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ABBREVIATIONS 

 
ATP: adenosine triphosphate 

ADP: adenosine diphosphate 

ALT: alanine aminotransferase 
 
AST: aspartate aminotransferase 
 
BSA: bovine serum albumin 
 
BUN: blood urea nitrogen 
 
CTD 110.6: C-terminal domain  
 
cTnI: cardiac troponin I 
 
DRP: drag reducing polymer 
 
eNOS: endothelial nitric oxide synthase 
 
ER: endoplasmic reticulum 
 
GalNAc: N-acetylgalactosamine 
 
GAPDH: glyceraldehyde-3-phosphate  
dehydrogenase 

GFAT: glutamine: fructose-6-phosphate 
amidotransferase 
 
GlcN: glucosamine-hydrochloride 
 
GlcNAc: N-acetylglucosamine 
 
Glc-6-P: glucose-6-phosphate 
 
GP: glycogen phosphorylase 

GRP78: glucose regulated protein 

GSH: reduced glutathione 

H2O2: hydrogen peroxide 

HBP: hexosamine biosynthesis pathway 
 
HES: hydroxyethyl-strach 
 
HSP: heat shock protein 

ICAM: intercellular adhesion molecule 

iNOS: inducible nitric oxide synthase 

IL: interleukin 
 
LDH: lactate dehydrogenase 

 
LVDP: left ventricular developed pressure 
 
MAP: mean arterial pressure 
 
MODS: multiple organ dysfunction 
syndrome 
 
MPO: myeloperoxidase 

NADPH: nicotinamide adenine 
dinucleotide phosphate 

NAG-thiazoline: 1,2 dideoxy-2`-methyl-α-
D-glucopyranoso(2,1-d)-Δ2`-thiazoline 
 
NF-κB: nuclear factor kappa-B 
 
OGN: β-N-acetylglycosidase/O-
GlcNAcase 
 
O-GlcNAc: O-linked β-N-
acetylglucosamine 
 
OGT: O-GlcNAc transferase 
 
PAGE: polyacrylamide gel 
electrophoresis 

PCA: perchloric acid 
 
PUGNAc: O-(2-acetamido-2-deoxy-d-
glucopyranosylidene)amino-N-
phenylcarbamate) 
 
ROS: reactive oxygen species 

SIRS: systemic inflammatory response 
syndrome 

SDS: sodium dodecyl sulfate 

TH-R: trauma-hemorrhage and 
resuscitation 

TNF: tumor necrosis factor 
 
TTO4: 2[(4-chlorophenyl)imino]tetrahydro-
4-oxo-3-[2-tricyclo(3.3.1.13.7)dec-1-
ylethel] 
 
UDP-GlcNAc: uridine diphospho-N-
acetyl-glucosamine 
 
UDP-GalNAc: uridine diphospho-N-
acetyl-galactosamine 
 
UDP-HexNAc: uridine diphospho-N-
acetyl-hexosamine 
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1. INTRODUCTION 

 

1.1. Trauma and hemorrhagic shock 

 

Despite the advances in traffic and occupational safety, severe injuries and 

hemorrhagic shock are among the leading causes of death in both civilian and 

combat trauma (1, 2). Importantly, trauma remains the major cause of death in 

people younger than 35 years (1). Early deaths following injuries are caused by 

severe hemorrhage and central nervous system injuries, whereas late deaths are 

caused by septic complications and multiple organ dysfunction syndrome (3-6).  

The early treatment of hemorrhagic shock includes surgical intervention and 

restoration of the intravascular volume by means of crystalloid or colloid infusion and 

blood transfusion. The early restoration of intravascular volume improves cardiac 

output and helps to maintain the mean arterial pressure (MAP). In accordance, 

Boros M. et Kaszaki L. have recently reported that adequate colloid therapy with 

HES (hydroxyethyl-strach) could permanently ameliorate the hypovolemia-caused 

microcirculatory deterioration in a hemorrhagic shock model (7, 8). However, a 

massive resuscitation strategy before the surgical control of the ongoing bleeding 

may result in further blood loss and higher mortality rate (9-12). Therefore, there is 

an emerging interest in small or minimal-volume resuscitation strategies, especially 

in rural civilian areas or in combat environments, where the prompt surgical 

intervention is not available, due to significant delays in transport. 

 Severe injuries with significant blood loss are typically associated with 

hypovolemic shock causing decreased tissue perfusion with upset balance between 

oxygen demand and supply. Hemorrhagic shock is also related with the release of 

pro-inflammatory mediators and free radicals. An excessive pro-inflammatory 

response, called Systemic Inflammatory Response Syndrome (SIRS) is an important 

factor in the development of Multiple Organ Dysfunction Syndrome (MODS) (6). This 
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complex organ failure syndrome that occurs following trauma is one of the most 

difficult complications to manage clinically. Recent efforts in development of trauma 

care system have reduced mortality and also the pre-hospital time (13, 14), still, the 

overall hospital mortality is 17.8% of trauma patients admitted to intensive care unit 

(15). While trauma related MODS is reported to be a later complication of severe 

injuries, it is associated with high incidence (11.4%) and especially high mortality 

(61%), based on combination of different scoring systems (16).  

Therefore, early attenuation of tissue injury combined with down-regulation of 

proinflammatory mediators could significantly decrease the trauma-related mortality 

(6). Unfortunately, beside the well established therapeutic protocols, i.e. prompt 

surgical intervention and supportive intensive therapy care; there is only a few, 

effective metabolic intervention has been successful in multiple, prospective human 

trials, despite of the encouraging results of animal experiments (6). Therefore, there 

is a need for new metabolic treatments to improve both early survival and the 

later outcome of severely injured patients. 

 

1.2. Trauma and stress-induced hyperglycemia 

 

Acute hyperglycemia is frequently associated with injuries, such as trauma 

and hemorrhagic shock (17, 18). Stress induced hyperglycemia has been reported 

to be an adaptive mechanism (18-20) and prevention of this hyperglycemic 

response in rats by food-deprivation increased mortality following hemorrhage (21). 

On the other hand, in the recent clinical practice, the early euglycemic control has 

been proven to improve the outcome of traumatized and intensive care unit (ICU) 

patients (23, 24). Although the precise role of stress induced hyperglycemia remains 

unresolved (22), a number of mechanisms have been proposed to account for the 

possible beneficial effects of this early physiological response, including fuel (18) or 

mobilization of interstitial fluid reserves by increasing osmolarity (19, 20).  



 7 

Notably, high glucose levels facilitate the flux through the hexosamine 

biosynthesis pathway (HBP), which has been linked, among others, to 

improved cell survival under stress-conditions (17, 25-27).  

 

1.3. Hexosamine Biosynthesis Pathway (HBP) and protein O-GlcNAcylation: 

 

It is estimated from in vitro cell culture studies that between 2% and 5% of 

total glucose entering the cell is metabolized via the hexosamine biosynthesis 

pathway (HBP; Fig. 1) (28). Glucose entry into the HBP is regulated by L-glutamine-

D-fructose 6-phosphate amidotransferase (GFAT), which converts fructose-6-

phosphate to glucosamine-6-phosphate with glutamine as the amine donor (29). 

Glucosamine-6-phosphate is then metabolized via various hexosamine 

intermediates, leading to the synthesis of UDP-GlcNAc. UDP-GlcNAc provides 

glycosidic precursors for the synthesis of glycoproteins, glycolipids, and 

proteoglycans; it is also the essential sugar nucleotide donor for the formation of O-

GlcNAc-modified proteins (30).  

The role of O-GlcNAc in regulating cellular function have been linked to 

various diseases, such as insulin resistance and the adverse effects of diabetes and 

the development of cancer and neurodegenerative disorders such as Alzheimer 

disease (17, 31). Interestingly, it has been reported that aging is associated with 

increased O-GlcNAc levels in multiple tissues and support the notion that 

dysregulation of pathways leading to O-GlcNAc formation may play an important 

role in the development of age-related diseases (32). However, in contrast to these 

adverse effects, Zachara et al. (33) showed that in mammalian cells, stress stimuli 

increased protein O-GlcNAc levels, and augmentation of this response increased 

tolerance to the same stress stimuli. 

Flux through the HBP can be increased with the addition of exogenous 

glucosamine, which enters cells via the glucose transporter system and is 
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phosphorylated to glucosamine-6-phosphate by hexokinase, thus bypassing the 

rate-limiting enzyme GFAT and leading to a rapid increase in UDP-GlcNAc levels 

(34). Since glutamine is the essential amine donor, GFAT activity is glutamine 

dependent and can be inhibited by the glutamine analog 6-diazo-5-oxo-L-norleucine 

(DON) and O-diazoacetyl-L-serine (azaserine) (35). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. The hexosamine biosynthesis pathway (HBP) and protein O-
GlcNAcylation. /Adapted from Laczy B et al., AJP Heart Circ Physiol 296:13-28, 
2009/ Glucose imported into cells is rapidly phosphorylated to glucose-6-phosphate 
(glucose-6-P) and converted to fructose-6-phosphate (fructose-6-P), which is 
metabolized to glucosamine-6-phosphate by L-glutamine-D-fructose 6-phosphate 
amidotransferase (GFAT), resulting in the synthesis of UDP-N-acetylglucosamine 
(UDP-GlcNAc). GFAT can be inhibited by the glutamine analogs 6-diazo-5-oxo-L-
norleucine (DON) and O-diazoacetyl-L-serine (azaserine). Flux through the HBP can 
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be increased with glucosamine, which bypasses GFAT. UDP-GlcNAc is a sugar 
donor for classical glycosylation reactions in the endoplasmic reticulum (ER) and 
Golgi apparatus and is also the obligatory substrate for uridine-diphospho-N-
acetylglucosamine:polypeptide β-N-acetylglucosaminyltransferase (OGT), leading to 
the formation of O-linked β-N-acetylglucosamine (O-GlcNAc)-modified proteins. β-N-
acetylglucosaminidase (O-GlcNAcase) catalyzes the removal of O-GlcNAc from 
proteins. The level of O-GlcNAc on proteins can be blocked by inhibiting OGT with 
the uridine analog alloxan or with 2[(4-chlorophenyl)imino]tetrahydro-4-oxo-3-[2-
tricyclo(3.3.1.13.7)dec-1-ylethel] (TTO4), whereas O-GlcNAcylation of proteins can 
be rapidly increased by inhibiting O-GlcNAcase with O-(2-acetamido-2’-deoxy-D-
glucopyranosylidene)amino-N-phenylcarbamate (PUGNAc) or with 1,2 dideoxy-2’-
methyl-D-glucopyranoso(2,1-d)-2’-thiazoline (NAG-thiazoline). S/T, serine/threonine. 

 

Our understanding of the regulation of GFAT activity is surprisingly limited. 

GFAT is highly conserved among species, and the crystal structure of GFAT of 

Escherichia coli has been solved (36). Whereas bacterial GFAT is regulated at the 

gene expression level, eukaryotic GFAT is regulated both transcriptionally and post-

transcriptionally. The enzyme exists in two isoforms, GFAT1 and GFAT2, which are 

transcribed from separate genes. The GFAT1 gene is localized to chromosome 

2p13-p1, whereas the GFAT2 gene maps to chromosome 5q34-q35 in humans; this 

latter gene is a candidate for a type 1 diabetes susceptibility gene (37). 

 

 

1.4. Regulation of protein O-GlcNAcylation 

 

The attachment of a single β-N-acetylglucosamine moiety via an O-linkage to 

specific serine/threonine residues of nuclear and cytoplasmic proteins is catalyzed 

by O-GlcNAc transferase, (OGT; uridine diphospho-N-acetylglucosamine: 

polypeptide β-N-acetylglucosaminyltransferase; Fig. 1) using UDP-GlcNAc as the 

obligatory substrate (38, 39). The global extent of O-GlcNAc modification has been 

reported to be tightly dependent on the flux through HBP, since OGT catalytic 

activity is highly sensitive to changes in UDP-GlcNAc concentrations (40). The level 

of O-GlcNAc on nuclear and cytoplasmic proteins is also regulated by β-N-
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acetylglucosaminidase (O-GlcNAcase), which catalyzes the removal of the sugar 

moiety from proteins (41, 42).  

A single OGT gene is located on the X chromosome in humans and mice 

(43-45). The observations that tissue specific OGT mutants caused disturbances in 

somatic cell function (46) and that OGT deletion in mice is embryonically lethal (47) 

emphasize the physiological importance of O-GlcNAc for cell viability. OGT is highly 

conserved in organisms from Caenorhabditis elegans to humans and appears to be 

ubiquitously expressed (48). O-GlcNAcase is also highly conserved in mammals, is 

expressed in all tissue types examined, and has a similar tissue distribution to OGT 

(42). In contrast to OGT, which is reported to be localized primarily to the nucleus, 

the active form of O-GlcNAcase is predominantly localized to the cytoplasm (90%) 

(42, 49). The potential implications for the markedly different intracellular 

distributions of OGT and O-GlcNAcase remain to be determined. However, the fact 

that OGT distribution changes in response to insulin stimulation (50, 51) and that 

OGT and O-GlcNAcase form a transient complex during mitosis (52) suggests that 

the differential localization may play a critical role in regulating the targeting and 

processing of O-GlcNAcylated proteins. 

The mechanism(s) by which OGT and O-GlcNAcase dynamically regulate O-

GlcNAc cycling under normal physiological conditions or in response to acute or 

chronic stimuli remains poorly understood. Interestingly, OGT forms a complex with 

the catalytic subunit of protein phosphatase I (53), suggesting that a single enzyme 

complex may both add O-GlcNAc and remove phosphate. OGT can also form a 

complex with O-GlcNAcase, which has been referred to as the O-GlcNAczyme (54), 

thereby allowing a rapid cycling of O-GlcNAc on proteins. OGT and O-GlcNAcase 

can associate with both kinases and phosphatases, and this transient protein 

complex can contribute to the regulation of mitosis in HeLa cells (52). Such studies 

provide further support for the concept of a complex and reciprocal relationship 

between phosphorylation and O-GlcNAcylation, as shown in Figure. 2. 
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Fig. 2: The interaction between O-GlcNAcylation and O-phosphorylation. 
/Adapted from Zachara and Hart, Biochim Biophys Acta 1673:13-28, 2004/ 

 
 

Pharmacological studies of the rate of O-GlcNAc formation and removal 

have been limited due to the lack of specific high-affinity inhibitors. Alloxan, a uridine 

analog, has been used to inhibit OGT (55); however, its utility is very limited due its 

toxicity and lack of specificity (56). Recently novel and potent OGT inhibitors (TT04, 

TT06, etc.) have been reported (57, 58), which may lead to more feasible and 

specific approaches to the study of OGT activity; however, there are relatively few 

reports on their use in biological systems. One report has demonstrated the 

effectiveness of two such inhibitors in decreasing O-GlcNAc levels in isolated 

neonatal cardiomyocytes (59). The most widely used pharmacological approach to 

modulate O-GlcNAc levels has been O-(2-acetamido-2-deoxy-D-

glucopyranosylidene) amino-N-phenylcarbamate (PUGNAc), an analog of GlcNAc 

that is an effective and relatively specific competitive inhibitor of O-GlcNAcase (60, 

61). By inhibiting O-GlcNAcase, PUGNAc slows or prevents the removal of O-

GlcNAc, leading to a relatively rapid increase in O-GlcNAc levels. The effectiveness 
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of PUGNAc in increasing O-GlcNAc has been demonstrated in a variety of biological 

systems, including perfused hearts and isolated cardiomyocytes (62-64). There is 

some concern that PUGNAc may inhibit lysosomal hexosaminidases. The new O-

GlcNAcase inhibitor 1,2 dideoxy-2`-methyl-D-glucopyranoso(2,1-D)-2’-thiazoline 

(NAG-thiazoline) and its derivatives have been found to be more effective and more 

selective than PUGNAc (65, 66). For example, 1,2 dideoxy-2’-propyl-D-

glucopyranoso(2,1-D)- 2’-thiazoline has been shown to have a 3,100-fold selectivity 

toward O-GlcNAcase over hexosaminidases (65). Recently, synthesized 

GlcNAcstatin has been reported to inhibit O-GlcNAcase in the picomolar range and 

to have a 100,000-fold selectivity over lysosomal hexosaminidases; thus, it may be 

more selective and potent than both PUGNAc and NAGthiazolines (67).  

 
 

1.5. Protein O-GlcNAcylation and ischemia-reperfusion injury 

 

Since OGT is essential for cell viability (47) and is highly conserved from an 

evolutional perspective (48), its presence must convey some survival advantage to 

cells and organisms. A growing body of data demonstrates that activation of 

pathways leading to increased O-GlcNAc formation enhances tolerance to stress 

and improves cell survival. Overall O-GlcNAc levels have been shown to be 

dramatically increased in response to multiple experimental stress stimuli in several 

mammalian cell lines (27). Additionally, Du et al. reported that hyperglycemia-

induced ROS production inhibited glyceraldehyde 3-phosphate dehydrogenase 

activity, decreasing glycolytic flux, thereby increasing flux through the HBP and 

increasing UDP-GlcNAc levels (68).  

Importantly, when the O-GlcNAc response was prevented by decreasing 

OGT expression, cell viability decreased, whereas augmentation of O-GlcNAc levels 

with PUGNAc increased cell survival (27). It has also been reported that acute heat 
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stress increased O-GlcNAc levels and enhanced cell survival, whereas inhibition of 

GFAT decreased O-GlcNAc levels and increased cell death (69).  

In neonatal cardiomyocytes, hypoxia-reoxygenation causes a transient 

increase in O-GlcNAc levels, and augmentation of this response by elevating flux 

through HBP with high glucose, glucosamine, or PUGNAc improves cell viability and 

decreases necrosis and apoptosis (62). Conversely, attenuation of this response 

with glucose removal or GFAT or OGT inhibition reduces cell survival (62). 

Overexpression of OGT mimicked the effect of glucosamine in protecting against 

ischemic and H2O2-induced injury, thus demonstrating a direct role for OGT in 

mediating cardiomyocyte survival (70). Conversely, decreased OGT expression 

attenuated both the basal and ischemia-induced increase in O-GlcNAc levels as well 

as markedly increased the sensitivity of cardiomyocytes to hypoxia-reoxygenation 

injury, increasing necrosis and apoptosis (70). In the isolated perfused heart, 

ischemia alone increased both UDP-GlcNAc and overall O-GlcNAc levels (71, 72), 

indicating that this endogenous stress-activated pathway is active in the heart. 

Activation of the HBP with either glucosamine or glutamine before the induction of 

ischemia significantly increased cardiac O-GlcNAc levels, improved contractile 

function, and decreased tissue injury after reperfusion (73, 74). Moreover, treatment 

with PUGNAc during early reperfusion also improved functional recovery and 

attenuated tissue injury assessed by cTnI release (64). There was a significant 

correlation between increased O-GlcNAc levels and lower cTnI release (64). In vivo 

administration of PUGNAc has been shown to reduce infarct size after ischemia-

reperfusion in mice (63). Furthermore, Laczy B et al. recently proved that inhibition 

of O-GlcNAcase in perfused rat hearts during reperfusion by the new, more specific 

NAG-thiazolines is cardioprotective in an O-GlcNAc dependent manner. Importantly, 

they found that inhibiting OGA may be a clinically relevant approach for ischemic 

cardioprotection, in part, by preserving the integrity of O-GlcNAc- associated Z-line 

protein structures (75).  
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Several putative mechanisms have been put forward to explain the increased 

tolerance to stress associated with increased O-GlcNAc levels. Increasing O-

GlcNAc levels have been associated with increased transcription of HSP40 and 

HSP70 levels (27), and the latter is a known target for O-GlcNAc modification (76, 

77). Whereas it was found no change in HSP70 expression in cardiomyocytes after 

glucosamine treatment (62), PUGNAc treatment augmented HSP70 levels in 

response to oxidative stress (63). Preliminary studies have also shown that 

ischemia-reperfusion alters the level of O-GlcNAc modification of glycogen 

phosphorylase b, mitochondrial aconitase 2, and the cytoskeletal protein vinculin 

(72). It remains to be determined whether changes in O-GlcNAcylation of these 

proteins alter the functional response to ischemia-reperfusion injury. Increased 

levels of O-GlcNAc have also been reported to inhibit protein degradation (26, 78) 

most likely due to inhibition of the proteasome (79), and this could contribute to 

enhanced cell survival. It is also possible that cardioprotection is mediated via 

inhibition of Ca2+-overload on reperfusion (64, 73).  

These results provide strong evidence that the protective effect seen 

associated with increasing O-GlcNAc levels at the cellular and isolated organ levels 

can be translated to the in vivo environment.  

 

1.6. Protein O-GlcNAcylation and hemorrhagic shock  

 

Rodent trauma-hemorrhage models are widely used in an effort to reproduce 

a real life situation of severely injured patients with significant blood loss. These 

models are generally based on combination of soft tissue trauma and blood 

withdrawal, followed by fluid (or blood) resuscitation. The pathomechanism of 

damage caused by trauma-hemorrhage models is basically a general severe 

ischemia-reperfusion insult. Yang et al. (80) demonstrated that administration of 

glucosamine during resuscitation after trauma-hemorrhage improved cardiac output 
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2-fold compared with vehicle-treated controls. They also found that glucosamine 

treatment improved perfusion of various organ systems, including the kidney and 

brain, and attenuated the trauma-hemorrhage induced increase in serum levels of 

the inflammatory cytokines IL-6 and TNF-α. In vivo administration of glucosamine 

also increased O-GlcNAc protein levels in multiple tissues, supporting the notion that 

enhanced O-GlcNAc levels on nucleocytoplasmic proteins mediated the protection. 

However, in addition to increasing O-GlcNAc levels, glucosamine also increases 

glucosamine-6-phosphate levels and can potentially be metabolized to fructose-6-

phosphate, thereby increasing glycolytic flux. Thus, the protection associated with 

glucosamine treatment can be mediated via a number of other pathways. As noted 

above, inhibition of O-GlcNAcase, which is responsible for the removal of O-GlcNAc 

from proteins, has been shown to rapidly increase O-GlcNAc levels in cell culture 

studies (81), and the O-GlcNAcase inhibitor PUGNAc had protective effects similar 

to glucosamine in both neonatal rat ventricular myocytes and the perfused heart (62, 

64). In a rodent model of trauma-hemorrhage, intravenous administration of 

PUGNAc midway during resuscitation significantly improved cardiac output, 

decreased total peripheral resistance, and increased perfusion of critical organs 

systems compared with vehicle-treated controls 2 hours after resuscitation (82); 

PUGNAc also attenuated the increase in plasma IL-6 and TNF-α levels and 

significantly increased O-GlcNAc levels in the heart, liver, and kidney, examined at 

the same time-point. 

 

1.7. Protein O-GlcNAcylation and inflammation 

 

A number of studies have demonstrated that acute increases in O-GlcNAc 

attenuate the inflammatory response induced by tissue injury and stress. 

Additionally, Kneass and Marchase (83, 84) reported that O-GlcNAc modification 

plays an important role in rapid and dynamic neutrophil signal transduction 
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especially with respect to chemotaxis. Acute activation of O-GlcNAc formation has 

also been shown to be protective in the setting of endoluminal vascular injury in vivo 

(85). Pretreatment with either glucosamine or PUGNAc increased O-GlcNAc-

modified protein levels in balloon-injured rat carotid arteries compared with vehicle-

treated controls (85, 86). Glucosamine treatment during resuscitation significantly 

attenuates the trauma-hemorrhage-induced increase in ICAM-1 expression, IκB-α 

phosphorylation, NF-κB expression, and NF-κB DNA-binding activity in the heart 

(87), suggesting that elevated O-GlcNAc levels may contribute to the down-

regulation of the NF-κB pathway. In isolated cardiomyocytes, both glucosamine and 

OGT overexpression increase O-GlcNAc levels, attenuate LPS-induced TNF-α and 

ICAM-1 expression, and decrease IκB-α phosphorylation and nuclear NF-κB levels 

(88). Conversely, knockdown of OGT by siRNA transfection decreases O-GlcNAc 

levels and enhances the LPS-induced increase in IκB-α phosphorylation (88). 

Furthermore, glucosamine also decreased LPS induced IκB-α phosphorylation and 

excessive iNOS expression in a different, RAW 264.7 macrophage cell line (87). 

These results indicate that modulation of cellular O-GlcNAc signaling events alters 

the response to activation of NF-κB signaling and suggest that attenuation of NF-κB 

signaling may contribute to the protection associated with increased protein O-

GlcNAc levels in vivo. 

Furthermore, we have recently demonstrated that O-GlcNAcase inhibitor 

PUGNAc treatment significantly decreased serum and BAL (bronchoalveolar lavage) 

levels of pro-inflammatory cytokine IL-6 and attenuated ICAM-1 expression in the 

lung after CLP (cecal puncture and ligation)-induced sepsis in rats. The PUGNAc 

mediated decrease in CLP-induced inflammation was associated with a ~2-fold 

increase in O-GlcNAc levels in the lung compared to Control animals (89). 
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2. AIMS AND HYPOTHESES 

 

Protein O-GlcNAcylation is a post-translational modification and has been 

linked to improved cell survival following ischemia-reperfusion injuries. Severe 

injuries are one of the leading causes of death and there is a need for new metabolic 

treatments to improve both survival and the later outcome of severely injured 

patients. Therefore, in our study, we pursued the following aims:  

 

»  To examine the effect increased O-GlcNAc levels on the short-term outcome 

after severe trauma-hemorrhage in rats 

 

• The goal of the first part of the study was to demonstrate whether a small 

bolus intravenous administration of glucosamine improves the survival rate, 

effects hemodynamic parameters and tissue energetic status after severe 

trauma-hemorrhage in the absence of large volume resuscitation. 

• We also examined whether these changes are associated with a significant  

increase in the protein O-GlcNAc levels in the heart, brain, and liver extracts. 

 

» To examine the effect of increased proteins O-GlcNAc levels on later 

outcome after severe trauma-hemorrhage in rats 

 

• The purpose of the second part of the study was to determine whether 

increasing O-GlcNAc levels with either glucosamine or PUGNAc improves 

24-hr survival in rats following severe trauma-hemorrhage.  

• It was also evaluated whether the improved survival was associated with 

decreased organ injury, apoptosis and attenuation of proinflammatory 

responses. 
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3. MATERIALS AND METHODS 

 

3.1. Animals   

 

Male, adult Sprague-Dawley rats (purchased from Taconic Farm, Hudson, 

NY or Charles-Rivers, Wilmington, MA) weighing 260-340 g were used throughout. 

All animals were fasted overnight before the experiment to deplete the endogenous 

glycogen stores, thereby minimizing the variability in metabolic status between 

animals. Water was given ad libitum. All animal experiments were approved by the 

Animal Care and Use Committee of the University of Alabama at Birmingham and 

conformed to the Guide for the Care and Use of Laboratory Animals, published by 

the National Institutes of Health (NIH Publication No. 85Y23, 1996). 

 

3.2. Reagents  

 

All reagents and solutions were purchased from Thermo Fisher Scientific Inc. 

(Waltham, MA) or from Sigma-Aldrich (St. Louis, MO), unless indicated otherwise. 

PUGNAc was obtained from Toronto Research Chemicals, Inc., (North York, On., 

Canada).  

 

3.3. Short-term (2 hours) survival model of trauma-hemorrhage  

 

We used a modified version of a volume-controlled hemorrhage model 

described by Macias et al. (90), that in the absence of any intervention exhibited 0% 

survival within 35 min after the end of the hemorrhage period. Briefly, under 

isoflurane anesthesia (1.5% vol/vol, 1 L/min oxygen flow) two femoral arteries and 

the right femoral vein were cannulated with PE catheters for continuous blood 

pressure monitoring (Digi-Med Blood Pressure Analyzer, Louisville, KY), blood 
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withdrawal and drug administration. The general anesthesia was maintained during 

the whole experiment, keeping animals breathing spontaneously without intubation. 

A 5-cm-long midline laparotomy was performed to induce a soft tissue damage to 

mimic trauma prior to hemorrhage. Animals were kept on heating pad with 

temperature set to 37 ºC in effort to maintain central body temperature, monitored by 

a rectal thermocouple (Thermalert TH5; Physitemp Instruments, Clifton, NJ). 

Heparin was not administered at anytime during the procedures. Hemorrhage was 

induced by withdrawal of 55% of the calculated total blood volume (total blood 

volume [mL] = body weight [g] × 0.061) (80) for 25 min using a syringe pump 

(Harvard Instruments, Holliston, MA).  

 

3.3.1. Experimental groups  

 

At the end of the hemorrhage, the rats were divided randomly into two 

groups: glucosamine- and mannitol-treated (control) animals. Due to the relatively 

high osmolarity of glucosamine solution, the mannitol served as an osmotic control. 

In the glucosamine group (n = 17), 2.5 mL of 150 mM glucosamine solution (Fluka) 

was administered i.v. for 10 min. In case of the mannitol-treated rats (n = 15), 2.5 

mL of 300 mM mannitol was injected for the same duration of time. The pH level of 

the glucosamine solution (osmolarity, 320 mOsm) was adjusted to 7.36 with NaOH. 

The dose of glucosamine administered in this study was the same as that previously 

shown to increase the tissue O-GlcNAc levels and to improve the recovery after 

trauma-hemorrhage and full resuscitation (80). During and after the hemorrhage 

period, no additional treatment was given. Blood samples were taken from the right 

femoral artery before and after the hemorrhage and at the end of the experiment. 

The animals were observed for 2 h after treatment or until death (apnea duration > 1 

min) (90). At the end of the experiment, the surviving rats were euthanized by 

means of i.v. injection of concentrated potassium chloride solution. Then, different 
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organs (heart, brain, liver, and abdominal muscle) were harvested for the 

assessment of O-GlcNAc levels using Western immunoblot.  

In the animals that survived for 2 h after hemorrhage, there were no 

differences in the O-GlcNAc levels in the tissues examined. Because O-

glycosylation is a rapid process, an additional group of animals were subjected to 

trauma-hemorrhage followed by glucosamine (n = 6) or mannitol (n = 5) treatment, 

as described previously, but were killed 30 min after treatment when the survival 

rate was 100%. To compare our results observed after trauma-hemorrhage with 

nonoperated controls, a separate group of animals (n = 5) were euthanized after 24 

h of food deprivation without hypovolemic shock.  

 

3.4. Long-term (24 hours) survival model of trauma-hemorrhage  

 

We adapted our severe, volume-controlled hemorrhagic shock model, 

described above, by providing full resuscitation after blood withdrawal and 45 min of 

pressure-controlled hypovolemia. Briefly, hemorrhage was induced by withdrawal of 

55% of the calculated total blood volume (total blood volume [mL] = body weight [g] 

X 0.061 (91)) for 25 min using a syringe pump (Harvard Instruments, Holliston, MA). 

Mean arterial pressure was maintained on 35-40 mmHg for 45 minutes (pressure 

controlled phase) by i.v. administration of small volumes of 0.9% NaCl (i.e., normal 

saline) solution until a maximum of 40% of the shed blood volume was returned. 

This was followed by resuscitation, with four times of total withdrawn blood volume 

of i.v. 0.9% NaCl, administered over 60 minutes, using syringe pump. The catheters 

were removed, animals were allowed to wake up and observed up to 24 hours after 

resuscitation, at which point surviving animals were euthanized by i.v. injection of 

concentrated KCl solution. Blood, heart, lung and liver were collected for subsequent 

analyses as described below. During the 24 hours observation period any animals 
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that were found to be moribund were euthanized and considered dead with respect 

to the survival analysis. 

 

3.4.1. Experimental groups  

 

Animals were randomly assigned to the following 4 groups: 1) Sham surgery; 

2) Control (untreated) trauma-hemorrhage; 3) trauma-hemorrhage with glucosamine 

treatment (270 mg/Kg body weight) and 4) trauma-hemorrhage with PUGNAc 

treatment (7 mg/Kg body weight). In both treatment groups, 25% of total dose in a 2 

mL increment was administered immediately after hemorrhage and the remaining 

75% continuously during resuscitation. These doses of glucosamine and PUGNAc 

have been demonstrated in previous studies to increase O-GlcNAc levels and 

improve short-term recovery after trauma-hemorrhage and resuscitation (80, 82). 

The osmolarity of glucosamine solution used here is relatively high (~300-320 

mOsm, pH adjusted to 7.36); therefore, to account for any osmolarity effects, the 

vehicle in both the control and PUGNAc groups included mannitol, to increase the 

osmolarity to that of the glucosamine solution, with a pH adjusted to 7.36. Sham 

surgery animals underwent only general anesthesia and vessel cannulation. All 

animals received 0.3 mg/Kg b.w. buprenorphine subcutaneously immediately 

following and 12 hours after resuscitation. 

 

3.5. Blood gas analysis, serum enzyme, glucose and electrolyte 

measurements  

 

Blood gas parameters, electrolytes, glucose and lactate levels from arterial 

samples were analyzed by using an Instrumentation Laboratory Gem Premier 3000 

blood gas analyzer (Lexington, MA). Serum levels of alanine transaminase (ALT), 

aspartate transaminase (AST), lactate dehydrogenase (LDH), amylase, creatinine 
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and blood urea nitrogen (BUN) were measured using Alfa Wassermann ACE© 

Clinical Chemistry System (Alfa Wassermann, Inc., West Caldwell, NJ) at the 

AnimalLabs veterinary laboratory (Birmingham, AL). 

 

3.6. Serum cytokine levels  

 

Serum levels of interleukin- (IL) 6 and 10; and tumor necrosis factor (TNF)-α 

were measured with sandwich enzyme-linked immunosorbent assay kits (IL-6: 

Pierce Rockford, IL; IL-10 and TNF-α: BioSource, Camarillo, CA), following the 

manufacturer’s guidelines.  

 

3.7. Western-immunoblots analyses  

 

Western immunoblot analyses were performed as described in details 

elsewhere (71, 92).  Briefly, proteins were separated on a 7-10 % SDS-PAGE 

(sodium dodecyl sulfate polyacrylamide gel) electrophoresis gel and transferred 

either to polyvinylidene difluoride (Millipore Corporation, Billerica, MA) or pure 

nitrocellulose membranes (Bio-Rad, Hercules, CA). Protein loading was confirmed 

by Sypro Ruby (Bio-Rad) staining. Membranes were incubated overnight with 

1:1000 or 1:2500 dilution of CTD 110.6 (anti-O-GlcNAc), phosphoserine, 

phosphothreonine, GRP78 (Abcam, Cambridge, MA) or iNOS (BD Transduction 

Laboratories, San Jose, CA). For loading control, membranes were stripped and 

blots were incubated with β-actin (Sigma-Aldrich) or calsequestrine (Abcam) 

antibody. The densitometry of CTD 110.6 and phosphoserine / threonine 

immunoblots were performed by selecting the whole lane (all bands) in case of each 

sample and measuring the mean density of selected areas after background 

subtraction, using Scion Image analysis software (Scion Corporation, Frederick, 

MD). 
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3.8. High-performance liquid chromatography measurements (HPLC)  

 

The tissue adenosine triphosphate (ATP) levels were determined as 

previously described (93). Briefly, frozen tissue powder was homogenized in 0.3M 

perchloric acid, centrifuged for 10 min under a temperature of 4 ˚C at 14,000 g; then, 

the supernatant was mixed with 1:4 trioctylamine:1,1,2-trichlorotrifluoroethane. The 

mixture was centrifuged for 5 min under a temperature of 4 ˚C; then, the aqueous 

phase was loaded onto a strong anion exchange column (Partisil 10 SAX; Whatman, 

Brentford, Middlesex, UK) with 262-nm wavelength of detection. Data were analyzed 

and quantified as area under the curve by using the System Gold Nouveau software 

(Beckman Coulter, Fullerton, CA).  

The serum glucosamine levels were measured as described in details 

elsewhere (94). Briefly, 0.1 mL of serum was added to 0.4 mL acetonitrile to 

precipitate the serum proteins. After vortex mixing (duration, 1 min) and 

centrifugation (duration, 3 min at 10,000 g), the supernatant was mixed with 0.2 mL 

of methanol and was dried under vacuum. The samples were derivatized with 0.2 

mL of 88 mg/mL 1-naphthyl-isothiocyanate; then, the reaction was stopped by using 

0.4 mL of 1.5% acetic acid. The excess derivatizing reagent was partitioned into an 

organic phase by the addition of 1.0 mL of chloroform. The aqueous layer was 

purified by means of an anion exchange cartridge (Alltech, Columbia, MD); and the 

eluted solution was loaded onto ODS2 analytical column (Waters Corporation, 

Milford, Mass). The samples were run with an isocratic system. The mobile phase 

contained acetonitrile-water-acetic acid-triethylamine (dilution ratio, 

4.5:95.5:0.1:0.05; pH value, 4.5) with a constant flow rate of 0.9 mL/min. The UV 

detector wavelength was set to 254 nm and a column heater was applied to 

maintain 41 ˚C temperature. Glucosamine standard was run to establish molar 

reference values; then, D-galactosamine was added to each sample as an internal 

standard. The areas under the curve were calculated by using the System Gold 
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Nouveau software provided for the Beckman Coulter high-performance liquid 

chromatography system. The serum glucosamine and the tissue ATP levels were 

determined 30 min after treatment, at the time when the O-glycosylation levels were 

shown to be at the point of significant increase in the glucosamine-treated group. 

 

3.9. Nuclear factor kappa-B (NF-κB), Apoptosis and Myeloperoxidase (MPO) 

assays  

 

NF-κB was measured with an ELISA-based, colorimetric, oligonucleotid-

binding assay (TransAM™, Active-Motif, Carlsbad, CA). Apoptosis was determined 

using the Cell Death Detection ELISAPLUS (Roche Applied Science, Indianapolis, IN). 

MPO was also determined using commercially available ELISA kits (Hycult 

Biotechnology, Uden, The Netherlands). All assays were performed using the 

manufacturer’s guidelines. Studies comparing histone ELISA (equivalent to Roche 

Cell Death ELISA) and TUNEL-staining have shown similar results from the two 

methods (95, 96). 

 

3.10. Data Analysis  

 

Statistical analyses were performed, using GraphPad Prism 4 software 

(GraphPad, San Diego, CA) and SPSS13.0 (SPSS, Chicago, IL). The survival data 

were compared, using log-rank test, and were presented as survival percentage. 

Other statistical comparisons were performed, using unpaired Student’s t test, 

correlation or parametric one-way analysis of variance with Bonferroni’s or Dunnett’s 

post hoc test, as appropriate. Data that were not normally distributed and/or of 

unequal variance underwent either log or rank transformations, and the analyses 

were performed on the transformed data with one-way or Kruskal-Wallis analyses of 

variances with Dunn’s post hoc test, respectively. 
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4. RESULTS 

 

4.1. The effect of increased protein O-GlcNAc levels on the short-term   

outcome after severe trauma-hemorrhage in rats 

 

4.1.1. Survival rate   

 

A total of 37 animals were subjected to trauma-hemorrhage with minimal 

resuscitation (see Material and Methods); 5 rats died before the end of the blood 

withdrawal and were excluded from the experiment. Of the remaining 32 animals, 17 

were treated with glucosamine and 15 treated with mannitol (Control); 8 of the 17 

animals in the glucosamine group and 3 of the 15 rats in the control group survived 

for 2 h after treatment (Fig. 3). The difference in the overall survival rate between the 

Glucosamine-treated and the Control (mannitol-treated) rats was statistically 

significant (survival rate after 2 h, 47% vs. 20%, respectively; p<0.05). 

 

 
 
 

 
 
 
 

 
 

 
 
Fig. 3. Percent survival over time for Glucosamine-treated (GlcN) and Control 
(mannitol-treated) rats (p<0.05, log-rank test). The survival percentage, the 
number of survival animals and the total number of animals subjected to TH in each 
groups are indicated on figure legend. Zero (0) minute indicates the start of the drug 
administration.  
 

Survival rate 
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4.1.2. Hemodynamic parameters  

 

The changes of the mean arterial pressure for glucosamine- and mannitol-

treated groups throughout the protocol are shown in Figure 4. There were no 

significant differences between the groups in any of the parameters before 

treatment. For 18 min after treatment, the MAP was significantly higher in the 

glucosamine group. Similar results were observed when comparing only those 

animals in the groups of animals that survived the 2-h follow-up period (data not 

shown). There were no significant differences in the heart rate or the pulse pressure 

between the glucosamine- and the mannitol-treated rats after hemorrhage (data not 

shown). 

 

 
 
 

 
 
 
 

 

 
 
 
Fig. 4. Time course of mean arterial pressure (MAP). The scattered, dark gray, 
light gray and white areas indicate the phases of accommodation (pre-operative), 
hemorrhage, drug infusion and survival monitoring, respectively. Data points indicate 
means; error bars, SEM. *p<0.05 versus Control. 
 

 

 

 

 

Mean arterial pressure 
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4.1.3. Arterial blood gas and serum biochemical parameters 

 

The PAO2 and the oxygen saturation did not change significantly over the 

time because of the 100% oxygen inhalation. However, PACO2, acid base status 

(pH), base excess (BE), and serum bicarbonate decreased in both groups after 

trauma-hemorrhage compared with the baseline, indicating the severity of the shock 

(Table 1). There was also a marked increase in serum lactate levels, consistent with 

the development of severe metabolic acidosis. Hematocrit was also significantly 

decreased by the end of the hemorrhage and showed a further decrease 30 min 

after glucosamine or mannitol treatment. The serum potassium and phosphate 

levels were significantly increased at the end of the hemorrhage in both groups, 

parallel with the severity of shock. The blood glucose levels and the serum sodium 

levels were not significantly affected by the trauma-hemorrhage protocol.  

However, we found no significant differences comparing serum enzyme 

levels (ALT, AST, LDH, amylase, creatinine and blood urea nitrogen) at any time 

point. Despite the effect of glucosamine on survival rates, there were no significant 

differences between the glucosamine- and the mannitol-treated Control group in any 

of these parameters. There were also no differences between the glucosamine- and 

the mannitol-treated rats that survived the 2-h posthemorrhage period (data not 

shown). 

 

4.1.4. Serum glucosamine levels   

 

Thirty minutes after treatment with glucosamine, the serum glucosamine 

concentration was 2.6 mM ± 0.5 mM. In the Control (mannitol-treated) group and in 

the Nonoperated control group, the serum glucosamine levels were undetectable 

(data not shown). 
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TABLE 1. Blood gas and serum parameters of Control and Glucosamine treated 
animals at 0 min (baseline), at the end of the hemorrhage and 30 min after the 
treatment. 
 

 

All data were compared using two tailed t test. Statistical tests resulting in p-values 
of 0.05 or less were considered significant. * indicates significant differences 
compared to the baseline values and † shows significant differences compared to 
the values at the end of the hemorrhage. 
 

 

 
 

   Control group 
 Mean ± SEM 

  n=5 

  Glucosamine group 
   Mean ± SEM 

    n=6 
Partial oxygen pressure,  
PAO2 (mmHg) 

      

 Baseline 476.3  ± 35.4 447.6  ± 18.2 
 End of hemorrhage 407.5  ± 24.2 394  ± 12.8 
 30 minutes after treatment 367.7  ± 38.1 374.5  ± 28.3 
Partial carbon dioxide pressure, 
PACO2 (mmHg) 

      

 Baseline 42.2  ± 2.8 38.2  ± 1 
 End of hemorrhage 27.2  ± 0.8* 22.7  ± 2.9* 
 30 minutes after treatment 30.2  ± 6.7 21.8  ± 2.8* 
Base Excess, BE, (mmol/L)       
 Baseline 1.5  ± 1.4 1.4  ± 0.7 
 End of hemorrhage -5.2  ± 0.5* -5.6  ± 1.2* 
 30 minutes after treatment -13.9  ± 3.5* -15.5  ± 1.7*† 
Bicarbonate, HCO3¯, (mmol/L)       
 Baseline 26  ± 1.6 25.1  ± 0.7 
 End of hemorrhage 17.5  ± 0.5* 15.9  ± 1.6* 
 30 minutes after treatment 11.9  ± 1.3*† 9.5  ± 1.5*† 
pH       
 Baseline 7.42  ± 0.02 7.42  ± 0.02 
 End of hemorrhage 7.41  ± 0.01 7.46  ± 0.02 
 30 minutes after treatment 7.21  ± 0.13 7.24  ± 0.06*† 
Hematocrit (%)       
 Baseline 42  ± 1.7 42.2  ± 0.8 
 End of hemorrhage 34  ± 1.8* 34.2  ± 0.8* 
 30 minutes after treatment 29.3  ± 0.3* 30.3  ± 1.7* 
Serum Lactate (mmol/L)       
 Baseline 1.48  ± 0.2 1.51  ± 0.1 
 End of hemorrhage 3.98  ± 0.2* 4.01  ± 0.5* 
 30 minutes after treatment 7.36  ± 1.4* 7.07  ± 0.8*† 
Glucose (mmol/L)       
 Baseline 5.49 ± 0.09 5.92 ± 0.21 
 End of hemorrhage 6.64 ± 0.51 7.05 ± 1.15 
 30 minutes after treatment 5.33 ± 2.44 6.91 ± 1.94 
Sodium (mmol/L)       
 Baseline 144.4  ± 2.3 142.5  ± 1.9 
 End of hemorrhage 147  ± 5.5 147.1  ± 3 
 30 minutes after treatment 150  ± 3.5 141.2  ± 3.8 
Potassium (mmol/L)       
 Baseline 5  ± 0.1 5.2  ± 0.1 
 End of hemorrhage 6  ± 0.2* 6.5  ± 0.3* 
 30 minutes after treatment 6.8  ± 0.7 6.5  ± 0.5 
Phosphate (mmol/L)       
 Baseline 2.77 ± 0.09 2.68 ± 0.06 
 End of hemorrhage 3.68 ± 0.12* 3.68 ± 0.16* 
 30 minutes after treatment 5.07 ± 0.16*† 4.16 ± 0.45 
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4.1.5. Tissue energetic state 

 

In Figure 5, it can be seen that hemorrhagic shock had no effect on ATP 

levels in heart, brain, or abdominal muscle; however, there was a marked decrease 

in ATP levels in liver. The tissue ATP levels were not altered by glucosamine 

treatment in any organ (Fig. 5, A-D). 

 

 
 
 

 

 
 
 
 

 
 
 
 

 

 

 

 

 
 
 
Fig. 5. Tissue ATP levels of (A) heart, (B) liver, (C) brain, and (D) abdominal 
muscle extracts 30 min after treatment, compared with the Nonoperated 
control. Data are expressed as mean ± SEM. * p≤0.05 versus Nonoperated 
animals. 
 

 

 

 

A, Heart 

C, Brain 

B, Liver 

D, Muscle 

* * 
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4.1.6. Serum cytokines 

 

 The serum levels determined 30 min after the treatment of TNF-α and IL-10 

were slightly increased compared with Nonoperated rats; this finding was not altered 

by the glucosamine treatment (Fig. 6, A-B). The serum IL-6 levels remained 

undetectable during the experiment. 

 

 
 
 
 

 
 
 
 

 
Fig. 6. Serum cytokine levels of (A) TNF-α and (B) IL-10 30 min after treatment, 
compared with the Nonoperated animals. Data are expressed as mean ± SEM. 
 

 
 

4.1.7. Protein O-GlcNAc levels 

 

 Initially, the tissue samples were harvested 2 h after the end of hemorrhage or 

when the death of the animal was confirmed; however, the comparison of the tissue 

O-GlcNAc levels at different time points did not show significant differences between 

the groups (data not shown). Therefore, 11 additional animals were subjected to the 

same trauma-hemorrhage procedure followed by mannitol (Control, n=5) or 

glucosamine (GlcN, n=6) treatment. The animals were euthanized and serum, heart,  

A, TNF-α B, IL-10 

Undetectable Undetectable 
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brain, liver and muscle were collected 30 min after treatment, shortly after the period 

when the increase in MAP was significantly higher in the glucosamine-treated group 

(Fig. 4).  

 Glucosamine treatment significantly increased the protein O-GlcNAc in heart, 

brain, and liver samples compared with the mannitol-treated Control animals (Fig. 7, 

A-C); however, the O-GlcNAc levels in abdominal muscle were not significantly 

increased (data not shown). It is noteworthy, that the CTD 110.6 is specific for the 

O-GlcNAc moiety attached to Ser/Thr residues of proteins, but not for specific 

proteins; therefore, this finding is consistent with that of a number of other studies 

demonstrating that immunoblots show multiple bands, indicating the wide variety of 

proteins modified by O-GlcNAc in response to glucosamine treatment. 

 To determine the effect of hemorrhagic shock on protein O-GlcNAc levels and 

how this response was modified by glucosamine treatment, we measured the O-

GlcNAc levels in heart and brain from Nonoperated animals and from animals at 30 

min and 2 h after hemorrhage (Figs. 8 and 9). Two-way ANOVA with Bonferroni’s 

post hoc analysis indicated a significant difference in the glucosamine group 

compared with the Control (mannitol) group at 30 min in both heart and brain, 

consistent with the single time point comparisons in Figure 7, A and B. However, 

despite the apparent increase between the O-GlcNAc level in Nonoperated rats and 

the O-GlcNAc level after 30 min of treatment in rats administered with glucosamine, 

particularly in the brain, there was no significant time effect on O-GlcNAc levels in 

heart or brain in either mannitol- or glucosamine-treated groups. This was 

presumably caused by the small number of animals surviving at 2 h because 2-way 

ANOVA, excluding the 2 h data points, indicated a significant time and treatment 

effect in the brain. 
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Fig. 7. O-GlcNAc immunoblots of (A) heart, (B) brain and (C) liver extracts from 
GlcN (glucosamine-treated) and Control (mannitol-treated) rats 30 min after TH 
and drug administration are shown on the left side. Bar charts on the right side 
represent the mean of related area densities ± SEM of the mean raw densities 
assessed from the heart, brain and liver. Mean raw densities were normalized to 
calsequestrin  (Cals) staining in the heart and the β-actin staining in the brain and 
the liver. *p ≤ 0.05 Vs Control. 

A, Heart 

B, Brain 

C, Liver 

* 

* 

* 
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Fig. 8. O-GlcNAc immunoblots from the heart of (A) Control and (B) 
glucosamine-treated (GlcN) animals at 0 min (Nonoperated)-, 30 min-, and 120-
min time points. C, Mean area densities ± SEM, *p ≤ 0.05 Vs Control. 

A, Control 

B, GlcN 

C, Densitometry 

* 
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Fig. 9. O-GlcNAc immunoblots from the brain of (A) Control and B) 
glucosamine-treated (GlcN) animals at 0 min (nonoperated)-, 30 min-, and 120-
min time points. C, Mean area densities  ± SEM, *p ≤ 0.05 Vs Control. 

A, Control 

B, GlcN 

C, Densitometry 

* 
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4.2. The effect of increased proteins O-GlcNAc levels on later outcome 

after severe trauma-hemorrhage in rats  

 

4.2.1. Survival rate 

 

A total of 50 animals were subjected to the trauma-hemorrhage and full 

resuscitation protocol (TH-R) and observed for 24 hours. Four animals died during 

either the initial surgical procedure or early during the resuscitation phase and were 

therefore excluded from any subsequent analyses. In contrast to less severe models 

of trauma-hemorrhage and resuscitation where the 24 hour survival is ~100% (97); 

as can be seen in Fig. 10, in this model, the mortality rate for the Control group was 

~50%. The survival rate was significantly increased by both glucosamine (85%) and 

PUGNAc (86%) treatment. No mortality was observed in the Sham surgery group 

(data not shown). 

 

 
 
 
 

 
 
 
 

 

 
 
 
Fig. 10. Survival curve: Percent survival over time for Control, GlcN and 
PUGNAc treated rats. The survival percentage, the number of survival animals and 
the total number of animals subjected to TH-R in each groups are indicated on figure 
legend. Both GlcN and PUGNAc treatment significantly improved survival, compared 
to Controls (Log-rank test, p<0.05). Zero (0) hour indicates the end of resuscitation.

Survival rate 
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4.2.2. Arterial blood gas and serum biochemical parameters  
 

Blood gas parameters and other metabolic markers of shock are shown in 

Table 2. Data are presented from samples collected at five time points: 1) before 

hemorrhage; 2) at the end of hemorrhage; 3) immediately before resuscitation; 4) at 

the end of resuscitation and 5) in surviving animals, 24 hours after resuscitation. 

There were no significant differences in partial pressure of oxygen (PO2) between 

groups at anytime, presumably due to supplemental oxygen administered during 

anesthesia. However, consistently with other studies, hemorrhagic shock induced 

hyperkalaemia, hypocalcaemia as well as severe acidosis (98-100), as indicated by 

decreased partial pressure of carbon dioxide (PCO2), pH, bicarbonate (HCO3¯), total 

carbon dioxide (TCO2), base excess (BE) and increased serum lactate levels (Table 

2). Following blood withdrawal, the acidosis was similar in all groups; however, by 

the end of resuscitation, it was significantly improved by both GlcN and PUGNAc 

administration, compared to Control animals, as indicated by increased HCO3¯, 

TCO2, BE and decreased serum lactate levels. At 24 hours, all parameters returned 

to baseline levels and there were no differences between groups. Consistent with 

55% blood withdrawal and resuscitation with normal saline, the hematocrit (Htc) was 

significantly decreased in all groups at the end of resuscitation and remained 

depressed compared to the Sham animals at 24 hrs. In accordance, serum Na+ was 

elevated in all groups, as a result of renal compensation of hemodilution by sodium-

reabsorption (101). Notably, there were no differences in hematocrit between 

hemorrhage groups at any time point, demonstrating that the degree of blood loss 

was similar in all groups. There were no significant differences in blood glucose 

levels in any group at the end of hemorrhage; however, blood glucose levels were 

significantly elevated in GlcN group before and after resuscitation. Additionally, there 

were no differences in glucose levels between PUGNAc and Control groups at any 

time point in the experiments.  
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Table 2./A Comparison of arterial blood gas parameters, electrolytes, lactate 
and glucose levels. 
 
 

        Sham         Control     Glucosamine          PUGNAc 
    Mean ± SEM     Mean ± SEM       Mean ± SEM       Mean ± SEM 

 

           n = 10              n ≥ 9                n ≥ 10                n ≥ 11 
Partial oxygen pressure,  
PAO2 (mmHg) 

            

Before hemorrhage 452   ± 21 412  ± 19 433   ± 22 454   ± 26 
After hemorrhage    407  ± 14 418   ± 16 413   ± 26 
Before resuscitation    396  ± 13 388   ± 26 391   ± 41 
After resuscitation    443  ± 14 439  ± 27 476   ± 20 
24 hrs after resuscitation 483   ± 21 464  ± 21 410  ± 40 473  ± 16 
Partial carbon dioxide 
pressure, PACO2 (mmHg) 

            

Before hemorrhage 42   ± 3 38   ± 2 40   ± 3 42   ± 2 
After hemorrhage    25   ± 1 † 24 ± 1 † 26   ± 2 † 
Before resuscitation    24   ± 2 † 23   ± 2 † 24   ± 3 † 
After resuscitation    36   ± 2 37  ± 2 37   ± 3 
24 hrs after resuscitation 47   ± 2 49   ± 4 † 45   ± 3 52   ± 3 † 
pH             
Before hemorrhage 7.35   ± 0.01 7.39   ± 0.01 7.37  ± 0.01 7.36   ± 0.02 
After hemorrhage    7.36   ± 0.01 7.38   ± 0.02 7.38   ± 0.02 
Before resuscitation    7.24    ± 0.04 † 7.31  ± 0.02 7.31   ± 0.02 
After resuscitation    7.19    ± 0.03 † 7.26   ± 0.02 † 7.26   ± 0.02 † 
24 hrs after resuscitation 7.36   ± 0.02 7.31   ± 0.05 7.40   ± 0.01 7.34   ± 0.02 
Base Excess, BE, 
(mmol/L) 

            

Before hemorrhage -1.2   ± 1.8 -2.5   ± 0.9 -2.0   ± 1.5 -2.2   ± 1.1 
After hemorrhage    -11.3   ± 0.6 † -10.8   ± 0.7 † -9.6   ± 1.0 † 
Before resuscitation    -16.8   ± 1.3 † -14.8   ± 1.3 † -14.3   ± 1.7 † 
After resuscitation    -14.4   ± 1.2 † -10.5   ± 1.1 †, # -10.3  ± 1.1 †, # 
24 hrs after resuscitation 4.2   ± 0.9 † -1.3   ± 3.1 2.1  ± 1.5 3.7   ± 1.5 † 
Bicarbonate, HCO3¯ 

(mmol/L) 
            

Before hemorrhage 24.5   ± 0.8 22.5   ± 0.9 23.2   ± 1.4 23.3   ± 1.0 
After hemorrhage    14.1   ± 0.6 † 14.3   ± 0.5 † 15.4  ± 0.9 
Before resuscitation    10.5   ± 0.8 † 11.4   ± 1.2 † 12.0   ± 1.6 
After resuscitation    13.8  ± 0.8 † 16.6    ± 0.8 †, # 16.7   ± 1.0 †, # 
24 hrs after resuscitation 29.6   ± 1.1 † 25.0   ± 1.9 26.6  ± 1.5 29.4  ± 1.4 † 
Total carbon-dioxide, 
TCO2 (mmol/L) 

            

Before hemorrhage 25.9   ± 0.9 23.7   ± 0.9 24.4   ± 1.5 24.6   ± 1.1 
After hemorrhage    14.9   ± 0.6 † 15.1   ± 0.5 † 16.3   ± 0.9 † 
Before resuscitation    11.2   ± 0.8 † 12.1   ± 1.2 † 12.7  ± 1.7 † 
After resuscitation    14.9   ± 0.8 † 17.8  ± 0.9 †, # 17.9   ± 1.0 †, # 
24 hrs after resuscitation 31.2   ± 1.2 † 26.5   ± 1.9 27.9  ± 1.6 31.1   ± 1.5 † 

 

Arterial blood samples were analyzed: before induction of hemorrhage (baseline), 
after hemorrhage, before resuscitation, at the end of resuscitation and 24 hours after 
resuscitation. Data are expressed as mean ± SEM, n≥9 in each group. ANOVA, 
*p<0.05 Vs Sham and # p<0.05 Vs. Control in comparison between treatment groups 
and † p<0.05 compared to the baseline conditions in the same group. 
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Table 2./B Comparison of arterial blood gas parameters, electrolytes, lactate 
and glucose levels. 
 
 

        Sham         Control  Glucosamine        PUGNAc 
    Mean ± SEM     Mean ± SEM       Mean ± SEM     Mean ± SEM 

 

           n = 10              n ≥ 9                n ≥ 10              n ≥ 11 
Lactate (mmol/L)             
Before hemorrhage 0.6  ± 0.1 0.7  ± 0.1  0.7  0.8   ± 0.2 
After hemorrhage    5.1   ± 0.3 † 4.4   ± 0.3 † 4.1   ± 0.5 † 
Before resuscitation    6.6   ± 0.5 † 5   ± 0.6 † 4.8   ± 0.6 † 
After resuscitation    3   ± 0.7 † 1.1  ± 0.2 # 1.1   ± 0.4 # 
24 hrs after resuscitation 1   ± 0.1 † 1.1   ± 0.2 0.9  ± 0.2 1  ± 0.1 
Glucose (mmol/L)             
Before hemorrhage 5.6   ± 0.5 5.1   ± 1.1 5.6   ± 0.6 6.0   ± 0.6 
After hemorrhage    4.9   ± 1.4 5.2 ± 0.9 5.0   ± 0.5 
Before resuscitation    2.6  ± 1.5 † 5.8   ± 1.2 # 3.5   ± 0.7 † 
After resuscitation    4.4  ± 2.2 8.0  ± 0.8 #  5.9   ± 0.6 
24 hrs after resuscitation 10.4   ± 0.2 † 8.0   ± 2.5 †, * 6.9   ± 0.7 *  8.9   ± 0.6 † 
Hematocrit, Htc             
Before hemorrhage 39   ± 1 38   ± 1 38  ± 1 40   ± 1 
After hemorrhage    31   ± 1 † 31   ± 1 31   ± 1 
Before resuscitation    27   ± 1 † 27  ± 2 † 28   ± 1 † 
After resuscitation    18   ± 1 † 19   ± 1 † 18   ± 1 † 
24 hrs after resuscitation 38   ± 1 19   ± 2 †, * 17   ± 1 †, * 19   ± 1 †, * 
Sodium, Na+ (mmol/L)             
Before hemorrhage 141   ± 1 142   ± 1 143   ± 1 141   ± 1 
After hemorrhage    138  ± 1  141   ± 1 139   ± 1 
Before resuscitation    138   ± 1 † 141   ± 2  142   ± 2 
After resuscitation    140   ± 1  140   ± 1 140  ± 1 
24 hrs after resuscitation 139   ± 1 145   ± 1 * 144  ± 1 * 143   ± 1 * 
Potassium, K+ (mmol/L)             
Before hemorrhage 3.8  ± 0.2 3.7   ± 0.2 4.1   ± 0.1 4.2   ± 0.3 
After hemorrhage    5.9   ± 0.2 † 5.5   ± 0.3 † 6.0  ± 0.3 † 
Before resuscitation    5.2   ± 0.3 † 4.7   ± 0.4 4.7   ± 0.3 
After resuscitation    4.5   ± 0.4  4.6    ± 0.2  4.2   ± 0.2 
24 hrs after resuscitation 3.9  ± 0.1 3.9   ± 0.4 3.6  ± 0.3 4.0  ± 0.1 
Calcium, Ca2+ (mmol/L)             
Before hemorrhage 1.02   ± 0.04 1.00   ± 0.05 1.06   ± 0.08 1.06   ± 0.06 
After hemorrhage    1.08  ± 0.04 1.00   ± 0.07 1.08   ± 0.07 
Before resuscitation    0.81   ± 0.04 † 0.88   ± 0.07 0.81  ± 0.07 † 
After resuscitation    0.72   ± 0.05 † 0.88  ± 0.07 0.80   ± 0.07 † 
24 hrs after resuscitation 1.08   ± 0.05 0.97   ± 0.08 1.02  ± 0.06 1.13   ± 0.04 

 
 
Arterial blood samples were analyzed: before induction of hemorrhage (baseline), 
after hemorrhage, before resuscitation, at the end of resuscitation and 24 hours after 
resuscitation. Data are expressed as mean ± SEM, n≥9 in each group. ANOVA, 
*p<0.05 Vs Sham and # p<0.05 Vs. Control in comparison between treatment groups 
and † p<0.05 compared to the baseline conditions in the same group. 
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4.2.3. Serum cytokines 

 

Hemorrhagic shock induced a significant increase in circulating levels of pro-

inflammatory cytokine IL-6, 24 hours after resuscitation in the Control group, which 

was significantly attenuated by PUGNAc, but not glucosamine (Fig. 11A). Compared 

to the Sham group, the anti-inflammatory cytokine IL-10 was significantly elevated in 

the Control group, using Dunnett’s posthoc-test (p<0.05) with an overall trend to 

significance (ANOVA, p=0.08). However, IL-10 was unchanged in both Glucosamine 

and PUGNAc groups (Fig. 11B). Compared to the Sham group, there were no 

significant differences in the serum levels of TNF-α in any group, 24 hours after TH-

R (data not shown). 

 

 
 
 
 

 
 
 
 
 

Fig. 11. Serum cytokine levels of A) Interleukin (IL) -6 and B) IL-10 24 hours 
after hemorrhagic shock and resuscitation. Data are expressed as mean ± SEM, 
n>9 in each group. Panel A): ANOVA, * p<0.05 Vs Sham and # p<0.05 Vs Control. 
Panel B): ANOVA (trend to significance, overall p=0.08), ‡ p<0.05 Vs Sham. 
 
 

 

 

 

 

A, IL-6  B, IL-10  
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4.2.4. Activation of Nuclear Factor kappa-B 

 

Activation of the transcription factor NF-κB was assessed by DNA-binding 

assay in the heart, lung and liver. In the liver, the binding affinity of NF-κB was 

significantly elevated in both Control and Glucosamine groups, 24 hours after TH-R; 

however, this was significantly attenuated in the PUGNAc group (Fig. 12). There 

was no significant activation of NF-κB in either heart or lung (data not shown). 

 
 
 

 
 
 
 
 

 

Fig. 12. Activation of Nuclear Factor kappa-B (NF-κB) in the Liver 24 hours 
after hemorrhagic shock and resuscitation, related to Sham animals. Data are 
expressed as mean ± SEM, n=6 in each group. ANOVA, * p<0.05 Vs Sham and  
# p<0.05 Vs Control. 
 
 

 
4.2.5. Tissue iNOS levels 

 

In the Control group, protein levels of iNOS were significantly increased 

compared to Sham surgery group in both liver and heart (Fig. 13A, B). This was 

significantly attenuated in the PUGNAc treated group, but not in the glucosamine 

treated group. Surprisingly, at this time-point, there was no significant induction of 

iNOS expression in the lung (data not shown). 
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Fig. 13. Protein levels of inducible Nitric Oxide Synthase (iNOS) in the A) Heart 
and B) Liver 24 hours after hypovolemic shock and resuscitation on the upper 
side. Bar charts represent the mean area densities, related to Sham animals. Mean 
densities were normalized to calsequestrin (Cals) staining in the heart and the β-
actin staining in the liver. Data are mean ± SEM, n=6 in each group. ANOVA, * 
p<0.05 Vs Sham and # p<0.05 Vs Control. 
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4.4.5. Myeloperoxidase (MPO) levels 

 

Tissue MPO levels were significantly elevated in the Control animals in the 

lung 24 hours after TH-R, compared to Sham operated animals (Fig. 14). However, 

neither Glucosamine nor PUGNAc treated groups showed significant elevation in 

MPO levels compared to Shams. In the heart and in the liver, there were no 

significant changes in the tissue MPO levels at this time-point (data not shown). 

 

 
 
 

 
 
 
 
 
Fig 14. Myeloperoxidase (MPO) levels of the Lung 24 hours after trauma-
hemorrhage. Data are expressed as mean ± SEM, n≥3 in each group. ANOVA,  
* p<0.05 Vs Sham. 
 
 

4.4.6. Organ injury and apoptosis 

 

Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase 

(AST) and lactate dehydrogenase (LDH) were significantly increased in response to 

TH-R, while these were significantly attenuated by PUGNAc, but not Glucosamine 

treatment (Fig. 15A-C). Indicators of pancreas (amylase) and kidney (creatinine / 

BUN) injury did not show significant changes at this time point in any group 

compared to Shams (data not shown).    
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Fig. 15. Serum levels of A) Alanine Transaminase (ALT), B) Aspartate 
Transaminase (AST) and C) Lactate Dehydrogenase (LDH) 24 hours after 
hypovolemic shock and resuscitation. Data are mean ± SEM, n>4 in each group. 
ANOVA, * p<0.05 Vs Sham and  # p<0.05 Vs Control. 
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In the liver, there was an almost 2-fold increase of apoptosis in the Control 

group compared to the Sham group (Fig. 16A); however, neither Glucosamine, nor 

PUGNAc groups were significantly different from either the Sham or Control 

animals. In the lung, there was ~2.8 fold increase in apoptosis in the Control group 

compared to Sham group and this was attenuated in both Glucosamine and 

PUGNAc groups (Fig. 16B). In the heart, there was no significant change in 

apoptosis in any group compared to Shams (data not shown). 

 
 
 

 
 
 
 

 
 

 
Fig. 16. Apoptosis in the A) Liver and B) Lung 24 hours after trauma-
hemorrhage and resuscitation, related to Sham animals. Data are mean ± SEM, 
n≥3 in each group. Panel A) Liver: ANOVA, * p<0.05 Vs Sham. Panel B) Lung: 
ANOVA (overall p<0.05), * p<0.05 Vs Sham, ‡ p<0.1 Vs Control (p=0.06 GlcN Vs 
Control and p=0.08 PUGNAc Vs Control). 
 

 

4.4.7. Endoplasmic reticulum stress 

 

 GRP78 (glucose regulated protein) is a member of the heat shock protein family 

and an important indicator of endoplasmic reticulum stress (20). To evaluate the 

effects of TH-R and the treatment protocols on ER stress, we assessed GRP78 

levels in the liver, since of those organs studied, the liver appeared to be the most 

susceptible organ to injury and ER-stress. Here we found that there was no 

significant elevation of GRP78 (Bip) protein in the Control or any of treatment groups 

A, Liver B, Lung 

* * 

‡ 
‡ 



 45 

compared to Shams, 24 hours after TH-R (Fig. 17). Although, we cannot rule out the 

possibility of altered GRP78 levels at an earlier time-point. 

 
 
 

 
 
 
 
 

 
 
 
 

 
 
 

 
Fig. 17. GRP78 protein levels in the Liver, 24 hours after trauma-hemorrhage 
and resuscitation. A) GRP78 representative blot shows two-two selected samples 
of each group. B) Bar charts represent the mean area densities, related to Sham 
animals. Mean densities were normalized to β-actin staining. Data are mean ± SEM, 
n=7 in each group. ANOVA, p>0.05. 
 

 
 

4.4.8. Protein O-GlcNAc and phosphorlyation levels 

 

In the liver, there was a significant, >50% decrease in overall O-GlcNAc 

levels 24 hours after TH-R, compared to the Sham group. PUGNAc treatment 

resulted in significantly elevated O-GlcNAc levels, compared to Control animals. 

However, glucosamine administration did not prevent the loss of O-GlcNAc (Fig. 

18/A, E). To demonstrate the specificity of the O-GlcNAc antibody, a duplicate 

A, GRP 78 

B, Densitometry 
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immunoblot was co-incubated with CTD 110.6 antibody and 10 mM N-

acetylglucosamine (Fig. 18/B) (83, 102). Since N-acetylglucosamine acts 

competitively for specific binding, the lack of signal on Fig. 18/B indicates that the 

signal on Fig. 18/A is due to specific binding of CTD 110.6 antibody.   

To determine whether there was a relationship between changes in global O-

GlcNAc and phosphorylation levels, we examined both serine and threonine 

phosphorylation. Phosphorylation of serine residues was significantly elevated in 

both Glucosamine and PUGNAc treated groups compared to Controls; in PUGNAc 

group, serine phosphorylation was also significantly increased compared to the 

Sham group (Fig. 18/C, F). In contrast, threonine phosphorylation of liver proteins 

was significantly decreased in PUGNAc group, compared to both Control and 

Glucosamine treated animals (Fig. 18/D, G).  

Furthermore, protein O-GlcNAc levels of the liver showed a significant 

negative correlation with indicators of tissue injury: ALT (r=-0.71, p<0.05), AST (r=-

0.75, p<0.05), LDH (r=-0.76, p<0.05) and apoptosis (r=-0.63, p<0.05). There was 

also a modest, but significant correlation between O-GlcNAc levels at 24 hours and 

lactate levels (r=-0.54, p<0.05) measured at the end of resuscitation (Fig. 19/A-E). 

In the lung, we found a significant decrease in tissue protein O-

GlcNAcylation levels in response to TH-R. Similarly to the liver, it was prevented by 

PUGNAc, but not glucosamine treatment (Fig. 20/A). The protein O-GlcNAc 

changes followed a similar pattern in the heart, however, these changes were not 

significantly different (ANOVA, p=0.07) (Fig. 20/B). 
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Fig. 18/A-D O-GlcNAcylation and phosphorylation in the Liver tissue extracts 
24 hours after hypovolemic shock and resuscitation. Tissue samples were 
separated on 10% gels. Membranes were incubated with A) O-GlcNAc (CTD 110.6) 
antibody, B) O-GlcNAc antibody + 10 mM GlcNAc, C) Phosphoserine or D) 
Phosphothreonine antibodies. The representative blots show two-two selected 
samples of each group. 
 

 
 

A, O-GlcNAc B, O-GlcNAc + 10 mM GlcNAc 

C, Phosphoserine D, Phosphothreonine 
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Fig. 18/E-F-G O-GlcNAcylation and phosphorylation in the Liver tissue 
extracts 24 hours after hypovolemic shock and resuscitation. Bar charts 
represent the mean area densities of E) O-GlcNAc, F) Phosphoserine and G) 
Phosphothreonine immunoblots, related to Sham animals. Mean densities were 
normalized to β-actin staining. Data are shown on bar charts as mean ± SEM, n=7 in 
each group. ANOVA, * p<0.05 Vs Sham, # p<0.05 Vs Control and † p<0.05 Vs GlcN 
group. 
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Fig. 19. Correlation between O-GlcNAc levels of the liver and serum A) ALT, B) 
AST, C) LDH, D) liver apoptosis at 24 hours and E) lactate levels after 
resuscitation. `r` represents the correlation coefficient, p<0.05 were considered as 
significant correlation between two variables.  
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Fig. 20. O-GlcNAcylation in the Lung and Heart 24 hours after hypovolemic 
shock and resuscitation. Left panel: Samples were separated on 7% gels. 
Membranes containing A) Lung and B) Heart tissue extracts were incubated with 
O-GlcNAc (CTD 110.6) antibody. The representative blots show two-two selected 
samples of each group. Right panel: Bar charts represent the mean area densities, 
related to Sham animals. Mean densities were normalized to β-actin or 
calsequestrine (Cals) staining. Data are mean ± SEM, n≥3 in each group. Lung: 
ANOVA, * p<0.05 Vs Sham and # p<0.05 Vs Control group. Heart: ANOVA, p=0.07. 
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5. DISCUSSION 

 

5.1. The effect of increased protein O-GlcNAc levels on the short-term 

outcome after severe trauma-hemorrhage in rats 

 

Hemorrhage remains the major cause of death in people below the age of 35 

years and is also the primary cause of death on the battlefield in conventional 

warfare (1, 2). Since the majority of combat deaths occur prior to casualties reaching 

a medical facility, there is considerable interest in the development of low-volume 

resuscitation strategies that increase the survival time during hypotension (103).  We 

have previously shown that the addition of glucosamine or OGN inhibitor PUGNAc 

during resuscitation following trauma-hemorrhage in the rat, improved cardiac 

function and organ perfusion 2 hours after resuscitation (80, 82, 87). Here we 

demonstrated for the first time that a bolus of glucosamine administered during 

hemorrhage significantly improved survival 2 hours following the end of hemorrhage 

(104). The increased survival was not due to reduction in the severity of the 

hemorrhagic shock as indicated by serum lactate levels, pH or base excess.  

However, there was a significant increase in MAP in the glucosamine group for 18 

minutes following treatment and consistent with our earlier study (80), we also found 

significantly higher protein O-GlcNAc levels in the heart, brain and liver extracts.  

The model of volume-controlled hemorrhage used here was based on that 

described by Macias et al. [11], who reported that in the absence of any intervention 

all animals died within 35 minutes following the end of hemorrhage, whereas 

treatment with drag reducing polymer (DRP) solution significantly improved the 2-

hour survival rate. Here we found that with glucosamine treatment the 2-hour 

survival rate was 47% and this was significantly higher that treatment with iso-

osmotic mannitol control group. The higher survival in our control group (i.e., 20%) 
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relative to the control group in the study by Macias et al. is likely due to the higher 

osmolarity of this solution. However, since both the mannitol and glucosamine 

solutions were of similar osmolarity, the improved survival in the glucosamine group 

is likely a direct effect of glucosamine. 

Parallel with the progression of hypovolemic shock a metabolic acidosis 

develops as indicated by increased serum lactate accompanied by decreased pH, 

PO2, BE and HCO3¯ (98). While improvements in metabolic acidosis are typically 

associated with improved outcome following hypovolemic shock, interestingly, 

Torres et al demonstrated that in a rat model of hypovolemic shock arterial K+ levels 

showed the clearest distinction between survivors and non-survivors (99). 

Consistent with their findings, we found that in response to hemorrhage there were 

significant increases in serum lactate and K+ levels, while BE and HCO3¯ showed a 

marked decrease in parallel with the progression of the shock. Thirty minutes 

following treatment there were no significant differences between the mannitol-

treated Control or Glucosamine treated groups in any of these parameters, 

suggesting that the improved survival in the glucosamine group cannot be attributed 

to an early reduction in metabolic acidosis or the severity of shock at that time. 

However, we cannot rule out the possibility that glucosamine treatment may have 

attenuated the development of metabolic acidosis at a later time point. 

Trauma combined with severe hemorrhage decreases cardiac output and 

peripheral tissue perfusion. This leads to activation of neuroendocrine reflexes 

resulting in centralized circulation with peripheral vasoconstriction. Following this 

early peripheral vasoconstriction delayed and untreated hemorrhagic shock leads to 

decompensation due to vasodilatation resulting from of a loss of smooth muscle 

contraction (99, 105). Here we found that glucosamine treatment resulted in a 

significantly increased MAP for a short duration immediately following treatment. In 

the absence of any other metabolic or hemodynamic effects, it is possible that this 

transitory increase in MAP was related to an acute vasoactive effect of glucosamine 



 53 

leading to further peripheral vasoconstriction. Alternatively, the increase in MAP 

could be due to an effect of glucosamine on the neuroendocrine response. Yang et 

al. (80) reported that glucosamine treatment during resuscitation improved cardiac 

performance; thus, the increase in MAP seen here with glucosamine could also be a 

consequence of increased cardiac contractility. Since the increase in MAP shortly 

following treatment was the only physiological parameter that was different between 

the two groups it is tempting to suggest that this may contribute to the subsequent 

improved survival, possibly by improving perfusion to critical organ systems at 

crucial time early during hemorrhagic shock. However, we cannot attribute a direct 

cause and effect relationship between the early increase in the mean arterial 

pressure and survival and the precise mechanisms underlying the effect of 

glucosamine on both MAP and survival clearly require further study. 

Maintenance of tissue bioenergetic status, particularly ATP levels could 

contribute to improved survival; therefore we determined ATP levels 30 min after 

treatment, which was a time just before animals in the mannitol treated group started 

to drop out. Consistent with previous reports, hypovolemic shock resulted in a 

significant loss of ATP in liver compared to non-operated controls but no changes in 

ATP levels in the heart, brain and abdominal muscle (106, 107). However, 

glucosamine treatment had no effect on ATP levels in any organs examined 

suggesting that that the improved survival in this group was not related to the 

improved bioenergetics. These results are consistent with recent reports 

demonstrating at both the cardiomyocyte and whole heart level that glucosamine 

attenuates ischemia/reperfusion injury but that this was not associated with higher 

ATP content (62, 73). 

In response to severe injury, pro- and anti-inflammatory cytokines are 

released (6) and differences in cytokine levels could be a contributing factor to 

improved survival. However, although we observed slightly increased levels of the 

pro-inflammatory cytokine TNF-α and the anti-inflammatory cytokine IL-10 30 
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minutes following treatment, glucosamine had no effect on these levels. This is 

counter to our recent study showing that glucosamine attenuated TNF-α and IL-6 

levels following trauma-hemorrhage followed by resuscitation (80). One reason for 

this discrepancy may be that the time between treatment and cytokine 

measurements was insufficient to allow for significant cytokine release (108).  

Furthermore, it has been reported that cytokine release is increased primarily 

following delayed resuscitation, while an immediate resuscitation or no resuscitation 

had significant effect on the serum cytokines levels (109). Since in this part of the 

study, animals were not subjected to delayed resuscitation, this may also account 

for cytokine levels remaining in a relatively low range. 

Although the increase in O-GlcNAc levels in heart, liver and brain does not 

demonstrate a causal relationship between survival and increased O-GlcNAc levels, 

it is consistent with the notion that elevated O-GlcNAc levels are associated with 

improved survival (27). Surprisingly, there were no significant differences in the 

protein O-GlcNAc levels between glucosamine and mannitol treated groups in those 

animals that survived for 2 hours or those that died at similar time points during the 

original experiment. Since the turnover of O-GlcNAc on proteins is relatively rapid 

(83, 84), it is possible that 2 hours following treatment O-GlcNAc levels in the 

glucosamine treated group started return to baseline levels.  Indeed from the data in 

Figs 8 and 9, it appears as though this may be the case. However, the apparent lack 

of difference seen at 2 hours may also reflect the low number of surviving animals at 

that time resulting in insufficient statistical power to determine whether or not a 

difference exists between Glucosamine and Control groups.   

These results are also consistent with our recent study in the isolated 

perfused heart where glucosamine increased O-GlcNAc levels and improved 

functional recovery following ischemia/reperfusion and inhibition of O-GlcNAc 

formation with alloxan blocked this protection (73, 74). Unfortunately, the non-

specific toxic effects of OGT inhibitor alloxan precluded its use in this study. The 
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mechanism(s) underlying the protection associated with increased O-GlcNAc levels 

remains to be determined. Meanwhile, it should also be noted that changes in O-

GlcNAc have been shown to play an important role in modulating signal transduction 

pathways including modulation of p42/44 and p38 mitogen activated protein kinase 

(MAPK) activities and upstream MAPK kinases activity (17). Interestingly, the 

estrogen receptor is subject to modification by O-GlcNAc (110) and estrogen 

treatment significantly improves recovery following trauma-hemorrhage (111). 

Increased O-GlcNAc levels have also been shown to increase the expression of 

heat shock proteins (HSP) 70 and 40 (27).  

Small-or limited volume fluid resuscitation strategies are preferred for the 

treatment of hemorrhagic shock in combat operations (103) or in the pre-hospital 

phase prior to surgical intervention, when large-volume resuscitation promotes 

further blood loss (9-12). The dose of glucosamine used here would translate to 

150-250 mL / 70 kg b.w. (112) or less if a more concentrated solution was used and 

this volume could be easily transportable by a first responder. However, if the 

protective effect of glucosamine is indeed mediated primarily by the increase in O-

GlcNAc, an alternative to glucosamine infusion would be pharmacological 

approaches designed to increase O-GlcNAc such as inhibition of O-GlcNAcase (27, 

84, 92). It remains to be determined whether such strategies will be effective in vivo, 

but if so, this could markedly reduce the volume that would need to be administered.  

One potential advantage of glucosamine for small-volume resuscitation 

strategies in humans is that glucosamine sulfate is a popular nutritional supplement. 

Although oral administration yields serum glucosamine concentrations (113) that are 

well below the millimolar range reported to have a cytoprotective effect (64), it does 

demonstrate an intrinsic lack of toxicity associated with glucosamine.  While oral 

administration is different than intravenous treatment, 5 hours infusion of 

glucosamine at 4 µmol/dL/min resulting in local plasma glucosamine concentrations 
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in the 0.4-0.8 mM range, were well tolerated with no adverse effects in 20 healthy 

young volunteers (114). 

A limitation with regards to the potential translation of these studies to 

humans is the fact that the animals were anesthetized throughout and received 

oxygen supplementation. In some models of trauma-hemorrhage, anesthesia is 

removed during the hemorrhage period (111); however, we chose to maintain 

anesthesia and O2, to be consistent with earlier studies using a similar model (90) as 

well to reduce variability between groups. Furthermore, increased percentage of 

inspired oxygen is reported to have no significant effect on the heart rate or cardiac 

output under hypovolemic conditions, despite of an increase in the mean arterial 

pressure (115). It should also be noted that animals were fasted 24 hours before the 

experiment to empty the liver glycogen pools. While a 24 hour long food deprivation 

can attenuate the restitution of blood volume following hemorrhage, it does not alter 

significantly the responses of arterial blood pressure, heart rate, cardiac output or 

total peripheral resistance (116). Nevertheless, it is possible that glucosamine 

treatment may be less effective under normal fed conditions.  

 

CONCLUSIONS 

 
These finding suggest that increased O-GlcNAc levels by administration of 

small volume of glucosamine could be useful in the early treatment of hemorrhagic 

shock, especially in special conditions such as a battlefield or a rural area, when a 

prompt surgical intervention and large volume of resuscitation fluids are not feasible 

or are unavailable.  
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5.2. The effect of increased proteins O-GlcNAc levels on later outcome 

after severe trauma-hemorrhage in rats 

 

Hypovolemia due to hemorrhage is a major contributor in nearly half of 

150.000 deaths per year in the United States, attributed to traumatic injury (117). 

Importantly, in numerical terms, injuries claim the lives of 235.000 European Union 

citizens annually, the intent being reported accidental deaths in two-thirds of the 

event (118). The multiple organ dysfunction syndrome, a later complication of severe 

injuries, still has a high incidence and especially high mortality (16). Here we have 

demonstrated that enhancing O-GlcNAc levels by either increasing substrate 

availability with glucosamine or by inhibiting degradation with PUGNAc markedly 

improved 24 hour survival following severe trauma-hemorrhage and resuscitation in 

rats. While both treatments improved survival, only PUGNAc attenuated the 

hemorrhagic shock-induced pro-inflammatory responses and end organ injury. 

To assess the effects of increasing O-GlcNAc on survival, we used a 

modified version of a severe hypovolemic shock model, published by Macias et al 

(90), by providing full resuscitation following blood withdrawal and pressure 

controlled hypovolemia. The mortality rate of our severe trauma-hemorrhage model 

is comparable with that observed in the “two-hit” model of TH followed by sepsis as 

well zymosan-induced MODS models (97, 119). Thus, the model described here 

recapitulates many of the early events associated with MODS.  

In our treatment protocol, both glucosamine and PUGNAc were first 

administered immediately after hemorrhage with additional treatments during 

resuscitation. This approach was used in an attempt to model real-life conditions, 

where responding paramedics or battlefield life-savers could initiate treatment with a 

single i.v. dose (120). The pressure controlled hypovolemic phase models the 
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subsequent transport, and the resuscitation phase represents the treatment 

provided in ICU or Primary Battalion Station / Forward Surgery Setting (121). 

Of particular significance, we found that both glucosamine and PUGNAc 

administration improved survival rates (85% and 86%, respectively) compared to 

untreated Control animals (53%). Since the majority of deaths occurred over the first 

6 hours (Fig. 10), the increased survival and improved blood gas parameters in the 

treatment groups was most likely a consequence of an early protective effect (122). 

This is also consistent with the fact that serum lactate levels and blood gas 

parameters (BE, HCO3¯, TCO2), indicators of shock severity (98, 123), showed an 

early improvement in both glucosamine and PUGNAc treated groups. It is also worth 

noting that patients who subsequently develop MODS exhibit an early acidotic state 

at the time of admission, compared to patients who do not progress to MODS (16). 

In contrast to the notion of stress induced hyperglycemia, blood glucose 

levels were unchanged at the end of hemorrhage and were actually decreased 

below baseline prior to resuscitation in Control and PUGNAc groups; however, this 

is most likely due to the fact that all animals were subjected to 24 hours food 

deprivation before TH-R (21). While it is of potential interest that hypoglycemia was 

not observed in the glucosamine treated group; it should be noted that this metabolic 

difference did not appear to influence 24-hour outcome measures.  

In contrast with the improved survival and early beneficial effects on blood 

gas parameters in both treatment groups; PUGNAc, but not glucosamine prevented 

the majority of pro-inflammatory responses and attenuated the development of 

organ injury at the 24-hour time point.  

Release of pro- and anti-inflammatory cytokines is part of host defense 

reaction (6, 80, 82, 97) and elevated IL-6 levels have been reported to correlate with 

developing organ dysfunction and connected to poor outcome after trauma (124). 

Here we found that PUGNAc significantly attenuated the increase in IL-6, whereas in 

the Glucosamine group they remained elevated. IL-10 levels were significantly 
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elevated in the Control group compared to Sham group but were not significantly 

increased in either treatment group. Serum TNF-α levels were not changed in any 

group at any time-point studied; however, this is unsurprising, since TNF-α elevation 

is typically an early event with IL-6 and IL-10 increasing following the peak in TNF-α 

(108, 109). Nevertheless, we have previously shown that both glucosamine and 

PUGNAc treatment significantly reduces TNF-α levels measured 2 hours after TH-R 

(80, 82). 

It is well established that NF-κB activation plays an important role in the TH-

R induced increase in inflammatory mediators, including IL-6 and iNOS, as well as 

neutrophil accumulation, apoptosis and organ damage (125-128). It has been 

recently shown that enhanced O-GlcNAc levels attenuate inflammatory response 

and down-regulate NF-κB signaling in rat aortic muscle cells (86) and 

cardiomyocytes (129). Here we found that, PUGNAc, but not glucosamine 

administration significantly attenuated both NF-κB activation and iNOS expression in 

the liver (Fig. 12, 13). Similarly, in heart the TH-R induced increase in iNOS was 

reduced only by PUGNAc treatment (Fig. 13); however, NF-κB activation was 

unchanged in any group (data not shown). Additionally, there were no significant 

changes in NF-κB activation or iNOS expression in the lung. Meanwhile, in the lung, 

TH-R increased MPO levels in the untreated Control group, indicating neutrophil 

infiltration and inflammation (97), however, there was no increase in MPO levels in 

either treatment group (Fig. 14).  

Further support for the anti-inflammatory effects of increased O-

GlcNAcylation, Xing D et al. have recently demonstrated that acute glucosamine and 

PUGNAc treatment reduced inflammatory response in balloon-injured rat carotid 

arteries (85). We have also shown at the cellular level that both glucosamine and 

increased OGT expression significantly attenuated LPS induced activation of NF-κB 

(87). 
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Apoptosis as a result of hypovolemic shock is due, at least in part, to the 

increased release of inflammatory mediators and free radicals (130). There was no 

sign of apoptosis in the heart; however, in both liver and lung the apoptosis was 

significantly increased in the Control group (Fig. 16). Although PUGNAc treatment 

appeared to decrease apoptosis in the liver, this did not reach statistical 

significance; however, ALT and AST, serum indicators of liver injury (131), were 

significantly attenuated by PUGNAc administration (Fig. 15). In the lung, both 

glucosamine and PUGNAc treatment significantly attenuated apoptosis compared to 

the Control group. Additionally, LDH, a marker of the general tissue injury, remained 

significantly lower in PUGNAc group but not Glucosamine group, compared to the 

Control group. The organ specific differences in inflammatory responses and 

apoptosis likely reflect a combination of differences in the timing of the stress 

response as well as the tissue-specific differences in the severity of the initial injury. 

Overall O-GlcNAc levels were markedly decreased in the lung and liver 24 

hours after TH-R, while PUGNAc administration resulted in maintained O-GlcNAc 

levels (Fig. 18, 20). In our previous studies, O-GlcNAcylation of heart, liver and 

kidney showed a marked, >50% decrease, 2 hours after TH-R, and these changes 

were prevented by PUGNAc administration (82). Importantly, treatment with the 

same dose of glucosamine used in this study resulted in significantly higher O-

GlcNAc levels at the 2 hours time-point, compared to the Controls (80, 87).  

Notably, O-GlcNAc modification occurs on Ser / Thre residues of proteins, 

similarly to phosphorylation (17, 132). While certain proteins are targeted exclusively 

by O-GlcNAcylation or phosphorylation, they are likely to exist in all possible 

combinations in a complex cellular environment (133). In our experiments, in the 

liver, O-GlcNAcylation levels changed in parallel with serine phosphorylation, but 

were reciprocal to threonine phosphorylation following TH-R. While the loss of O-

GlcNAc levels following resuscitation is consistent with our previous studies (80, 82, 

104), it appears to contradict the notion that increased O-GlcNAc formation is a 
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stress-induced response (17, 132). However, studies have shown that O-GlcNAc 

levels increase relatively rapidly in response to ischemia and hypoxia, followed by a 

later decrease during reperfusion (62, 71). It is also possible that a stress-induced 

increase in O-GlcNAc levels correlate with cell survival. For example, it has recently 

been reported that lethal oxidative stress caused time-dependent loss of O-GlcNAc, 

synchronously with the loss of mitochondrial membrane potential in primary 

cardiomyocytes (63). We have previously shown that the glucosamine induced 

increase of O-GlcNAcylation correlated with cell survival after ischemia-reperfusion 

or in response to oxidative stress in isolated neonatal cardiac myocytes (62, 70). In 

addition, Liu et al have demonstrated a correlation between O-GlcNAc levels and 

the degree of tissue injury in isolated perfused hearts, following ischemia/reperfusion 

(74). In our current study, we found the agonist induced increase in O-GlcNAc levels 

negatively correlates with indicators of tissue injury, apoptosis and serum lactate 

level after TH-R (Fig. 19).  

The mechanisms contributing to the stress induced changes in O-GlcNAc 

have yet to be determined; however, they are likely a result of changes in the 

activities of either OGT, O-GlcNAcase or both, combined with alterations in 

substrate availability mediated via the hexosamine biosynthesis pathway. The fact 

that increasing O-GlcNAc synthesis with glucosamine was less protective than 

inhibiting O-GlcNAc removal with PUGNAc, may reflect a shorter biological half-life 

for glucosamine. Alternatively, it may indicate that the loss of O-GlcNAc is indeed, 

due to an increase in O-GlcNAcase activity, which is blocked by PUGNAc. 

Nevertheless, these findings support the notion that the improved survival is a 

consequence of early events where O-GlcNAc levels are maintained by both 

glucosamine and PUGNAc treatment (80, 82), while the decrease in the longer-term 

inflammatory response and tissue injury is result of the longer lasting effect of 

PUGNAc. 
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One limitation of this study is that all biochemical parameters were evaluated 

at a single time-point. However, it should be noted that the early beneficial effects of 

increasing O-GlcNAc levels following TH-R, which included improved cardiac 

function, decreased inflammatory response and attenuated NF-κB signaling, have 

previously been demonstrated in a comparable TH-R model with the same doses of 

glucosamine and PUGNAc (80, 82, 87). It is also important to note, that evaluation 

of tissue myeloperoxidase levels used in this study indicates only increased 

neutrophil infiltration, and not necessarily and excessive inflammation.  

To demonstrate a direct cause-effect relationship between increased O-

GlcNAc levels and survival the use transgenic animals could be valuable. However, 

OGT gene deletion is embryonically lethal (46), and OGT overexpression induces 

insulin resistance (134). Tissue specific conditional transgenic animals or acute 

adenoviral mediated enzyme delivery are potential alternative approaches; however, 

as hypovolemic shock affects all vital organs, it is unclear at this time which tissues 

or organs should be targeted. Additionally, there is also a possibility for non-specific 

effects of PUGNAc, as it has the potential to inhibit lysosomal ß-hexosaminidases 

and α-N-acetylglucosaminidases in addition to O-GlcNAcase. New, more selective 

O-GlcNAcase (NAG-thiazolines) and OGT (TTO4) (59) inhibitors have been recently 

synthesized, and provide a more specific approach for future studies (65). These 

NAG-thiazolines have already be proven to increase significantly protein O-GlcNAc 

levels in isolated perfused hearts (75). Conversely, in vivo efficacy of these 

inhibitors, especially under ischemia-reperfusion conditions, need to be evaluated. 

However, we have found that PUGNAc and NAG-thiazolines exhibited similar 

protective effects at the cellular level (70).  

Glucosamine also increases glucosamine-6-phosphate and UDP-GlcNAc 

levels, consequently its protective effect could be mediated via a number of 

pathways other than increased O-GlcNAcylation. Glucosamine has also been shown 

to induce ER stress (135). This raises the possibility that glucosamine could lead to 



 63 

induction of a cellular stress response that induces a “pre-“ or “post-conditioning” 

effect, which leads to protection rather than a consequence of increased O-GlcNAc 

formation. Therefore, we evaluated GRP78 levels as a marker of ER stress and 

found that TH-R, glucosamine or PUGNAc treatment did not have any effect on 

GRP78 24 hours following resuscitation. This does not rule out the possibility that 

the protective effects of glucosamine could be mediated via other pathways 

including activation of ER stress response; however, it should be noted, that at the 

cellular level, both OGT overexpression and glucosamine treatment have similar 

effects in protecting against ischemia/reperfusion injury and pro-inflammatory stimuli 

(70, 87). 

It should be noted that to reduce variability and to ensure consistency with 

earlier studies, animals were anesthetized and received supplemented O2 until the 

end of resuscitation (90, 104). This is similar to a civilian setting, where anesthesia, 

oxygen therapy and temperature control are vital parts of treatment provided in 

ICU/ER after multiple injury and significant blood loss. However, such interventions 

are not readily available in remote or battlefield settings; consequently, future 

studies that more closely mimic such conditions may be warranted. Furthermore, 

consistent with a number of experimental models of hemorrhagic shock and 

resuscitation, normal saline (NS) was used as the resuscitation fluid (136, 137), 

instead of lactated Ringer’s solution. However, recent studies have reported that 

infusion of lactated Ringer’s leads to greater hypercoagulability and less 

hyperchloremic acidosis, than NS (138, 139); therefore, we cannot rule out the 

possibility that lactated Ringer’s may have improved the outcomes across all TH-R 

groups compared to NS. In addition, administration of NS in large volumes can also 

affect the acid-base balance, which could limit the interpretation of blood gas 

analyses in this study. However, it should be emphasized that the same volume of 

normal saline was administered to all groups (except Sham operated animals); 

therefore, the potential adverse effects resulting from the use of NS will be the same 
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in all TH-R groups. Consequently, we believe it is unlikely that the use of NS as the 

resuscitation fluid would negate the clinically relevant conclusion of this study that 

increasing O-GlcNAcylation under conditions of severe hypovolemic shock improves 

survival and decreases tissue injury.  

Importantly, the IgM-based monoclonal CTD 110.6 antibody recognizes the 

O-GlcNAc moiety itself, therofore; the immunoblots show several O-GlcNAcylated 

protein bands. Recently, new monoclonal O-GlcNAc specific IgG antibodies have 

been introduced, which can be used not only for detection, but immunoprecipitation 

and site localization. It is also important to note that, as is evident from the O-

GlcNAc immunoblots, numerous proteins are targets for O-GlcNAc modification. The 

efficacy of the new IgG monoclonal antibodies has been demonstrated by large-

scale enrichment of O-GlcNAc–modified proteins followed by shotgun proteomics, 

which led to the identification of more than 200 mammalian O-GlcNAc–modified 

proteins, including a large number of new glycoproteins. The new methodology has 

been applied to the identification of specific proteins that exhibit changes in O-

GlcNAc status in response to trauma-hemorrhage and resuscitation in a rat model; 

several of these proteins have the potential to modulate the response of the liver to 

stress (140).  More studies are currently underway to identify proteins that exhibit 

changes in O-GlcNAc levels both in response to TH-R as well as following 

glucosamine and PUGNAc treatment.  

 
CONCLUSION  

 

This part of the study suggests that metabolic interventions designed to increase 

protein O-GlcNAc levels may represent a valuable novel approach for the treatment 

of later complications of hemorrhagic shock. Furthermore, increasing protein O-

GlcNAc levels may also help to prevent the development of SIRS and the resulting 

MODS, decreasing the mortality of severe injuries. 
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6. Novel findings 

 

»  The effect increased O-GlcNAc levels on the short-term outcome after  

     severe trauma-hemorrhage in rats 

 

• Here we demonstrated that a bolus of glucosamine administered during 

hemorrhage significantly improved survival 2 hours following the end of 

hemorrhage in a minimal resuscitation model of severe trauma-hemorrhage.  

• Additionally, there was a significant increase in mean arterial pressure in the 

glucosamine group for 18 minutes following treatment.  

• We also found that glucosamine administration resulted in a significantly 

higher protein O-GlcNAc levels in the heart, brain and liver extracts.  

 

»   The effect of increased proteins O-GlcNAc levels on later outcome after  

     severe trauma-hemorrhage and resuscitation in rats 

 

• We have shown that enhancing O-GlcNAc levels by either increasing 

substrate availability with glucosamine or by inhibiting degradation with 

PUGNAc markedly improved 24 hour survival following severe trauma-

hemorrhage and resuscitation in rats.  

• Both treatments improved survival, however, only O-GlcNAcase inhibitor 

PUGNAc attenuated significantly the hemorrhagic shock-induced pro-

inflammatory responses, apoptosis and end organ injury.  

• The overall O-GlcNAc levels were markedly decreased in the lung and liver 

24 hours after trauma-hemorrhage and resuscitation, while PUGNAc 

administration resulted in maintained O-GlcNAc levels.  
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• In the liver, the O-GlcNAcylation levels changed in parallel with serine 

phosphorylation, but were reciprocal to threonine phosphorylation 24 hours 

following trauma-hemorrhage and resuscitation.  

• Additionally, we have found that increased O-GlcNAc levels in the liver 

showed a significant negative correlation with the serum lactate levels and 

the indicators organ injury. 
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