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Abstract

Objective: Glutamine has been shown to promote heat shock protein 70 (HSP70) release both within
experimental in vitro models of sepsis and in adults with septic shock.

Methods: An in vitro whole blood endotoxin stimulation assay was used to investigate the effects of
2mM glutamine and an inhibitor of HSP70 (KNK437) on the release of HSP70 and inflammatory
mediators in healthy adult volunteers.

Results: 2mM glutamine significantly increased HSP70 levels over time (p<0.05). HSP70 release had a
positive correlation at 4 hours with IL-1B (r=0.51, p=0.03), an inverse correlation with TNF-a (r=-
0.56, p=0.02) and IL-8 levels (r=-0.52, p=0.03), and there were no significant correlations between
HSP70 and IL6 or IL-10 or glutamine. Glutamine supplementation significantly (p<0.05) attenuated
the release of IL-10 at 4 hours and IL-8 at 24 hours, compared to conditions without glutamine. In
endotoxin stimulated blood there were no significant differences in the release of IL-6, TNF-a and IL-
1B with glutamine supplementation at 4 and 24 hours. However, glutamine supplementation (2mM)
appeared to attenuate the release of inflammatory mediators (IL-1B, IL-6, TNF-a), although this
effect was not statistically significant. The addition of KNK 437, an HSP70 inhibitor significantly
diminished HSP70 release which resulted in lower levels of inflammatory mediators (p<0.05).
Conclusion: Glutamine supplementation promotes HSP70 release in an experimental model of
sepsis. Following the addition of KNK437 the effects of glutamine on HSP70 and inflammatory
mediator release appear to be lost, suggesting the HSP70 in part orchestrates the inflammatory

mediator response to sepsis. The clinical implications require further investigation.
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Introduction

Heat shock protein 70 (HSP70) has been the focus of much interest, particularly during
infection, with evidence suggesting a beneficial role in critical illness (1). During homeostasis, HSP70
acts as a cellular housekeeper and molecular chaperone facilitating the intracellular transport of
proteins; folding and refolding of damaged proteins, as well as their removal from within the cell (2).
During periods of homeostasis HSP70 levels are around 2% of the intracellular content, but during a
physiological insult, cellular HSP70 levels can markedly increase to 20% (3).

Endotoxin has been used extensively to identify the pathophysiological response to
sepsis/stress (4). In addition endotoxin has been used as a stimulant in both in vivo and in vitro
models to further understand the effect of HSP70 on cytokine release (5-10). HSP70 can activate as
well as deactivate the NF-kB (6, 11) and MAPK signalling pathways (12, 13), mediating a pro- or anti-
inflammatory response to stress (14). HSP70 plays an important role in the modulation of both
immune and inflammatory response in sepsis, as it appears to prime immune cells to a potential
“attack” from pathogenic organisms promoting the rapid release of bactericides such as nitric oxide
and inflammatory mediators. If no “attack” ensues, the cell can quickly “stand down” with the rapid
decline in extracellular HSP70 levels (15). However, the sequence in which this occurs is not clear i.e.
does HSP70 potentiate the release of pro-inflammatory cytokines or do pro-inflammatory cytokines
induce the release of extracellular HSP70 in response to stress (14).

Glutamine is known to effectively promote HSP70 release in experimental sepsis (in vivo and
in vitro) (16-19) and during critical illness (1) and may, as a result, contribute to the inflammatory
response seen in sepsis. In order to understand the effect of HSP70 on endotoxin stimulated release
of inflammatory mediators, HSP70 inhibitors have been used (20-23). The use of KNK437 in an in
vitro endotoxin stimulation model, using monocytes, inhibited the release of HSP70 attenuating the
release of TNF-a, suggesting that HSP70 facilitates the upregulation of TNF-a via the NF-kB signalling
pathway (24). However, these studies have not considered the additional effect glutamine may have

on HSP70 release following the addition of KNK437. We therefore investigated the effect of HSP70
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inhibition and glutamine supplementation on HSP70 and inflammatory marker release using an in
vitro endotoxin whole blood model of sepsis.

Methods

This study was approved by St. Mary’s research ethics committee (reference number
09/H0712/98). Prior to these experiments a range of glutamine doses (2mM — 6.8mM) were
evaluated in a whole blood endotoxin model from healthy volunteers (n=3). Our results suggested
2mM glutamine was the most effective dose, in addition to which it has previously been
acknowledged as representing physiological concentrations of glutamine in the serum (25, 26).

Whole blood from healthy volunteers (n=18; age range 25 — 55 years; BMI range 19 — 29
kg/m?) was used in the in vitro endotoxin stimulation model. To optimise the LPS concentration
required to assess the effects of 2mM glutamine on HSP70 and inflammatory mediator release,
whole blood from healthy adult volunteers was initially diluted 1:1 with glutamine-free RPMI (SIGMA
Aldrich, Germany), and 200ul of diluted blood was cultured in duplicate with LPS at 3 concentrations
(0.01pg/ml, 0.1pg/ml or 1pg/ml). After incubation at 37°C, 5% CO, for 2 hours, 2mM glutamine was
then added to selected wells. Blood was aspirated after 4 and 24 hours of culture and plasma
recovered by centrifugation for 10 minutes at 1200g.

To investigate the effect of the HSP70 inhibitor, KNK437 (N-formyl-3,4-methylenedioxy-
benzylidene-y-butyrolactam (Sigma Aldrich, Germany), on glutamine induced HSP70 and
inflammatory mediator release, whole blood was diluted as above, and cultured with 200uM
KNK437 for 1 hour, after which 1pg/ml LPS was added. One hour later, 2mM glutamine was added to
selected wells, and supernatant removed after blood culture as described above. To investigate
differences between intracellular and extracellular release of HSP70 and inflammatory mediators,
after plasma removal as described above, the cell pellet was resuspended in Dulbecco’s Phosphate
Buffered Saline, washed twice and centrifuged for 5 minutes at 450g. Only the cell pellet was lysed
using CellLytic M and a protease inhibitor cocktail (both Sigma Aldrich Germany) according to the

manufacturer’s protocol. All samples were stored at -80°C for batch processing.
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HSP70 was measured in duplicate using a high sensitivity ELISA (Enzo Life Sciences CA; USA)
according to manufacturer’s protocols. A multiplex ELISA kit (Mesoscale discovery, MD, USA)
measured inflammatory mediators in duplicate (IL-6, IL-8, IL-1B, TNF-a and IL-10).

Statistical analysis of clinical variables, HSP70 and cytokine data was completed using
statistical analysis package Graphpad Prism 4.0 for Windows (Graphpad Software, San Diego, CA)
and Statistical Package for Social Sciences 19.0 (SPSS: An IBM Company, Chicago, IL). One way
ANOVA’s were used on all data sets for each experiment with a Dunn’s post-test comparison for
each pairwise comparison for significant differences (27). Statistical significance was achieved with a

p-value < 0.05.

Results
Serum HSP70 release in endotoxin-stimulated whole blood is upregulated by 2 mM glutamine

Serum HSP70 levels were significantly increased with the addition of 2mM glutamine in
endotoxin stimulated blood, compared to controls without glutamine, for all LPS concentrations at
24 hours (Figure 1). Glutamine supplementation significantly attenuated the release of IL-10 at 4
hours (p<0.05) (Figure 2) and IL-8 at 24 hours (p<0.05) (Figure 3) compared to conditions without
glutamine. In endotoxin stimulated blood (1pug/ml) there was no significant difference in the release
of serum IL-6, TNF-a and IL-1B with glutamine supplementation at 4 and 24 hours. However, 2mM
glutamine supplementation appeared to attenuate the release of inflammatory mediators (IL-1B, IL-
6, TNF-a), although this effect was not statistically significant.

There was no significant relationship between serum HSP70 with IL-6 or IL-10 following
glutamine stimulation at both 4 and 24 hours of culture regardless of LPS concentration. However, at
4 hours of culture serum IL-1B was significantly positively correlated with serum HSP70 levels with
0.01 and 1ug/ml LPS stimulation (r=0.51, p=0.03, r=0.47, p=0.04 respectively) and serum HSP70
levels were significantly inversely correlated with serum TNF-a (r=-0.56, p=0.02), and serum IL-8

levels (r=-0.52, p=0.03) at 0.1ug/ml LPS after the addition of glutamine (data not shown).
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The similarity in serum HSP70 release in endotoxin stimulated blood to glutamine is in
contrast to results from the release of inflammatory mediators, which suggest that serum HSP70
release from glutamine stimulation is unlikely to be as a result of endotoxin contamination and is
more likely due to a physiological response to the experimental conditions.

KNK437 reduces the glutamine mediated effects on HSP70 and cytokine release from
endotoxin stimulated whole blood

The addition of KNK437 significantly inhibited extracellular HSP70 release at 24 hours
regardless of glutamine supplementation (2mM) (p<0.05). LPS-induced intracellular HSP70 levels
were greater when compared to extracellular levels, and the addition of KNK437 also significantly
inhibited intracellular HSP70 release at 24 hours regardless of glutamine supplementation (2mM)
(p<0.005) in the endotoxin stimulated group. These results suggest the release of HSP70 is inhibited
following the addition of KNK437. The addition of glutamine did not increase the intracellular release
of HSP70 (Figure 4 and 5).

We also examined the effect of KNK437 on the release of inflammatory mediators IL-6, IL-10
and TNF-a. Extracellular and intracellular release of IL-6 (p<0.05) (Figure 6 and 7), IL 10 (p<0.05)
(Figure 8 and 9) and TNF-a (p<0.0001) (Figure 10 and 11) were significantly inhibited with the
addition of KNK437. The addition of KNK437 to the endotoxin stimulation model, with and without
glutamine, appeared to significantly inhibit the intracellular and extracellular release of HSP70 and
inflammatory mediators (IL-6, IL-10, TNF-a). In the conditions using the inhibitor KNK437, glutamine
supplementation had no effect on HSP70 or inflammatory mediator release.

Discussion

Our data sheds further insight into the effects of glutamine on the whole blood
inflammatory response to endotoxin, suggesting much of it is mediated through the inflammatory
modulating effects of HSP70. We observed that 2mM glutamine significantly upregulated HSP70

release in endotoxin stimulated whole blood at 24 hours compared to negative controls, in line with
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other models of experimental sepsis (28). However, the effect of glutamine on inflammatory
cytokine response in our model was less pronounced.

Hamiel et al. (29) showed glutamine supplementation (8mM) in lysed cells increased HSP70
release 10 fold following heat shock, although it should be noted within the experimental design
there was no differentiation between intracellular and extracellular HSP70. Glutamine
supplementation in our endotoxin model did not significantly increase the intracellular release of
HSP70, compared to unsupplemented conditions and it may be the effect of glutamine on
intracellular HSP70 differs from that of extracellular release.

In animal models of sepsis, glutamine (2 — 10mM) (19, 30) has been shown to attenuate the
release of pro-inflammatory cytokines through the inhibition of IKK (IkKa) and the subsequent down-
regulatory effect on the NF-kB pathway and MAPK pathways (31) attenuating the release of IL-6,
TNF-a (19, 28, 32-34), IL-8 (35), IL 1B (33) and IL-10 (32). The release of inflammatory mediators
appears to be dependent on HSP70 release, since the effect of glutamine supplementation is lost in
the absence of HSP70 gene upregulation, using HSP70.1/3 knock-out mice, with a subsequent
uncontrolled release of TNF-a and IL-6, increasing the rate of mortality compared to normal wild
type mice (36). However, some of the in vitro sepsis models use high doses of glutamine e.g. up to
10mM (19, 37, 38), far exceeding the dose of glutamine that would be used in clinical practice i.e.
0.35g/kg intravenously and 0.5g/kg parenterally (39). Where doses of glutamine were more
moderate as used in septic rat models (0.5g/kg - 0.75g/kg), the effect on inflammatory mediators
was less pronounced (31, 32, 34, 35, 40). Results from endotoxin stimulated blood in our study did
not reveal significant differences in the release of IL-6, TNF-a and IL-1B with glutamine
supplementation at 4 and 24 hours. However, 2mM glutamine appeared to attenuate the release of
inflammatory mediators (IL-1B, IL-6, TNF-a), although this effect was not statistically significant.

Interestingly in an elegant study considering endotoxin stimulation in ex vivo and in vivo
mouse model Cruzat VF et al. showed that glutamine supplementation attenuated the release of

inflammatory mediators (41) an effect similar to one reported in our model. Although the effect
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they reported on HSP70 release was dissimilar, as following glutamine supplementation HSP70
release was attenuated, compared to conditions with LPS alone (42). The different patterns of
HSP70 release described may be arise from the site of release studied e.g. muscle versus serum, as
within the muscle the addition of glutamine appears to re-establish muscle homeostasis, stabilising
the translation of HSP70 e.g. mRNA expression of HSPA1A and HSPA1B, in addition to reducing
MRNA expression of HSF-1 compared to the endotoxin group (42) .

Conversely, within a whole blood model the effect of 2mM glutamine on extracellular HSP70
release may be reflective of the effect of HSP70 within the in vitro cellular milieu. This local effect
may subsequently influence the pattern of release of inflammatory mediators dependent on the
type of immune cell with which HSP70 interacts and the co-presence of pro- or anti-inflammatory
mediator and interactions between pathogenic organisms (14). The effect of glutamine
supplementation on HSP70 release in our in vitro model was similar to the effect described in other
in vitro septic models (17) and critically ill adults (1), although we were not able to discriminate
between the cell mix in our in vitro model.

In addition to this, glutamine appears to exerts a complex regulatory activity with respect to
the activation of inflammatory pathways mediating the release of cytokines independent of HSP70
(43, 44),.Glutamine supplementation may not always mediate an anti- inflammatory response as
seen in our in vitro model of paediatric sepsis where glutamine supplementation appeared to
promote the release of inflammatory mediators, which is in contrast the effect seen in adult
volunteers (45).

To further examine the effect of glutamine and HSP70 on inflammatory mediator release, a
HSP70 inhibitor (KNK437) was added to the in vitro model. KNK437 is effective at preventing HSP70
release in vitro (46) and in vivo models (47) by inhibiting HSF-1 transcription (12). The addition of
KNK437 significantly inhibited the intracellular and extracellular release of HSP70 at 24 hours in all
conditions regardless of glutamine supplementation. A similar finding was reported in an amphibian

model (48). The release of inflammatory mediators (IL-6, IL-10, TNF-a) at 4 hours and 24 hours in all
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conditions were also significantly diminished, although there was no significant difference in the
release of inflammatory mediators between glutamine and unsupplemented conditions in endotoxin
stimulated blood with KNK437. The use of KNK437 in an in vitro endotoxin model inhibited the
release of HSP70, reducing levels of TNF-a in macrophages (49) and IL-6 from cultured mouse C2C12
myotubes (50). The inhibitory effect of KNK437 on HSP70 release, suggests that in part, HSP70
orchestrates the release of inflammatory mediators in response to stress, which is reported in other
models (21).

Anti-sense oligomers have been successfully used in cell line work but not in whole blood.
Transfection work shows that endotoxin induced HSP70 mediates inflammatory cytokine release.
Conversely when HSP70 production is inhibited, mRNA expression of TNF-q, IL-10, IL-1p and IL-12 is
diminished (21). Inhibition of HSP70 only partially prevented cytokine release, as the accumulation
of TNF-q, IL-10, IL-1B, IL-6 and IL-12 was not completely abrogated in the presence of endotoxin
stimulation, suggesting that there are other factors that mediate the release of inflammatory
cytokines (21). These results suggest that HSP70 influences the cytokine milieu release, mediating an
optimal inflammatory response dependent on the level of stress (21), an effect supported by others
(51, 52).

The results from this work highlight the need to further explore the relationships of
glutamine, HSP70 and inflammatory mediators, particularly as the use of glutamine supplementation
in critically ill septic patients suggests that either hypo-glutamine < 430umol/L (53) or hyper-
glutamine levels >930umol/L are associated with increased mortality (54, 55), although hyper-
glutamine levels could be more a marker of organ failure and severe shock rather than a cause of
harm (39). The effect of hyper- levels glutamine levels on inflammatory mediator and HSP70 release
during sepsis is also unknown. In, in vitro models, high levels of glutamine supplementation (5Mm)
resulted in respiratory uncoupling and energy wasting within the mitochondria and was associated
with cell death (56). Therefore caution is required when translating results from experimental work

particularly in septic shock models to inform clinical practice, especially as results from recent large
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clinical trials questioned the benefits of glutamine supplementation in septic adults with multi organ
failure (54). However, a recent editorial from Wischmeyer P, suggests that certain patient
populations may benefit from glutamine supplementation e.g. adults with burns, malignancies,
trauma or those requiring parenteral nutrition (39).

There are some limitations to this work, including the investigation of only one dose of
glutamine (2mM), which although significantly upregulated HSP70 release, did not have the same
effect on the release of inflammatory mediators. A much higher dose of glutamine (22mM) may be
required to mediate release of inflammatory mediators. Although a range of pro- and anti-
inflammatory mediators were selected for study based on previous work in meningococcal disease,
it was not possible to examine all those of interest (TNF-a, IL-8, IL-6, IL-10) within a single validated
multiplex plate. Another limitation was the lack of discrimination between live and dead cells, which
prevented the source of HSP70 release (e.g. passive release or as a result of necrosis) from being
determined. Finally, although in vitro models of sepsis are well described, there are limitations to the
use of such models in that they cannot completely replicate the individual response to infections as
confounding factors also influence individual disease pathogenesis and the specific pathogen
involved.

Conclusion

Our results suggest that in adult subjects, 2mM glutamine promoted the release of HSP70 in
an in vitro endotoxin stimulation model. HSP70 production was partially inhibited through the use of
KNK437 and the subsequent release of inflammatory mediators (IL-6, IL-10, TNF-a) was attenuated.
Caution is required when translating results from experimental work into clinical practice and the
results from this work highlight the need to further explore the relationships of glutamine, HSP70

and inflammatory mediators further in both adults and paediatric models.



228

229
230
231

232
233

234
235

236

237
238

239
240
241

242
243
244

245
246

247
248
249

250
251
252

253
254

255
256
257

258
259

260
261

262
263

264
265
266

267
268

References

1. Ziegler TR, Ogden LG, Singleton KD, Luo M, Fernandez-Estivariz C, Griffith DP, et al. Parenteral
glutamine increases serum heat shock protein 70 in critically ill patients. Intensive Care Med. 2005
Aug;31(8):1079-86.

2. Powers MV, Workman P. Inhibitors of the heat shock response: biology and pharmacology. 20070727
DCOM- 20070924(0014-5793 (Print)). eng.

3. de Jong PR, Schadenberg AW, Jansen NJ, Prakken BJ. Hsp70 and cardiac surgery: molecular chaperone
and inflammatory regulator with compartmentalized effects. Cell Stress Chaperones. 2009 Mar;14(2):117-31.

4, Morrison DC, Ryan JL. Endotoxins and disease mechanisms. Annu Rev Med. 1987;38:417-32.

5. Chen D, Pan J, Du B, Sun D. Induction of the heat shock response in vivo inhibits NF-kappaB activity
and protects murine liver from endotoxemia-induced injury. J Clin Immunol. 2005 Sep;25(5):452-61.

6. ShiY, Tu Z, Tang D, Zhang H, Liu M, Wang K, et al. The inhibition of LPS-induced production of
inflammatory cytokines by HSP70 involves inactivation of the NF-kappaB pathway but not the MAPK pathways.
Shock. 2006 Sep;26(3):277-84.

7. Tang D, Kang R, Xiao W, Jiang L, Liu M, Shi Y, et al. Nuclear heat shock protein 72 as a negative
regulator of oxidative stress (hydrogen peroxide)-induced HMGB1 cytoplasmic translocation and release. J
Immunol. 2007 Jun 1;178(11):7376-84.

8. Ryan AJ, Flanagan SW, Moseley PL, Gisolfi CV. Acute heat stress protects rats against endotoxin shock.
J Appl Physiol. 1992 Oct;73(4):1517-22.

9. Rozhkova E, Yurinskaya M, Zatsepina O, Garbuz D, Karpov V, Surkov S, et al. Exogenous mammalian
extracellular HSP70 reduces endotoxin manifestations at the cellular and organism levels. Ann N Y Acad Sci.
2010 Jun;1197:94-107.

10. Andreasen AS, Pedersen-Skovsgaard T, Mortensen OH, van Hall G, Moseley PL, Pedersen BK. The
effect of glutamine infusion on the inflammatory response and HSP70 during human experimental
endotoxaemia. Crit Care. 2009;13(1):R7.

11. Salminen A, Paimela T, Suuronen T, Kaarniranta K. Innate immunity meets with cellular stress at the
IKK complex: regulation of the IKK complex by HSP70 and HSP90. Immunol Lett. 2008 Apr 15;117(1):9-15.

12. Cai WF, Zhang XW, Yan HM, Ma YG, Wang XX, Yan J, et al. Intracellular or extracellular heat shock
protein 70 differentially regulates cardiac remodelling in pressure overload mice. Cardiovasc Res. 2010 Oct
1,88(1):140-9.

13. Wong HR, Dunsmore KE, Page K, Shanley TP. Heat shock-mediated regulation of MKP-1. Am J Physiol
Cell Physiol. 2005 Nov;289(5):C1152-8.

14. Pockley AG, Muthana M, Calderwood SK. The dual immunoregulatory roles of stress proteins. Trends
Biochem Sci. 2008 Feb;33(2):71-9.

15. Johnson JD, Fleshner M. Releasing signals, secretory pathways, and immune function of endogenous
extracellular heat shock protein 72. J Leukoc Biol. 2006 Mar;79(3):425-34.

16. Ropeleski MJ, Riehm J, Baer KA, Musch MW, Chang EB. Anti-apoptotic effects of L-glutamine-
mediated transcriptional modulation of the heat shock protein 72 during heat shock. Gastroenterology. 2005
Jul;129(1):170-84.

17. Singleton KD, Serkova N, Beckey VE, Wischmeyer PE. Glutamine attenuates lung injury and improves
survival after sepsis: role of enhanced heat shock protein expression. Crit Care Med. 2005 Jun;33(6):1206-13.



269
270
271

272
273
274

275
276
277

278
279
280

281
282

283
284
285

286
287
288

289
290

291
292
293

294

295
296
297

298
299

300
301

302
303
304

305
306

307
308

309
310
311

18. Singleton KD, Serkova N, Banerjee A, Meng X, Gamboni-Robertson F, Wischmeyer PE. Glutamine
attenuates endotoxin-induced lung metabolic dysfunction: potential role of enhanced heat shock protein 70.
Nutrition. 2005 Feb;21(2):214-23.

19. Wischmeyer PE, Riehm J, Singleton KD, Ren H, Musch MW, Kahana M, et al. Glutamine attenuates
tumor necrosis factor-alpha release and enhances heat shock protein 72 in human peripheral blood
mononuclear cells. Nutrition. 2003 Jan;19(1):1-6.

20. Henderson B, Calderwood SK, Coates AR, Cohen |, van Eden W, Lehner T, et al. Caught with their
PAMPs down? The extracellular signalling actions of molecular chaperones are not due to microbial
contaminants. Cell Stress Chaperones. 2010 Mar;15(2):123-41.

21. Ding XZ, Fernandez-Prada CM, Bhattacharjee AK, Hoover DL. Over-expression of hsp-70 inhibits
bacterial lipopolysaccharide-induced production of cytokines in human monocyte-derived macrophages.
Cytokine. 2001 Dec 21;16(6):210-9.

22. Wu YC, Yen WY, Lee TC, Yih LH. Heat shock protein inhibitors, 17-DMAG and KNK437, enhance arsenic
trioxide-induced mitotic apoptosis. Toxicol Appl Pharmacol. 2009 Apr 15;236(2):231-8.

23. Wang RE, Kao JL, Hilliard CA, Pandita RK, Roti Roti JL, Hunt CR, et al. Inhibition of heat shock induction
of heat shock protein 70 and enhancement of heat shock protein 27 phosphorylation by quercetin derivatives.
J Med Chem. 2009 Apr 9;52(7):1912-21. PubMed PMID: 19296652.

24, lkegaya S, Inai K, lwasaki H, Naiki H, Ueda T. Azithromycin reduces tumor necrosis factor-alpha
production in lipopolysaccharide-stimulated THP-1 monocytic cells by modification of stress response and p38
MAPK pathway. ] Chemother. 2009 Aug;21(4):396-402.

25. Newsholme P, Procopio J, Lima MM, Pithon-Curi TC, Curi R. Glutamine and glutamate--their central
role in cell metabolism and function. Cell Biochem Funct. 2003 Mar;21(1):1-9..

26. Cruzat VF, Keane KN, Scheinpflug AL, Cordeiro R, Soares MJ, Newsholme P. Alanyl-glutamine improves
pancreatic beta-cell function following ex vivo inflammatory challenge. The Journal of endocrinology. 2015
Mar;224(3):261-71.

27. Pallant J, editor. SPSS Survival Mannual. 3rd Edition ed. Maindenhead: Open University Press; 2007.

28. Singleton KD, Beckey VE, Wischmeyer PE. Glutamine prevents activation of NF-kappaB and stress
kinase pathways, attenuaes inflammatory cytokine release, and prevents acute respiratory distress syndrome
(ARDS) following sepsis. Shock. 2005 Dec;24(6):583-9.

29. Hamiel CR, Pinto S, Hau A, Wischmeyer PE. Glutamine enhances heat shock protein 70 expression via
increased hexosamine biosynthetic pathway activity. Am J Physiol Cell Physiol. 2009 Dec;297(6):C1509-19.

30. Pithon-Curi TC, Trezena AG, Tavares-Lima W, Curi R. Evidence that glutamine is involved in neutrophil
function. Cell Biochem Funct. 2002 Jun;20(2):81-6.

31. Singleton KD, Beckey VE, Wischmeyer PE. GLUTAMINE PREVENTS ACTIVATION OF NF-kappaB AND
STRESS KINASE PATHWAYS, ATTENUATES INFLAMMATORY CYTOKINE RELEASE, AND PREVENTS ACUTE
RESPIRATORY DISTRESS SYNDROME (ARDS) FOLLOWING SEPSIS. Shock. 2005 Dec;24(6):583-9.

32. Garrett-Cox RG, Stefanutti G, Booth C, Klein NJ, Pierro A, Eaton S. Glutamine decreases inflammation
in infant rat endotoxemia. J Pediatr Surg. 2009 Mar;44(3):523-9.

33. Chen G, ShiJ, Qi M, Yin H, Hang C. Glutamine decreases intestinal nuclear factor kappa B activity and
pro-inflammatory cytokine expression after traumatic brain injury in rats. Inflamm Res. 2008 Feb;57(2):57-64.

34. Jing L, Wu Q, Wang F. Glutamine induces heat-shock protein and protects against Escherichia coli
lipopolysaccharide-induced vascular hyporeactivity in rats. Crit Care. 2007;11(2):R34. PubMed PMID:
17346354.



312
313

314
315
316

317
318
319

320
321

322
323

324
325
326

327
328
329

330
331
332

333
334
335

336
337

338
339

340
341
342

343
344

345
346
347

348
349
350

351
352

353
354

35. Zhang F, Wang X, Pan L, Wang W, Li N, Li J. Glutamine attenuates lipopolysaccharide-induced acute
lung injury. Nutrition. 2009 Jun;25(6):692-8.

36. Singleton KD, Wischmeyer PE. Effects of HSP70.1/3 gene knockout on acute respiratory distress
syndrome and the inflammatory response following sepsis. Am J Physiol Lung Cell Mol Physiol. 2006
May;290(5):L956-61.

37. Hubert-Buron A, Leblond J, Jacquot A, Ducrotte P, Dechelotte P, Coeffier M. Glutamine pretreatment
reduces IL-8 production in human intestinal epithelial cells by limiting IkappaBalpha ubiquitination. J Nutr.
2006 Jun;136(6):1461-5..

38. Newsholme P. Why is L-glutamine metabolism important to cells of the immune system in health,
postinjury, surgery or infection? J Nutr. 2001 Sep;131(9 Suppl):2515S-22S; discussion 235-4S.

39. Wischmeyer P. Glutamine Supplementation in Parenteral Nutrition and Intensive Care Unit Patients:
Are We Throwing the Baby Out With the Bathwater? JPEN J Parenter Enteral Nutr. 2015 Jul 1.

40. Peng ZY, Serkova NJ, Kominsky DJ, Brown JL, Wischmeyer PE. Glutamine-mediated attenuation of
cellular metabolic dysfunction and cell death after injury is dependent on heat shock factor-1 expression. JPEN
J Parenter Enteral Nutr. 2006 Sep-Oct;30(5):373-8; discussion 9.

41. Cruzat VF, Bittencourt A, Scomazzon SP, Leite JS, de Bittencourt Pl, Jr., Tirapegui J. Oral free and
dipeptide forms of glutamine supplementation attenuate oxidative stress and inflammation induced by
endotoxemia. Nutrition. 2014 May;30(5):602-11.

42. Cruzat VF, Pantaleao LC, Donato J, Jr., de Bittencourt PI, Jr., Tirapegui J. Oral supplementations with
free and dipeptide forms of L-glutamine in endotoxemic mice: effects on muscle glutamine-glutathione axis
and heat shock proteins. J Nutr Biochem. 2014 Mar;25(3):345-52.

43. Rhoads JM, Argenzio RA, Chen W, Rippe RA, Westwick JK, Cox AD, et al. L-glutamine stimulates
intestinal cell proliferation and activates mitogen-activated protein kinases. Am J Physiol. 1997 May;272(5 Pt
1):G943-53.

44, Brasse-Lagnel C, Lavoinne A, Husson A. Control of mammalian gene expression by amino acids,
especially glutamine. FEBS J. 2009 Apr;276(7):1826-44.

45, Marino LV, Pathan N, Meyer R, Wright VJ, Habibi P. The effect of 2 mMol glutamine supplementation
on HSP70 and TNF-alpha release by LPS stimulated blood from healthy children. Clin Nutr. 2014 Dec 23.

46. Yokota S, Kitahara M, Nagata K. Benzylidene lactam compound, KNK437, a novel inhibitor of
acquisition of thermotolerance and heat shock protein induction in human colon carcinoma cells. Cancer Res.
2000 Jun 1;60(11):2942-8.

47. Parcellier A, Gurbuxani S, Schmitt E, Solary E, Garrido C. Heat shock proteins, cellular chaperones that
modulate mitochondrial cell death pathways. Biochem Biophys Res Commun. 2003 May 9;304(3):505-12.

48. Manwell LA, Heikkila JJ. Examination of KNK437- and quercetin-mediated inhibition of heat shock-
induced heat shock protein gene expression in Xenopus laevis cultured cells. Comp Biochem Physiol A Mol
Integr Physiol. 2007 Nov;148(3):521-30.

49, Lee CT, Zhong L, Mace TA, Repasky EA. Elevation in body temperature to Fever range enhances and
prolongs subsequent responsiveness of macrophages to endotoxin challenge. PLoS One. 2012;7(1):e30077.
PubMed PMID: 22253887.

50. Welc SS, Phillips NA, Oca-Cossio J, Wallet SM, Chen DL, Clanton TL. Hyperthermia increases
interleukin-6 in mouse skeletal muscle. Am J Physiol Cell Physiol. 2012 Jun 6.

51. van Eden W, Spiering R, Broere F, van der Zee R. A case of mistaken identity: HSPs are no DAMPs but
DAMPERSs. Cell Stress Chaperones. 2011 Dec 3.



355
356
357

358
359

360
361

362
363

364
365
366

367

52. Schroeder S, Bischoff J, Lehmann LE, Hering R, von Spiegel T, Putensen C, et al. Endotoxin inhibits heat
shock protein 70 (HSP70) expression in peripheral blood mononuclear cells of patients with severe sepsis.
Intensive Care Med. 1999 Jan;25(1):52-7.

53. Oudemans-van Straaten HM, Bosman RJ, Treskes M, van der Spoel HJ, Zandstra DF. Plasma glutamine
depletion and patient outcome in acute ICU admissions. Intensive Care Med. 2001 Jan;27(1):84-90.

54, Heyland D, Muscedere J, Wischmeyer PE, Cook D, Jones G, Albert M, et al. A randomized trial of
glutamine and antioxidants in critically ill patients. N Engl J Med. 2013 Apr 18;368(16):1489-97.

55. Rodas PC, Rooyackers O, Hebert C, Norberg A, Wernerman J. Glutamine and glutathione at ICU
admission in relation to outcome. Clin Sci (Lond). 2012 Jun;122(12):591-7.

56. Krajcova A, Ziak J, Jiroutkova K, Patkova J, Elkalaf M, Dzupa V, et al. Normalizing Glutamine
Concentration Causes Mitochondrial Uncoupling in an In Vitro Model of Human Skeletal Muscle. JPEN J
Parenter Enteral Nutr. 2013 Nov 29.



D

~' HsPY0 (ngfmi)

10

11
12
13
14

2 5m I *k I

*%

*k 3 No Gin
2.09 A 3 2mM Gin

*%

1.04

—H

— | || F

0.5+

OC ] ] L] L]
No LPS 0.01ug/mlLPS 0.1pug/ml LPS 1pg/ml LPS

Figure 1: The effect of glutamine supplementation (2mM) on endotoxin stimulated serum HSP70

release in whole blood from healthy adult volunteers at 24 hours (n=18) Results are expressed as

mean; = SEM. GIn = glutamine, LPS = endotoxin **p<0.005 compared to control and when compared

to control without LPS
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Figure 2: The effect of glutamine supplementation (2mM) on LPS stimulated release of
IL-10 at 4 hours and 24 hours in whole blood from healthy adult volunteers (n=18).
Results are expressed as mean; + SEM. GIn = glutamine, LPS = endotoxin *p<0.05

compared to control, **p<0.005 compared to control
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Figure 3:

The effect of glutamine supplementation (2mM) on LPS stimulated release of IL-8 at 4
hours and 24 hours in whole blood from healthy adult volunteers (n=12). Results are
expressed as mean; * SEM. GIn = glutamine. LPS = endotoxin *p<0.05 compared to

control, **p<0.005 compared to control
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Figure 4: The effect of KNK437 on extraceliular HSP70 release at 4 hours and 24 hours in endotoxin
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Figure 5: The effect of KNK437 on intracellular i-ISP70 release at 24 hours in endotoxin stimulated
whole blood with and without glutamine supplementation (2mM) (n=18). Results are expressed as
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compared to control
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Figure 6: The effect of KNK437 on extracellular IL-6 release at 4 hours and 24 hours in endotoxin
stimulated whole blood with and without glutamine supplementation (2mM) (n=18). Results are
expressed as mean;  SEM. GIn = glutamine. *p<0.05 compared to control, **p<0.005 compared to

control
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Figure 8: The effect of KNK437 on extracellular IL-10 release at 4 hours and 24 hours in
endotoxin stimulated whole blood with and without glutamine supplementation (n=18).
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Figure 9: The effect of KNK437 on intracellular IL-10 release at 4 hours and 24 hours in
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to control, **p<0.005 compared to control



1000+ t {
: £ :
=
e
750'
=
£
2 &n
= 5004
o
5 oo
|—
NN
2504 §§
o
N L

No LPS 1pg/m|

4hr No GIn
4hr 2mM Gin
24hr No GIn
24hr 2mM Gin

4hr KNK437
200pM No GlIn

4hr KNK437
200pM GIn 2mM

24hr KNK437
200pM No Gln

24hr KNK437
200pM GIn 2mM

Figure 10: The effect of KNK437 on extracellular TNF-a release at 4 hours and 24 hours in

endotoxin stimulated whole blood with and without glutamine supplementation (2mM)

(n=18). Results are expressed as mean; + SEM. GIn = glutamine, LPS = endotoxin * p<0.05

compared to control
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Figure 11: The effect of KNK437 on intracellular TNF-a release at 4 hours and 24 hours in

endotoxin stimulated whole blood with and without glutamine supplementation (2mM)
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Highlights

What is known:
*  Glutamine supplementation promotes HSP70 release in in vitro experimental models of
sepsis.
e During times of infection, HSP70 signals via cell surface ligands TLR2/4 activating
inflammatory pathway of NF-(B promoting the release of inflammatory mediators.
e In an in vitro experimental model of sepsis, the HSP70 inhibitor KNK437 effectively

blocks HSP70 release diminishing the release of inflammatory mediators.

What this study adds:
e The addition of 2mM of glutamine to a whole blood endotoxin model promotes the
release of HSP70.
¢ The effect of 2mM glutamine on HSP70 release is lost following the addition of a HSP70

inhibitor (KNK437) to an in vitro model of sepsis.



