p < 0.05); hash mark (#) indicates

significantly decreased from LPS-stimulated conditions (p < 0.05).

GlcN suppresses MAPKs, AKT, P65, and IkB signaling in lungs
of septic mice

To elucidate the molecular mechanisms underlying the anti-
inflammatory effects of GIcN, we examined the signaling path-
ways involving mitogen-activated protein kinases (MAPK),
AKT, and NF-«B in the lungs of septic mice with or without
GIcN. As shown in Fig. 54, phosphorylation levels of ERK,
P38,JNK, and AKT were significantly increased in lung samples
of LPS-treated mice, compared with the control group. The
LPS + GlcN group displayed decreased pulmonary MAPK and
AKT phosphorylation, compared with the LPS group (Fig. 54).
Furthermore, immunofluorescence staining revealed increased
pulmonary expression of p-IkBa and p-P65 in LPS-treated
mice, compared with control mice, which was significantly
decreased in the GIcN pretreatment group (Fig. 5, B and C).
Consistently, protein expression of P-IkBa was increased in the
lung tissue of LPS-treated mice, which was suppressed upon
GIcN pretreatment (Fig. 5D).

LPS induces dynamic changes in O-GIcNAcylation in lung,
liver, and spleen of mice

Next, we determined time course, histological, and O-
GlcNAcylation changes in lungs of septic mice. First, histolog-
ical changes in lung at 1, 3, and 5 days were examined via H&E
staining. Lung tissues from mice in the control group showed
normal alveolar walls, whereas the LPS injection group dis-
played apparent alveolar wall thickening at day 1 and extreme
thickening with profound cell infiltration at days 3 and 5
(Fig. 64). We subsequently investigated the time course of
O-GlcNAcylation changes in nucleocytoplasmic proteins in the
lung via Western blotting using the anti-O-GIcNAc antibody
(CTD110.6). LPS stimulation induced an initial dramatic
decrease 1 day after injection, followed by recovery at day 3 and
a further increase at day 5 (Fig. 6B). Examination of the time
course of O-GlcNAcylation changes in the liver and spleen of
septic mice revealed similar results to those from lung (Fig. 6B).
O-GlcNAcylation after 10 min and 6 h of LPS treatment was
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not significantly changed in the lung tissue (Fig. S3). The
consistent patterns of transient reduction followed by recov-
ery to control (or higher) levels in the intestinal tissues of
septic mice suggest that metabolic changes or enzymatic
regulation of O-GlcNAcylation potentially play an impor-
tant role in LPS-mediated inflammation and recovery.

GIcN pretreatment ameliorates sepsis-induced decrease in
O-GIcNAcylation and increase in OGA expression in lungs of
septic mice

We examined pulmonary changes in O-GlcNAcylation, OGT,
and OGA in response to LPS with or without GlcN pretreatment.
Western blotting results demonstrated that LPS decreases
O-GlcNAcylation in lung after 24 h. The GlcN-pretreated LPS
group displayed significantly increased O-GlcNAcylation, com-
pared with the LPS group (Fig. 7A). Next, pulmonary expression
of the two O-GlcNAc-processing enzymes, OGT and OGA,
was evaluated in response to LPS with or without GlcN. On a
Western blotting, LPS increased OGA but induced no signif-
icant changes in OGT protein expression in the lung of LPS-
treated mice (Fig. 7A). GlcN decreased the LPS-induced
increase in OGA expression, which was still higher than the
control level (Fig. 7A). Consistently, immunofluorescence
staining data showed that CLP induces a decrease in
O-GlcNAcylation and increase in OGA expression in lung of
septic mice, which can be significantly inhibited by GlcN
(Fig. 7B). OGT expression in lung tissue was not markedly
altered by CLP and/or GlcN (Fig. 7B).

GIcN pretreatment ameliorates the LPS-induced decrease in
O-GIcNAcylation and increase in OGA expression in visceral
tissue of zebrafish

We investigated the changes in O-GlcNAcylation, OGT, and
OGA expression induced by LPS and/or GIcN in the zebrafish
LPS model. To this end, adult zebrafish were injected
with LPS with or without GlcN pretreatment, and O-
GlcNAcylation, OGT, and OGA levels were measured in vis-

SASBMB
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Figure 5. Effects of GIcN on LPS-induced activation of MAPKs, AKT, and IkB. Lung samples were isolated from PBS or LPS (5 mg/kg)- and/or GIcN (200
mg/kg)-injected mice at 24 h. A, whole lung lysates were prepared and immunoblotted with ERK, P38, JNK, AKT, p-ERK, p-P38, p-JNK, and p-AKT antibodies.
Relative densitometric intensities for P-ERK, P-JNK1, and P-AKT were quantitatively measured by normalizing to ERK, P38, JNK, and AKT levels, respectively. B
and G, representative confocal immunofluorescence staining images of P-IkBa and p-P65 are shown. Nuclei were counterstained with DAPI for visualization in
lung tissue (B). Scale bar, 500 wm. Positive staining for p-IkBa and p-P65 was quantitatively assessed (C). D, Western blot analysis of p-1kBa, IkBa, and GAPDH
proteins from whole lung lysates. Blots and fluorescent images are representative of three independent experiments. All values are presented as mean = S.E.
Asterisk denotes significantly increased from the untreated control (p < 0.05); hash mark (#) indicates significantly decreased from LPS-stimulated conditions

(p < 0.05).

ceral tissue of via immunofluorescent staining. As shown in
Fig. 8, O-GlcNAcylation was increased by GlcN but sup-
pressed by LPS, compared with the control group. GIcN pre-
treatment led to recovery of the LPS-induced decrease in
O-GlcNAcylation to the level of the control group. Further-
more, consistent with the results obtained using mice, OGA
levels were significantly increased by LPS and these effects of
LPS were inhibited by GlcN pretreatment (Fig. 8). The OGT
level was not significantly altered by LPS and/or GlcN.

SASBMB

LPS and/or GIcN dynamically regulate O-GIcNAcylation in
RAW264.7 cells and OGA inhibitors inhibit the LPS-induced
increase in inflammatory genes in RAW264.7 cells and visceral
tissue of zebrafish

Next, we investigated O-GlcNAcylation changes in nucleo-
cytoplasmic proteins of RAW?264.7 cells in response to LPS
and/or GIcN via Western blotting and galactosyltransferase
labeling. Specifically, RAW264.7 cells were stimulated with LPS
with or without GlcN for 24 h. LPS induced a decrease in

J. Biol. Chem. (2019) 294(2) 608622 613
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Figure 6. Time course histological changes in pulmonary tissue and protein O-GlcNAcylation changes in lung, liver, and spleen in response to LPS.
Mice were intraperitoneally injected with PBS or LPS (5 mg/kg). A, lung injury was assessed via H&E staining and histological examination on days 1, 3, and 5.
Scale bar, 500 um. B, total lysates from lung, liver, and spleen were prepared and O-GlcNAcylation analyzed via Western blotting using the anti-O-GIcNAc
CTD110.6 antibody. Representative Western blot analysis and quantification in a spectral mode of O-GlcNAcylation are shown. Blots are representative of three
independent experiments. All values are mean = S.E. Asterisks denote significantly decreased from the untreated control (*, p < 0.05; **, p < 0.01); hash mark

(#) indicates significantly increased from the untreated control (p < 0.05).

O-GlcNAcylation, whereas the LPS + GlcN group displayed
increased O-GlcNAcylation up to the control level in Western
blotting experiments (Fig. 94, left panel). Similarly, labeling of
O-GlcNAc with galactosyltransferase using [*H]galactose as
a substrate showed that LPS reduced O-GlcNAcylation,
which was increased by GIcN in RAW?264.7 cells (Fig. 94,
right panel). We compared the cell type—specific changes of
O-GlcNAcylation, OGT, and OGA levels in response to LPS
and/or GIcN using RAW264.7 (macrophage), HepG2 (hepato-
cyte), NIH-3T3 (fibroblast), and HEK-293 cells (epithelial
cells); O-GlcNAcylation was regulated by LPS and/or GlcN in
RAW264.7 and HepG2 cells but not in NIH-3T3 and HEK-293
cells (Fig. S4). To further investigate the potential correlation
between O-GlcNAc reduction by LPS and inflammatory gene

614 J Biol. Chem. (2019) 294(2) 608 —622

expression, we examined the effects of PUGNACc, a specific
inhibitor of OGA, on LPS-induced iNOS expression in
RAW264.7 cells. PUGNAC triggered a significant increase in
O-GlcNAcylation in both the presence and absence of LPS and
a corresponding dose-dependent decrease in LPS-induced
iNOS expression (Fig. 9B). The inhibitory effect of PUGNAc on
LPS-induced inflammatory genes was further confirmed by
experiments showing PUGNAc-mediated suppression of iNos,
Cox-2, and 1I-1B mRNA expression in RAW264.7 cells (Fig.
9C). We then measured secreted IL-18 in culture medium of
RAW?264.7 cells by ELISA and Western blotting. LPS increased
the accumulation of this cytokine but PUGNAc did not signif-
icantly alter LPS-induced IL-1$ accumulation at 24 h (Fig. S5).
Next, the effects of pharmacological OGA inhibitors on LPS-
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Figure 7. Changes in O-GlcNAcylation, OGT, and OGA levels in mouse lung tissue in response to LPS and/or GlcN. A, mice were intraperitoneally injected
with LPS (5 mg/kg) and/or GIcN (200 mg/kg), and lungs were isolated at 24 h. Total lysates from lung tissue were subjected to Western blot analysis using
CTD110.6 antibody. A representative blot is shown. Relative densitometric intensities of O-GIcNAc, OGA, and OGT were quantitatively measured by normal-
izing to B-ACTIN levels. B, mice underwent sham (Cont) or CLP operation on day 0. At 1 h before surgery, mice were subjected to intraperitoneal injection with
GlcN (200 mg/kg) or PBS. Representative confocal immunofluorescence staining images of O-GIcNAc, OGT, and OGA were shown. Nuclei were counterstained
with DAPI for visualization in lung tissue and positive staining for O-GIcNAc, OGT, and OGA (MGEA5) quantitatively measured and graphed. Scale bar, 500 um.
Blots and fluorescent images are representative of three independent experiments. All values are presented as mean = S.E. Asterisk denotes significantly
increased from the untreated control (p < 0.05); hash mark (#) indicates significantly decreased from LPS-stimulated conditions (p < 0.05).

induced inflammation were examined in a zebrafish sepsis
model. LPS triggered an increase in inos, cox-2, il-6, il-183, ifn-a,
ifu-B, ifn-vy, and tnf- mRNA levels in the visceral tissue of
adult zebrafish at 24 h. Pretreatment with the OGA inhibitors,
PUGNAc and Thiamet-G, significantly suppressed LPS-in-
duced proinflammatory gene expression, except ifn-3 (Fig. 9D).

OGA knockdown increases LPS-induced iNOS/NO in
RAW264.7 cells

To ascertain the role of OGA in LPS-induced inflammation,
RAW?264.7 cells were transfected with shRNA specifically tar-
geting Oga and single clones stably expressing Oga-shRNA
were selected. Our results confirmed a dramatic decrease in the
OGA protein level in two independent clones, compared with
the control shRNA clone (Fig. 10, A and B). Oga knockdown
clones displayed increased O-GlcNAcylation in control as well
as LPS and/or GIcN treatment conditions. Furthermore, Oga
knockdown led to increased iNOS expression and nitrite pro-
duction in response to LPS (Fig. 10, A-C). Interestingly, OGT
expression was decreased in Oga knockdown cells with or with-
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out GlcN (Fig. 10, A and B) and elevated in the presence of LPS,
which was abolished upon GIcN pretreatment.

Discussion

Despite impressive advances in biomedical research, limited
breakthroughs have been made in the treatment of sepsis, pri-
marily due to the intricate and heterogenic nature of systemic
immune responses. Therefore, the development of appropriate
animal models and optimization of study conditions is essential
to uncover the biological mechanisms underlying this condi-
tion. Lethal septic shock is required to examine survival follow-
ing sepsis, whereas sublethal septic stimulation should be
applied to determine cell and tissue or immune responses after
sepsis. In the current study, the CLP mouse model was
employed to evaluate the survival effects of GIcN, because con-
trolling the puncture count was an easy and reliable method to
obtain consistent survival rates and establish its protective
effects. In our experimental septic animal model, CLP challenge
resulted in an 11% survival rate within 10 days. Administration
of GIcN not only extended the survival time but also improved
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Figure 8. Changes in O-GIcNAcylation, OGT, and OGA levels in visceral tissue of zebrafish in response to LPS and/or GlcN. Adult zebrafish were
incubated with GIcN (1 g/liter in maintained water) for 12 h before abdominal GIcN (200 w.g/g) injection and subsequently stimulated with LPS (100 ug/g).
Visceral tissues were separated at 24 h. Representative confocal immunofluorescence staining images of O-GIcNAc, OGT, and OGA are shown. Nuclei were
counterstained with DAPI for visualization in tissue and positive staining for O-GIcNAc, OGT, and OGA quantitatively measured and graphed. Fluorescent
images are representative of three independent experiments. All values are mean = S.E. Asterisk denotes significantly increased from the untreated control
(p < 0.05); hash mark (#) indicates significantly decreased from LPS-stimulated conditions (p < 0.05). Scale bar, 50 pwm.

the survival rate to 55%. Lethality was significantly more vari-
able in the LPS endotoxemia model in mouse, probably due to
the flexible and variable survival responses of individual ani-
mals after LPS injection. The LPS animal model was considered
appropriate to study the sublethal toxic effects of sepsis,
because LPS induced consistent inflammatory responses in
mouse. Therefore, in the present study, we employed the CLP
model to examine the effect of GIcN on lethality, whereas the
LPS model for moderate sepsis was applied to examine the
inhibitory effect of GlcN on lung and systemic inflammation in
mice. We additionally used the zebrafish system to investigate
LPS-induced inflammatory responses in visceral tissue of adult
zebrafish. The advantages of using zebrafish for inflammatory
research are numerous, including its small size, easy handling,
relatively small amount of drug used, and ease of drug admin-
istration (either injection or treatment via dissolving in water),
as well as its highly developed vertebrate immune system.
Although LPS was able to induce strong inflammatory response
in the intestine of adult zebrafish, treatment did not induce
death up to a concentration of 2 mg/g body weight. Previous
reports have demonstrated that the LPS receptor cluster with
CXCR4 in zebrafish is tightly controlled to avoid excess inflam-
mation (28). Furthermore, because fish live in water where they
are potentially in intimate contact with higher levels of micro-
organisms, compared with mammals, inflammation and sepsis
should be more tolerable in fish. Although we failed to deter-
mine the effects of GIcN on septic death, our results indicate
that a sublethal endotoxemic model of zebrafish presents a sta-
ble and consistent system to investigate the immune regulatory
mechanisms of GIcN as well as screening anti-inflammatory
molecules in the future.
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Early organ damage in sepsis is caused by excess or severe
inflammation. The lung is particularly affected by sepsis and
ALI can develop as a result, which contributes to the high mor-
tality rate (29). Data from the current study have revealed a
strong anti-inflammatory effect of GlcN in a sepsis model by
attenuating pulmonary edema, neutrophil infiltration, nitrite
production, and inflammatory cytokine production, as well as
M1 polarization. GlcN is reported to attenuate LPS-induced
lung inflammation in rats (30). The earlier study used intratra-
cheal instillation of LPS to elicit local lung inflammation in rat
and anti-inflammatory effects of GIcN in response to the cyto-
kine mixture are examined using the rat alveolar cell line, L2.
However, the effects of GIcN on septic lethality, systemic
inflammation, and septic lung injury have never been examined
to date. The CLP and intraperitoneal LPS injection models used
in the current study usually generate a systemic inflammatory
response involving a more intact immune condition, with inter-
actions between the lung and whole body. Our findings disclose
for the first time that GIlcN protects against LPS- and CLP-
induced endotoxemia and sepsis via broad-spectrum anti-in-
flammatory effects.

Septic response is characterized by increased levels of
inflammatory cytokines, such as COX-2, TNF-«, IL-18, and
IL-6, and NO. The significance of MAPKs and NF-«B in endo-
toxic shock has been established. Activation of MAPK and
NE-«B signaling increases the production of proinflammatory
cytokines (31) and inhibition of MAPK significantly reduces
mortality associated with sepsis in rats with endotoxic shock
(31). We and other groups have shown that GIcN exerts an
anti-inflammatory effect via suppression of MAPK and/or
NF-kB signaling pathways (23, 32-35). In our experiment,
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Figure 9. O-GlcNAcylation changes in response to LPS and/or GlcN in RAW264.7 cells and effects of OGA inhibitors on LPS-induced inflammatory
gene induction. A, RAW 264.7 cells were pre-treated with GIcN (5 mm) for 2 h, followed by stimulation with LPS (100 ng/ml) for 24 h. Whole cell lysates were
prepared and subjected to Western blotting for O-GlcNAcylation using the CTD110.6 antibody (left panel) or galactosyltransferase-labeled using [*HJUDP-
galactose as a substrate and exposed to X-ray film for autoradiography (right panel). B, RAW 264.7 cells were pre-treated with PUGNAc (10 or 50 um) for 2 h and
subsequently stimulated with LPS (100 ng/ml) for 24 h. O-GlcNAcylation levels of total cell lysates were measured via Western blotting using the CTD110.6
antibody. The graph represents relative densitometric intensities that were quantitatively measured and normalized to B-ACTIN levels. C, RAW 264.7 cells were
stimulated with LPS (100 ng/ml) with or without PUGNAC (0.5 mwm) for 24 h. Expression of iNos, Cox-2, and II-18 mRNA were determined by RT-PCR (/eft panel)
and quantitatively assessed using real-time PCR (right graphs). Gapdh was determined as the loading control. Results are representative of three independent
experiments. All values are mean = S.E. D, adult zebrafish were treated with PUGNACc (50 wg/g) or Thiamet-G (20 wg/g) for 2 h and injected with LPS (100 w.g/g).
Visceral tissues were isolated at 24 h and mRNA expression of inos, cox-2, il-6, il- 13, ifn-a, ifn-B, ifn-y, and tnf-a determined using PCR (left panel) and quantitative
real-time PCR (right graphs). Results are representative of three independent experiments. All values are mean =+ S.E. Asterisk denotes significantly increased
from the untreated control (p < 0.05); hash mark (#) indicates significantly decreased from LPS-stimulated conditions (p < 0.05).

GIcN inhibited phosphorylation of JNK, P38 MAPK, ERK1/2, Macrophages demonstrate characteristics of diversity and
IkB, and P65 in lungs of LPS septic mice. These findings suggest  plasticity leading to the acquisition of various phenotypes.
that GlcN can improve lung and systemic inflammation via Based on phenotype, macrophages are classified into classically
inhibition of the MAPK and NF-«B pathway to suppress pro- activated (M1) and alternatively activated (M2) depending on
duction of NO and other inflammatory mediators in a sepsis  gene expression profiles. The proportion or degree of differen-
model. tiation of macrophages is important in the initiation, progres-
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Figure 10. Effect of Oga knockdown on LPS-mediated iNOS/NO induction. Oga knockdown cells were generated via stable transfection of shCont, shOgaf,
and shOga2. Control and Oga knockdown cells were stimulated with LPS (100 ng/ml) with or without 5 mm GIcN for 24 h. Whole cell lysates were prepared and
the expression levels of OGA, O-GIcNAc, iNOS, and OGT were measured via Western blotting using anti-MGEAS5, CTD110.6, anti-iNOS, and anti-OGT antibodies,
respectively (A). Relative densitometric intensities were quantitatively measured and normalized to GAPDH levels (B). Nitrite levels in cell culture medium were
measured with the Griess assay (C). Blots are representative of three independent experiments. All values are presented as mean = S.E. Asterisks denote
significantly increased from the untreated control (¥, p < 0.05; **,p < 0.01); hash mark (#) indicates significantly decreased from LPS-stimulated conditions (p <
0.05); &, indicates significantly increased from shCont LPS-stimulated conditions (p < 0.05).

sion, and termination of numerous inflammatory diseases. In
general, sepsis is associated with increased monocyte expres-
sion of M1 markers and decreased expression of M2 markers in
mice (36). One suggested mechanism for the beneficial effects
of GIcN on sepsis or inflammation is that increased hexosamine
biosynthetic pathway flux by GIcN suppresses the M1-like phe-
notype. However, as mRNA expression is not always correlated
with protein levels or enzymatic activity, M1 and M2 phenotype
markers should be extensively analyzed in the future to draw
definite conclusions regarding the role of GIcN in LPS-induced
macrophage polarization.

To investigate the molecular mechanisms underlying the
anti-inflammatory effects of GIcN on sepsis, we examined the
changes in O-GlcNAcylation in proteins from lung tissues of
mice in response to LPS with or without GIcN pretreatment.
LPS suppressed O-GlcNAcylation of nucleocytoplasmic pro-
teins of lung tissue on day 1, which was subsequently recovered

618 J Biol. Chem. (2019) 294(2) 608 —622

on day 3, suggesting a critical role of this modification in the
control of inflammatory reactions as well as subsequent recov-
ery responses. Our observation of GlcN-mediated protection
against reduction of LPS-induced O-GlcNAcylation further
supported the importance of acute O-GlcNAcylation changes
induced by septic shock in modulating inflammatory
responses. Initial acute elevation (1-4 h after ischemia) and a
subsequent marked decline in protein O-GlcNAcylation has
been previously reported during permanent cerebral ischemia
in a middle cerebral artery occlusion mouse model (37). How-
ever, our investigation of acute O-GlcNAcylation changes after
10 min and 6 h of LPS treatment was not significantly altered in
lung tissue of mice. In association with the O-GlcNAcylation
change, we showed that down-regulation of O-GlcNAcylation
in LPS-induced lung tissues of mice and visceral tissue of
zebrafish is accompanied by an increase in OGA, with no con-
comitant changes in the OGT level. Although a role of OGT-
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mediated O-GIcNAcylation of NF-«B in activating acute pan-
creatitis has been demonstrated (25), the potential function of
OGA in regulation of inflammation is yet to be examined.
Accordingly, we hypothesized that up-regulation of OGA and
subsequent O-GIcNAc reduction present critical tissue
responses to septic inflammation. Consistent with this theory,
treatment with OGA inhibitors suppressed the inflammatory
response to LPS, both in vitro and in vivo. However, in contrast
to our prediction that the inflammatory response is inhibited by
down-regulation of OGA protein, shRNA-mediated knock-
down of Oga further increased LPS-induced inflammation in
RAW264.7 cells. One possible explanation for this discrepancy
is that, whereas OGA plays an important role, it is not the only
regulator, and interactions with other factors or compensatory
regulation of OGA down-regulation may further contribute
to regulating the overall inflammatory response. One of the
results supporting this hypothesis is that Oga knockdown led to
a concomitant decrease in OGT protein expression. Therefore,
unlike pharmacological inhibition, changes in the OGA protein
levels are compensated through inducing changes in the
amounts of other related proteins. Another possible mecha-
nism for the opposing effects of Oga knockdown and inhibition
may hinge on the presence of a domain with intrinsic histone
acetyltransferase (HAT) activity in OGA (38). Therefore, Oga
knockdown may modulate iNOS expression via a reduction
in its HAT activity rather than through a change in its
O-GlcNAcase activity. However, we believe that this is unlikely
because we previously demonstrated that increased HAT activ-
ity (triggered by overexpression of P300/CBP) increases LPS-
induced iNOS expression in RAW264.7 cells (39) indicating
that HAT can act as a positive regulator of iNos gene induction.
Overall, the Oga knockdown-induced changes in OGT and/or
O-GlcNAcylation and subsequent inflammatory regulation are
likely to be complicated by interactions among enzyme levels,
enzyme activities, and the functions of OGA and OGT beyond
O-GlcNAcylation.

In conclusion, GIcN reduces the lethality of septic shock and
exerts protective effects against septic lung injury through sup-
pression of inflammation. Our findings further suggest that
dynamic changes in the O-GIcNAc level in response to LPS
are possibly associated with regulation of OGA expression.
Although it remains unclear why pharmacological inhibition
and down-regulation of OGA protein generated conflicting
results with regard to expression of iNOS in response to LPS,
this intriguing finding highlights the dynamic changes in OGA
expression and O-GlcNAcylation during LPS-induced inflam-
mation and supports the potential utility of OGA as a therapeu-
tic target in endotoxemia and septic lung injury.

Materials and methods

Reagents

PUGNACc was from Toronto Research Chemicals (Toronto,
Canada) and Thiamet-G was from Sigma. LPS from Escherichia
coli O111:B4 was from Sigma.
Animal conditioning

Male Balb/c, 6 -7 weeks of age and weighing 20-25 g, were
purchased from SAMTACO (Osan, South Korea). Mice were
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individually housed under 12-h light/dark cycles at 22 = 2 °C.
All animal experiments were approved by the Institutional Ani-
mal Care and Use Committee of Inha University in Incheon
(agreement number INHA 1160614-101).

Zebrafish (D. rerio) was obtained from the Daesangline
aquarium (Seoul, South Korea) and maintained at 27.0 = 1.0 °C
on a 14-h light/10-h dark cycle in accordance to guidelines. We
used ~2.5— cm long adult zebrafish for experiments. Tap water
passed through a multistage filtration system equipped with a
sediment filter, a post-carbon filter, and a fluorescent UV light-
sterilizing filter supplied to the aquarium containers for the fish
(Zebrafish AutoSystem, Genomic Design, Seoul, South Korea).
Water in the containers was aerated continuously and main-
tained at pH 6.5-7.5. The zebrafish were fed twice a day with
flake food (TetraBits, Luzerne, Singapore) and had access to live
brine shrimp ad libitum.

Sepsis animal model

An experimental CLP sepsis mouse model was established as
described previously (40). In brief, Balb/c mice were anesthe-
tized via inhalation of isoflurane, after which a stump was punc-
tured once with a 22-gauge needle to extrude a small amount of
stool. The cecum was placed back into its normal intraabdominal
position and the abdomen closed. Next, 0.3 ml of saline was
administered subcutaneously (intraperitoneally) for fluid resusci-
tation. Sham-operated control mice underwent the same surgical
procedures without puncture or ligation. Mice were returned to
cages and provided food and water ad libitum. The mortality
rate was monitored every day for 12 days. For generation of the
LPS-induced mouse sepsis model, male Balb/c mice were
injected intraperitoneally with LPS (5 mg/kg of body weight) or
control PBS. To examine the effects of GIcN, mice were pro-
vided a solution of 5% (w/v) D-(+)-glucosamine hydrochloride
dissolved in drinking water adjusted to 7 h before LPS injection.
GlcN dissolved in PBS (pH 7.4) was administered intraperito-
neally at a concentration of 200 mg/kg body weight 1 h before
LPS injection. The zebrafish LPS sepsis model was generated by
microinjecting LPS (100 ug/g of body weight) in PBS or PBS
only for the control group after anesthetization with 0.03%
MS-222 and maintained in normal water. For GIcN groups,
zebrafish were maintained in GIcN (1 g/liter) containing
water for 12 h and injected intraperitoneally with GIlcN (200
png/g) for 2 h followed by LPS administration. PUGNAc (50
png/g) or Thiamet-G (20 pg/g) were intraperitoneally
injected 2 h prior to LPS administration.

Lung wet-to-dry ratio

The lung wet-to-dry ratio was determined as described pre-
viously (41). The right lung was separated, weighed (wet
weight), and then dried overnight in a 60 °C oven (dry weight).
Wet/dry weight ratio was calculated by dividing the wet weight
by the dry weight.

Histological examination and immunohistochemistry

The right lung tissues were excised, washed with PBS, fixed
with 4% formalin buffer (4% formaldehyde, 30 mm NaH,PO,,
45 mMm Na,HPO,), and paraffin-embedded. For histological
examination, 4-um sections of formalin-fixed paraffin-embed-
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ded lung tissues were cut, placed on glass slides, deparaffinized
with xylene, and rehydrated in 30 —100% ethanol. Sections were
boiled in retrieval buffer (10 mu citrate buffer, pH 6.0) using a
microwave for 5 min and stained with H&E for histopatholog-
ical examination. For immunofluorescence staining, sections
were incubated in blocking buffer (10% normal goat serum in
PBS, 0.1% Triton X-100) for 1 h at room temperature, followed
by incubation with anti-iNOS antibody (BD Transduction, Lex-
ington, KY, 610107) overnight at 4 °C. After washing, sections
were incubated with secondary antibody for 1 h at room tem-
perature, treated with the avidin-biotin-peroxidase complex
for 15 min, and stained with diaminobenzidine for 5 min.
Stained sections were analyzed under a light microscope (Carl
Zeiss, Jena, Germany).

Immunofluorescence staining

Paraffin-embedded sections of mouse lung tissues were
deparaffinized and rehydrated as specified above. Adult
zebrafish were anesthetized with 0.03% MS-222, and the intes-
tine removed and fixed in 4% paraformaldehyde. The tissue was
cut into 10-um cross-plane sections with a cryostat (CM1800;
Leica, Wetzlar, Germany). Sections were mounted onto coated
slides (Matsunami Glass Ind., Ltd., Osaka, Japan) and stored at
—20°C until further use. For immunofluorescence staining,
slides (both mouse and zebrafish) were incubated with blocking
buffer and probed with anti-O-GlcNAc CTD110.6 (Covance,
Berkeley, CA, MMS-248R), anti-OGT (Santa Cruz, sc-32921),
anti-OGA (Proteintech, 14711-1-AP), anti-LY6G (R&D Sys-
tems, MAB1037-100), Ser-32-specific anti-phospho-IkBa
(Santa Cruz, sc-101713) or Ser-536-specific anti-phospho-P65
(Abcam, ab86299) antibodies. Next, slides were incubated with
Alexa Fluor® 488 (green)-conjugated secondary antibodies
(Molecular Probes, Eugene, OR, A11008). DAPI staining for
identification of nuclei was performed for 5 min. Slides were
examined under the LSM 510 META (Carl Zeiss) confocal
microscope and analyzed using ZEN Light Edition software.

Determination of cytokines by ELISA

Whole blood was collected by cardiac puncture into syringes
and samples were tubed and placed at room temperature for 30
min. After centrifuging (6,000 rpm, 15 min, room temperature),
plasma obtained and supernatant were immediately frozen in
liquid nitrogen (LN,) and stored at —70 °C until further analy-
sis. The levels of IL-1p, IL-6, or TNF-« in plasma or culture
medium were measured using ELISA kits (R&D Systems).
Results were determined spectrophotometrically using a
microphage reader.

Measurement of nitric oxide

Nitric oxide quantified colorimetrically measurements of
nitrite/nitrate levels in serum and cell culture medium by the
Griess reagent assay. Fifty microliters of samples were mixed
with an equal volume of Griess reagent (1% sulfanilamide, 0.1%
naphthylenediamine, and 5% phosphoric acid). Absorbance
was measured at 540 nm using a microreader, and nitrite con-
centration was assessed against a sodium nitrite standard curve
(0-100 um).
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Western blotting

Lung tissue was homogenated in lysis buffer (150 mm NaCl,
300 mM sucrose, 1 mMm EDTA, protease and phosphatase inhib-
itors, and 20 uM streptozotocin (pH 8.0)) and centrifuged for 20
min at 13,200 rpm. Cells were lysed in Nonidet P-40 lysis buffer
(150 mm NaCl, 50 mm Tris-HCI (pH 8.0), 0.5% Nonidet P-40
and containing protease and phosphatase inhibitors). 20—40
png of protein samples were separated by SDS-PAGE, trans-
ferred to Amersham Biosciences™ Protran™ nitrocellulose
membrane (GE Healthcare Life Science, Germany) and incu-
bated with 5% skim milk or 5% BSA blocking buffer at room
temperature. Primary antibodies against anti-p-AKT (Ser-473),
anti-AKT, and GAPDH (Cell Signaling Technology, Danvers,
MA, 9271, 9272, and 2118), anti-p-JNK (Invitrogen, 44682G),
anti-p-P38, anti-JNK, and anti-ERK (Cell Signaling Technol-
ogy, 4511, 9252, and 4695), anti-O-GlcNAc CTD110.6 (Cova-
nce, Berkeley, CA, MMS-248R), anti-MGEA5 (Proteintech,
14711-1-AP), anti-iNOS (BD Transduction, 610107), anti-
OGT, anti-P65, anti-c-REL, anti-P50, anti-IkBa, Ser-32—
specific anti-p-IkBa, anti-HDACI1, anti-B-ACTIN, anti-p-
ERK, and anti-P38 (Santa Cruz, sc-32921, sc-372, sc-71, sc-114,
sc-371,s¢-101713, sc-6298, sc-47778, sc-7383, and sc-535), and
anti-a-TUBULIN (Calbiochem Merck KGaA, Darmstadt, Ger-
many, ABT-170) were probed overnight at 4 °C, washed with
TBST, incubated with horseradish peroxidase-conjugated sec-
ondary antibodies and detected by the Enhanced Chemilumi-
nescence (ECL) detection system (Promega Corp.). Densito-
metric quantification of protein bands were detected using
Image] (NIH).

Bone marrow cell isolation

Bone marrow-derived mononuclear cells were isolated from
the tibia and femur of mice by flushing with 20 ml of PBS
through a 26-gauge needle. After centrifugation at room tem-
perature for 5 min, cells were immediately lysed with TRIzol ™.

Reverse transcription-PCR

Total RNAs from cells or tissues were extracted with
TRIzol™ (Invitrogen) and then 10 ug of RNA samples were
reverse-transcribed into cDNA using GoScript™ reverse tran-
scriptase (Promega) following the manufacturer’s instruction.
PCR was performed using specific primers of mouse Gapdh,
forward, 5'-TCATTGACCTCAACTACAGGT-3/, reverse, 5'-
CTAAGCAGTTGGTGGTGCAG-3; iNos, forward, 5'-GCAT-
CCCAAGTACGAGTGGT-3, reverse, 5'-CCATGATGGTC-
ACATTCTGC-3; Cox-2, forward, 5'-GCTGTACAAGCAGT-
GGCAAA-3, reverse, 5'-GTCTGGAGTGGGAGGCACT-3;
1l-6, forward, 5'-CCGGAGAGGAGACTTCACAG-3, reverse,
5"-TGGTCTTGGTCCTTAGCCAC-3; Il-1B, forward, 5'-
GGAGAAGCTGTGGCAGCTA-3, reverse, 5'-GCTGATGT-
ACCAGTTGGGGA-3; Tnf-a, forward, 5'-GACCCTCACAC-
TCAGATCAT-3, reverse, 5'-TTGAAGAGAACCTGGGAGTA-3;
Mcp-1, forward, 5'-GTCCCTGTCATGCTTCTGGG-3',
reverse, 5'-GAAGACCTTAGGGCAGATGCAG-3'; Mmr, 5'-
AATGCCACTGCCATGCCTAC-3, reverse, 5'-CACCAGG-
ATAGCCTTTCCCC-3; Mgl-1, 5'-CCTGCTGTTGGTGGT-
CGTCT-3', reverse, 5'-CAGGGCCTTCAAGTCCTTCC-3'".
Specific primers for zebrafish, B-actin, forward, 5'-GTGCCC-

SASBMB



Protection against sepsis-induced inflammation by glucosamine

ATCTACGAGGGTTA-3/, reverse, 5'-TCTCAGCTGTGGT-
GGTGAAG-3; inosa, forward, 5'-CTCCCAGATGCCACTC-
CTGA-3’, reverse, 5'-GAACCTCCAAGAAGGTGGGC-3;
cox-2, forward, 5'-AATTTGCTGTGGGCCATGAG-3'; reverse, 5’ -
AAGTTGTCCGGCAACAGTGG-3'; tnf-a, forward, 5'- GCG-
CTTTTCTGAATCCTAC-3'; reverse, 5'-TGCCCAGTCTG-
TCTCCTTCT-3'; il-1B, forward, 5'-GCTGGAGATCCAAA-
CGGATA-3/, reverse, 5'- ATACGCGGTGCTGATAAACC-
3'; il-6, forward, 5-ACATGACGGCATTTGAAGGG-3';
reverse, 5'-TATGGCCTCCAGCAGTCGTT-3'; ifn-a, for-
ward, 5'-GGTGGAATATCTGCAGGTTC-3'; reverse, 5'-GC-
TTGAAGCAATGACACCA-3'; ifu-B, forward, 5'-CTCCTC-
TCCTCAAACCTTCA-3'; reverse, 5'-TCTTTCCCTCTTTT-
CCTCCT-3'; ifn-v, forward, 5'- CATGCAGAATGACAGCG-
TGG-3'; reverse, 5'-TTGATGCTTTAGCCTGCCGT-3'. The
PCR products were separated by 1% agarose gel electrophore-
sis. Quantitative real-time PCR was performed by incubating
cDNAs in SYBR Green Real-time PCR master Mix (TOYOBO,
Osaka, Japan) with normalization to GAPDH levels.

Cell culture

RAW264.7 murine macrophage cells were purchased from
the Korean Cell Line Bank. Cells were maintained in Dulbecco’s
modified Eagle’s medium (Hyclone, Logan, UT) supplemented
with 5% FBS (ATCC, Manassas, VA), 1% streptomycin and pen-
icillin (Hyclone) at 37 °Cin 5% CO, in a humidified atmosphere
incubator.

Bone marrow cell isolation and macrophage polarization

BMDM cells were isolated from the tibia and femur of mice
by flushing with 20 ml of PBS through a 26-gauge needle. Cells
were harvested by centrifugation at room temperature for 5
min and were cultured in the RPMI containing 10% FBS and
macrophage— colony-stimulating factor (20 ng/ml). On day 7,
cells were harvested and plated in 24-well plate. Cells were pre-
treated with GlcN (5 mMm) and then stimulated with IL-4 (20
ng/ml) or LPS (1 pug/ml) for 24 h.

Generation of Oga knockdown cells

Expression vectors encoding shRNAs targeting Oga driven
by the U6 promoter containing a puromycin-resistant gene
were purchased from Sigma (MISSION® shRNA). RAW264.7
cells were stably transfected using Lipofectamine™ and
PLUS™ reagent (Invitrogen) and puromycin-resistant cells
were selected by culturing in 1 pug/ml of puromycin-containing
medium. In total, 12 independent clones were selected and val-
idated for efficacy of knockdown via PCR and Western blotting
in RAW264.7 cells.

Galactosyltransferase assay

O-GlcNAcylated proteins were labeled with galactosyltrans-
ferase using its radiolabeled substrate (UDP-[*H]galactose) as
described previously (23). Protein lysates were mixed with
labeling buffer (5 mm MnCl,, 10 mm galactose, 50 mm HEPES,
pH 7.4) and reactions were initiated by the addition of 2 uCi of
UDP-[?H]galactose (American Radiolabeled Chemicals, St.
Louis, MO) in 5'-AMP solution (2.5 mMm) and 50 milliunits of
galactosyltransferase (Sigma). The reaction mixture was incu-
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bated at 37 °C for 1 h and the reaction was terminated with the
addition of SDS sample buffer. Proteins were separated via
SDS-PAGE, intensified with EN>HANCE Fluor (PerkinElmer
Life Sciences, Waltham, MA), dried, and exposed to X-ray film.

Statistical analysis

Data are expressed as mean * S.E. and analyzed for statistical
significance using analysis of variance, followed by Scheffe’s test
for multiple comparisons and paired Student’s ¢ test for com-
paring between two groups. A p value < 0.05 was considered
significant.

Author contributions—].-S. H., K.-H.K,, J.P., S.-M.K,, Y. L., and
L-O. H. investigation; J.-S. H., K.-H. K, and L.-O. H. writing-original
draft;J. P., S.-M. K,, and Y. L. methodology; H. C. and L.-O. H. super-
vision; H.C., Y.L, and L-O.H. project administration; Y.L.
validation.
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