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Abstract

The highly reactive compound methylglyoxal (MG) can cause direct damage to cells and tissues
by reacting with cellular macromolecules. MG has been identified as a biomarker associated with
increased sepsis-induced mortality. Patients undergoing septic shock have significantly elevated
circulating MG levels compared to post-operative patients and healthy controls. Furthermore, MG
has been implicated in the development of Type Il diabetes mellitus and Alzheimer’s Disease.
Since MG is generated during glycolysis, we hypothesized that MG may be produced by
classically activated (M1) macrophages, possibly contributing to the inflammatory response. LPS
and IFN-y-treated macrophages acquired an M1 phenotype (as evidenced by M1 markers and
enhanced glycolysis) and formed MG-adducts, MG-H1, MG-H2, and MG-H3, that were detected
using antibodies specific for MG-modified proteins (methylglyoxal 5-hydro-5-
methylimidazolones). MG adducts were also increased in the lungs of LPS-treated mice.
Macrophages treated with LPS and IFN-vy also exhibited decreased expression of Glyoxalase 1
(Glol), an enzyme that metabolizes MG. Concentrations of exogenous, purified MG > 0.5 mM
were toxic to macrophages; however, a nontoxic dose of 0.3 mM induced TNF-a and IL-1p, albeit
to a lesser extent than LPS stimulation. Despite prior evidence that MG-adducts may signal
through “Receptor for Advanced Glycation Endproducts” (RAGE), MG-mediated cell death and
cytokine induction by exogenous MG was RAGE-independent in primary macrophages. Finally,
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RAGE-deficient mice did not exhibit a significant survival advantage following lethal LPS
injection. Overall, our evidence suggests that MG may be produced by M1 macrophages during
sepsis, following IFN-y-dependent down regulation of Glo1, contributing to over-exuberant
inflammation.

Graphical Abstract:
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Summary:

Cellular and molecular effects of MG on macrophage function, including a role in promoting
inflammatory cytokine induction independent of RAGE.

Keywords
Innate immunity; inflammation; cytokine regulation; metabolism

Introduction:

Even though sepsis has been a focus of biomedical research for decades, it remains one of
the leading causes of death in intensive care units, with an estimated incidence of 1.5 million
patients in the United States alone with a mortality rate of 20-50%. The incidence of sepsis
has increased over the past 20 years, with costs associated with sepsis in the USA estimated
at ~$20 billion [1]. These statistics indicate that there is an unmet need to find alternative
treatments for sepsis. The early phase of sepsis has been characterized by changes in
inflammation and metabolism. We propose that these two changes may be intertwined and
that targeting the levels or activity of the alpha-carbonyl aldehyde, methylglyoxal (MG), a
reactive carbonyl species (RCS) that is elevated compared to healthy controls during septic
shock [2], may alleviate the inflammation and the associated morbidity and mortality of
sepsis. In support of this hypothesis, MG has been identified as a biomarker associated with
increased mortality in sepsis [2], although the mechanism(s) by which it exerts its effect(s)
on sepsis is/are unclear. There are no specific scavengers of MG currently licensed for use to
treat this disease.
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One of the key pathways by which MG is formed is glycolysis, through the non-enzymatic
loss of the phosphate group from glyceraldehyde phosphate and dihydroxyacetone
phosphate [3]. These two substrates are isomers that are interconverted through the action of
the enzyme triosephosphate isomerase (TPI). MG is produced by decomposition of the ene-
diol triose intermediate that leaks from the active site of TPI [4]. Glycolysis is relevant to
sepsis because the mitochondrial electron transport chain can be uncoupled or otherwise
impaired during systemic inflammation through the activity of cytokines or nitric oxide
(NO') [5, 6], potentially forcing an overdependence on glycolysis for glucose catabolism and
ATP synthesis. The need to mobilize glucose from stores to provide energy to failing organs
and tissues may help explain why sepsis patients exhibit hyperglycemia as a stress response
during disease [7]. The glyoxalase system, comprised of Glyoxalase 1 (Glol) and
Glyoxalase 2 (Glo2), normally detoxifies MG by converting it to lactate, using glutathione
as a cofactor, in an effort to maintain homeostasis [8]. In relation to sepsis, Glol expression
is impaired in patients with septic shock, while Glo2 expression was not analyzed [2]. This
combination of systemic enhancement of glycolysis and decreased Glo1 activity likely
contributes to the observation that septic patients have significantly elevated MG levels
compared to post-operative patients and healthy controls [2]. Certain species of bacteria like
Escherichia coli produce MG de novo [9], possibly contributing to its accumulation during
bacterial sepsis.

Researchers have tried to determine the mechanistic role for MG in inflammation through
stimulation of cells in tissue culture with purified MG or MG conjugated to bovine serum
albumin (MG-BSA). As a member of the RCS family, MG can cause direct cellular damage
by covalently modifying proteins, DNA, RNA, and phospholipids, potentially causing
affected proteins to lose function [10] or DNA to undergo mutation [11]. Further, MG-
treated cells can undergo apoptosis [12]. In the presence of oxygen, MG-mediated glycation
of free amino groups in proteins can also lead to formation superoxide anion (O,™) [13] that
contributes to the apoptotic effect of MG [14]. However, apoptotic signaling is not the sole
pathway triggered by MG. One common finding from tissue culture experiments is MG-
induced activation of NF-xB and/or MAPK pathways [15-22]. In contrast, MG has also
been shown to suppress NF-xB activation in response to TNF-a [23], highlighting the
uncertainty of how MG truly regulates host inflammation. Overall, it is important to note
that it is not clear whether MG-induced apoptosis or NF-xB activation requires formation of
MG-protein adducts or whether MG alone is sufficient. Additionally, due to the fact that
many prior studies have used cell lines, it is also difficult to ascertain if results will translate
to primary cells of physiologic relevance.

MG-maodified proteins like MG-BSA can undergo further reactions to form Advanced
Glycation Endproducts (AGESs) that bind and signal through the Receptor for Advanced
Glycation Endproducts (RAGE) to induce NF-xB-mediated inflammation, potentially
amplifying tissue damage [24, 25]. Significantly, mice with a targeted mutation in Ager, the
gene that encodes RAGE, have been reported to exhibit improved survival versus wild-type
(WT) control mice following LPS-induced endotoxicity [26] and cecal ligation and puncture
[27], two murine models of sepsis. In support of the latter study, treatment of mice with a
RAGE-specific monoclonal antibody was protective in a model of sepsis induced by cecal
ligation and puncture, but its efficacy against LPS-induced endotoxicity was not examined
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[28]. Although these studies highlight the potential importance of RAGE during sepsis, it
should be noted that the role of RAGE in sepsis is not always clear-cut and may be context-
dependent. For instance, RAGE plays no role in sepsis induced by bypassing the lung
through intravenous injections of Streptococcus pneumoniae [29]. Although many different
cell types and organ systems are affected in sepsis, macrophages figure centrally in this
dysregulated immune response to infection (reviewed in [30]). The central role of
macrophages in endotoxicity was first established conclusively by showing that LPS-
induced lethality could be reconstituted in TLR4 signaling-deficient C3H/HeJ mice by
adoptive transfer of LPS-sensitive WT macrophages [31, 32]. Therefore, it was the goal of
our study to determine if classically activated, primary macrophages synthesize MG and
how MG might regulate inflammation.

Materials and Methods:

Reagents.

Vitamin C (# A5960), Aminoguanidine (AG) (# 396494) Trypan Blue solution (# T8154)
and Methylthiazolyldiphenyl tetrazolium bromide (MTT) (# 2128) were purchased from
Sigma-Aldrich (St. Louis, MO). Protein-free £. coli K235 LPS was prepared as previously
described [33]. Recombinant mouse IFN-y (# 485-MI-100/CF) and recombinant mouse IL-4
(# 404-ML-010/CF) were both purchased from R & D systems. MG-BSA (# STA-306) was
purchased from Cell Biolabs and purified prior to use in experiments by Pierce™ high
capacity endotoxin removal columns (# 88273) according to the manufacturers’ instructions.

MG synthesis.

Methylglyoxal 1,1-dimethyl acetal (#170216) was purchased from Sigma-Aldrich (St. Louis,
MO) and used to synthesize MG. Methylglyoxal 1,1-dimethyl acetal was redistilled using a
ChemGlass 19 cm TS-14/20 Vigreux column and a Heidolph-Brinkman B169 electric water
aspirator. The methylglyoxal 1,1-dimethyl acetal was in a 100 ml recovery flask containing
Teflon boiling chips and submersed in a 55° C water bath. Fractions were collected in a
radial distillation receiver. Redistilled methylglyoxal 1,1-dimethyl acetal (100 mmol) was
hydrolyzed by adding it to 200 ml 2.5% (vol/vol) sulfuric acid in a 1 L round bottom flask
fitted with a reflux condenser and was heated in a boiling water bath for 1 h. The MG was
distilled out of the sulfuric acid solution now placed in a 37° C water bath using an all
Teflon KnF Neuberger Laboport vacuum pump pulling a 2 mm vacuum through a 38 cm
Hempel column filled with small glass Raschig rings in conjunction with an Argon bleed
[34]. Fraction 3 from the distillation was shown to be free of methanol by using 1H NMR
[35], and was assayed using aminoguanidine [36]. The process yielded about 12 ml of 49.8
mM pure MG.

Macrophage isolation, treatment, and infection.

The IACUC at University of Maryland, Baltimore approved all of our studies described
below using animals. Ager~'~ mice [27], backcrossed to C57BL/6 background, were the
kind gift of Dr. Ann Marie Schmidt (NYU). Macrophages isolated from A2/~ mice [37]
were kindly provided by Dr. Thomas Kensler (Fred Hutchinson Cancer Research Center).
TLR4™~ mice, also on a C57BL/6J background, were originally obtained from Dr. Shizuo
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Akira (Osaka University, Osaka, Japan) and were bred at the University of Maryland
(Baltimore, MD, USA). Thioglycollate-elicted, mouse peritoneal macrophages were isolated
from age- and sex-matched wild-type (WT) C57BL/6J (Jackson Laboratories), 7LR4™",
Ager =, and Nrf2”~ mice by peritoneal lavage and cultured as previously described [38].
Mouse macrophages were stimulated with LPS (10 ng/ml) and IFN-y (20 ng/ml) or
recombinant 1L-4 (40 ng/ml) for 48 h to polarize the cells to an M1 or M2 phenotype,
respectively. Bone marrow derived macrophages (BMDM) were obtained by lavaging the
femurs of mice as previously reported [39].

Isolation and processing of lung tissue for in vitro cell culture.

Lungs were isolated from mice using a method adapted from a previously published
protocol [40]. Mouse lungs were initially minced thoroughly with surgical scissors and then
incubated with 5 mg/ml Collagenase D (#11088858001, Sigma-Aldrich, St. Louis, MO) for
30 min at 37° C in a water bath. The resulting tissue fragments were forced through a 70 uM
nylon mesh filter into culture media, using a rubber stopper from a syringe. After
centrifugation, the pelleted cells were resuspended in 10 ml of ACK lysis solution for 5 min
at room temperature to lyse contaminating erythrocytes. After being washed again with
culture medium and a second round of centrifugation, the cells were resuspended in RPMI
1640 (#15-040-CV) tissue culture medium supplemented with 2% Fetal Bovine Serum,
Penicillin-Streptomycin (50 U/ml) and L-Glutamine (2 mM). Single cell suspensions were
counted by hemocytometer, and plated in 6-well tissue culture dishes at a density of 2.5 -3
x 106 cells/well.

Extracellular Flux analyses.

Macrophages were seeded at 1 — 1.5 x 10° cells/well in XF24 microplates (Agilent
Technologies), and treated as described above, except that a P1000 pipette was used for
aspiration for all washes and media changes. Standard mitochondrial and glycolytic stress
tests were performed on an XF24 Extracellular Flux Analyzer (Agilent Technologies) with
the following optimizations [41]: XF media was supplemented with 0.4% fatty-acid free
bovine serum albumin (#A7030, Sigma-Aldrich, St. Louis, MO), then pH was adjusted to
7.4 with sodium hydroxide and the media was filter-sterilized (Steriflip, Millipore);
compound delivery ports A, B, C were loaded with 75 uL of 10x, 11x, and 12x of the final
drug concentrations, respectively; for the mitochondrial stress tests, a final concentration of
0.6 UM oligomycin, 4.0 uM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP) + 10mM sodium pyruvate, and 1 pM antimycin A were found to be optimal; for the
glycolytic stress test, the standard 10 mM L-glucose, 1 uM oligomycin, and 50 mM 2-
deoxyglucose were used; after the standard temperature and pH equilibration, an additional
15 minute equilibration step was added to the XF run protocol, consisting of 3 cycles of 3-
min mix and 2-min wait before baseline measurements were performed. Data were analyzed
using the Wave for Desktop software suite (Agilent Technologies) and plotted in Prism 7.

Griess assay.

Griess assays to detect the nitric oxide byproduct nitrate in cell supernatants were performed
using the Griess Reagent System (#G2930, Promega Corporation, Madison, WI) according
to the manufacturer’s supplied protocol. Phosphoric acid, sulfanilamide, N-(1-naphthyl)
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ethylenediamine dihydrochloride and sodium nitrate (for standard curve) were purchased
from Sigma and were prepared fresh on the day of the assay.

Mitochondrial reductase activity (MTT) assay and measurement of cell viability.

A colorimetric assay was used to measure mitochondrial succinic dehydrogenase activity, a
surrogate measure for cell death. After 24 h of stimulation with the indicated concentration
of MG or mock solvent, the cell supernatants were removed and replaced with filter
sterilized MTT solution (1 mg/ml) dissolved in PBS (# 21-040-CV, Mediatech, Inc,
Herndon, VA). The macrophage cultures were allowed to incubate for 1 h at 37° C and 5%
COs, in the presence of MTT. The MTT solution was removed and replaced with isopropanol
to dissolve the water insoluble formazan products, yielding a purple solution whose
absorbance was quantified at 595 or 630 nm using a Biotek microplate reader. The trypan
blue exclusion assay to determine cell viability was performed as previously described [38].

Antibodies and Western blot (WB) analysis.

Cell lysates obtained from macrophages in tissue culture or lung tissue were prepared in cell
lysis buffer (Cell Signaling Technology, Danvers, MA). The resulting lysates were
centrifuged at 12,000 RPM for 10 min at 4° C to remove insoluble cell debris and frozen in
single use aliquots at —80° C. Prior to immunoblotting, thawed lysates were mixed with an
equal volume of 2x Laemmli sample buffer (Bio-Rad, Hercules, CA) and heated to 95° C for
5 min. Samples were separated by SDS-PAGE in a continuous 10% acrylamide pre-cast gel
(Bio-Rad, Hercules, CA). Proteins were transferred from the gel to a polyvinyl difluoride
membrane in transfer buffer for 1 h at 4° C. Afterwards, the membrane was dried to
complete adherence of protein to the membrane. Prior to probing the membrane with
specific anti-MG-H1, MG-H2, and MG-H3 antibodies [42], the membrane was washed with
TBS and blocked with TBS containing 0.1% v/v Tween 20 buffer and 5% w/v blotting grade
blocker as previously described [43]. A rabbit monoclonal antibody specific for Glo1
(ab137098, Abcam) and a rabbit polyclonal antibody specific to RAGE (ab37647) were both
diluted 1:1000 in 5% w/v blotting grade blocker and incubated with the membrane overnight
at4° C.

Gene expression analysis by quantitative gRT-PCR.

Synthesis of cDNA from RNA has been previously described [38]. A 7900HT Fast Real-
Time PCR system (Applied Biosystems, Carlsbad, CA) was used to monitor gRT-PCR using
the 2x Power SYBR green mix PCR master mix (Life Technologies Corporation, Carlshad,
CA). Primers used to detect mouse Arf2and mouse G/oI transcripts were as follows; Nrf2-
forward- 5’-ACG ACA ACG GTC CTT TCC AG- 3’, Nrf2- reverse- 5’- AAT GAC GTT
CAT GTC CCC GT- 3’, Glo1 forward- 5’- CCC TCG TGG ATT TGG TCA CA- 3’ Glo1-
reverse- 5’- AGC CGT CAG GGT CTT GAA TG- 3. All other individual genes were
analyzed using cytokine gene-specific mouse primers that have previously been published
[38, 44]. The total amount of mRNA was calculated using the Comparative AACt method
[45] and expressed as fold-induction compared to untreated or uninfected cells.
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In vivo LPS challenge model.

Age- and sex-matched C57BL/6J and Ager’~ mice were weighed one day prior to injection.
Experimental groups were nearly evenly split between male and female subjects and were
injected at 6 or 7 weeks of age. Each mouse was injected intraperitoneally with LPS (20
mg/kg) based on the weight from the previous day. Survival was monitored every twelve
hours for the first 72 h and then daily for a total of 7 days.

Statistical analysis:

Experiments were performed in duplicate or triplicate for analysis of gene expression or
cellular viability. Treatments containing two groups were tested for significance by a two-
tailed Student’s ztest. For analysis of cell death, the numerical values obtained from multiple
assays were pooled and analyzed using GraphPad Prism 4 (GraphPad software Inc, La Jolla,
CA) with a one-way analysis of variance (ANOVA). For analysis of gene expression,
negative ACt values from the multiple experiments were pooled and analyzed with a one-
way ANOVA. Significance was determined to be p < 0.05. For all one-way ANOVAs, a
Tukey’s post-hoc test was used to test for significance between experimental groups within
the data set. For survival studies, the log-rank test was used to determine significance
between the two groups.

Online Supplemental Material:

Results:

Supplementary Figure 1 illustrates the protein expression of RAGE on different tissues in
the mouse. It also shows the activity of MG on cells harvested from lung tissue that were
cultured ex vivo.

Activation of macrophages by LPS and IFN-y promotes generation of MG-modified

proteins.

Although the principal source of MG during sepsis is unknown, we hypothesized that
inflammatory macrophages may contribute to its production due, in part, to previous
research that has shown that two mouse macrophage cell lines are capable of increased MG
production when stimulated by LPS and IFN-y [46]. Therefore, to test this in primary cells,
we examined lysates from unstimulated or stimulated primary macrophages for the
formation of MG-modified proteins using antibodies specific for MG-derived
hydroimidazolone-1 (MG-H1), MG-H2, and MG-H3 [42]. These three isomers are formed
in multi-step glycation reactions between MG and arginine side chains in proteins and
represent a surrogate measurement of MG (Fig. 1A). Treatment of primary murine
macrophages with LPS and IFN-y produced increased levels of MG-H1, MG-H2, and MG-
H3 compared to untreated controls at 24 h post-treatment (Fig. 1B), indicating that LPS and
IFN-y-induced activation of macrophages to an M1 phenotype correlates with MG
production. The result in primary macrophages with M1 stimulation mirrors the time course
of MG production previously reported in three macrophage cell lines of human and mouse
origin that were treated with LPS and IFN-vy [46]. In contrast to the M1 priming regimen,
treatment with 1L-4 to induce M2 macrophages did not alter the level of MG-protein adducts
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over a 24 h span (Fig. 1C). To confirm that MG-adducts also formed in vivo, WT C57BL/6J
mice were treated with a lethal dose of £. coli K235 LPS (600 ug i.p.). After 24 h, mice
were euthanized and lungs excised and homogenized for Western blot analysis (WB) with
anti-MG-H1 (Fig. 1D). LPS administration robustly induced MG-H1 adducts (Fig. 1D)
compared to lung tissue from saline-treated control mice. Treatment of primary
macrophages with highly purified, exogenous MG led to the rapid formation of MG-H1-
specific bands with the peak band appearing at the predicted MW of albumin, ~65 kDa,
within 4 hours of treatment (Fig. 1E). Consistent with the hypothesis that MG glycates
serum proteins found in the media, MG treatment of cells cultured in the absence of serum
exhibited significantly less MG-H1 formation across a spectrum of doses (Fig. 1F). The
presence of bands at the highest dose of MG treatment at ~50-65 kDa, even in the absence
of serum in the media, suggests that glycation is not exclusive to albumin (Fig. 1F). Thus,
our data suggests that M1 macrophages exhibit increased production of MG-adducts /in vitro
and /n vivo.

Stimulation of primary macrophages with LPS and IFN-y leads to enhanced glycolysis and
decreased Glol expression.

Having established that MG was being produced by macrophages in vitro, we sought to
better understand the mechanism underlying this increase. It has been estimated that only a
very small proportion (0.089%) of all triosephosphates are converted to MG during
glycolysis [47], so one possible explanation for the increase in MG is an increase in
glycolytic metabolites such as triose phosphate isomers. LPS has been shown to alter host
cellular metabolism [48-50] in addition to activating innate immune signaling pathways that
lead to cytokine production. Therefore, we hypothesized that the proinflammatory
conditions associated with early sepsis regulate MG production in primary macrophages.
WT C57BL/6J peritoneal macrophages were differentiated /n vitro into “classically
activated” (M1) or “alternatively activated” (M2) macrophages by treatment with LPS and
IFN-y or IL-4, respectively. LPS and IFN-y treatment is well-known to polarize cells into
the highly inflammatory, classically activated M1 phenotype, while IL-4 stimulation of
macrophages induces an anti-inflammatory response that has been termed alternatively
activated or M2 (reviewed in [51]). These polarized populations acquired specific “markers”
(M1: nitrite, a proxy for NO-, and TNF-a mRNA; M2: arginase 1 and Ym1 mRNA) to
denote their differentiation state (Fig. 2A). Importantly, these phenotypic changes are
accompanied by a profound metabolic shift: M1 macrophages use glycolysis exclusively
(the “Warburg effect” [52]), in contrast to the mixed use of mitochondrial respiration and
glycolysis by M2 macrophages (Fig. 2B, 2C). These data illustrate that the primary
macrophages used in our study confirm that glycolysis and MG production increase in
parallel in response to LPS + IFN-+y stimulation.

Under normal physiologic conditions, Glo1, along with Glo2 and glutathione, protect the
cell from excessive production of MG by converting it to lactate, thereby preventing the
accumulation of intracellular MG triggered by increased extracellular glucose concentrations
[53]. The transcription factor Nrf2 has been reported to be required for maximal G/oZ levels
in liver and maximal Glo1 protein in multiple organs [54]. Since Nrf2 has also been shown
to be activated by LPS [55], and Arf27~ mice exhibit greatly enhanced susceptibility in
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models of endotoxicity and sepsis [56], we hypothesized that Glo1 expression would be
increased in M1 macrophages. Expression of the Nrf2-dependent gene NgoI [57], that
encodes NAD(P)H dehydrogenase [quinone] 1, was increased at 24 h following treatment of
macrophages with LPS or LPS and IFN-y, but not by IFN-y treatment alone (Fig. 3A). In
contrast, G/o1 expression in macrophages was decreased following stimulation with LPS
and IFN-vy, but not by LPS treatment alone (Fig. 3B). This suggests that IFN-y signaling
might be an important regulator of Glo1 expression. In line with this hypothesis, IFN-y
treatment of macrophages was sufficient to decrease G/o1 expression in the absence of LPS
(Fig. 3B). Considering that this result runs counter to what we initially expected based on
the literature [54], we sought to determine the Nrf2 contribution to Glo1 expression in
macrophages. Mouse macrophages lacking Nr72showed a significant decrease in Mgol1, as
expected, but identical levels of G/oZ (Fig. 3C). To verify that these changes translated to
protein expression, we determined the level of Glo1 protein by Western analysis. We found
that only LPS and IFN-y treatment together, and not LPS alone, led to a decrease in Glol
protein levels (Fig. 3D). Cumulatively, these data suggest that IFN-y but not Nrf2, regulates
expression of Glol in mouse macrophages.

Exogenous MG induces cell death in primary macrophages in a RAGE-independent

manner.

Cell death has been a well-studied outcome of MG treatment, and has led researchers to
hypothesize that targeting Glo1 to reduce the level of MG might be therapeutic in cancer
[58]. We next sought to determine whether primary macrophages were sensitive to MG-
induced cell death. Stimulation of WT macrophages with highly purified MG decreased cell
viability in a dose-dependent manner (Fig. 4A) as assayed by redox-dependent MTT assay.
Doses of MG up to 0.5 mM failed to decrease cellular redox potential significantly, but 2.0
mM completely blocked redox activities 24 h after treatment of macrophages. Cells treated
with 2.0 mM MG were also 100% positive for trypan blue staining at this time point (Fig.
4B), indicating that loss of mitochondrial activity was associated with membrane
permeability and cell death. Aminoguanidine (AG), an MG quencher [59], partially reversed
MG-induced cellular toxicity (Fig. 4C). In contrast, pre-treatment of macrophages with the
anti-oxidant Vitamin C failed to reverse MG-induced cytotoxicity (Fig. 4C), illustrating that
de novo Reactive Oxygen Species (ROS) production does not contribute to cell death in this
instance as had been previously suggested for MG-induced cell death in breast cancer cells
[60]. The fact that AG partially reversed the cell death phenotype indicates that MG may be
directly responsible for the observed cell death, but it was unknown if AG exerted its
protection by preventing the formation of MG-adducts or through some other mechanism.
Macrophages cultured in the absence of serum showed reduced mitochondrial activity
compared to cells cultured with serum, but otherwise exhibited no protection against MG-
induced cytotoxicity, suggesting that MG-adducts are not mediating the cell death phenotype
(Fig. 4D). In support of this hypothesis, Ager’~ (RAGE-deficient) macrophages also
exhibited nearly identical dose-dependent MG-induced cell death as WT controls over a
broad spectrum of MG doses (Fig. 4E), indicating that RAGE is not required for MG-
induced cell death.
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Exogenous MG treatment of primary macrophages induces a modest upregulation of
cytokine gene expression.

Due to the effect of MG on the cellular viability of macrophages at high doses, we sought to
test the capacity of MG to activate innate immune signaling pathways at 0.3 mM, a dose that
was consistently found to be non-toxic to macrophages, even after prolonged treatment of 24
h (Fig. 4). MG treatment of WT macrophages led to rapid, but modest, increases in the
expression levels of //1b, Tnf, and Cxc/1I mRNA after 1 h of stimulation, before returning to
baseline at later time points (Fig. 5A, B, C). Macrophages from Ager~'~ mice exhibited a
similar enhancement of cytokine gene expression following MG treatment (Fig. 5A, B, C).
These increases in cytokine gene expression were significantly lower than seen in response
to LPS (Fig. 5A, B, C). Since plasma MG concentrations generally fall in the range of 100 —
200 nM [61], we sought to evaluate the effects of MG under more physiologically relevant
conditions. When primary WT macrophages were treated with 0.1 mM or 0.03 mM MG,
they failed to induce significant increases in //1b, Tnf, or Cxc/1 gene expression in WT or
Ager’~ macrophages, while higher (0.3 and 1.0 mM) concentrations of MG again induced
gene expression in a RAGE-independent fashion (Fig. 5D, E, F). In order to determine if this
phenomenon translated to other types of primary cells, we repeated our stimulations with
mouse BMDM. Due to culturing in the presence of colony stimulating factor 1, these cells
exhibit altered phenotypes to peritoneal macrophages, including production of auto-
stimulatory signals like type I interferons [62]. In a similar fashion to our data from
peritoneal macrophages, BMDMs also exhibited a slight increase in //16, Tnf, or Cxcl/1 gene
expression (Fig. 5G, H, 1). In contrast to peritoneal macrophages, this increase in cytokine
gene expression in the BMDMs persisted for a longer duration.

Due to the fact that MG has also been shown to regulate the activation of NF-xB by TNF-a
[23], we tested whether MG regulated the gene expression induced by the TLR4 agonist
LPS. Induction of 7nf, //1b, and //6 were unaffected by a 4 h pretreatment of cells with 0.3
mM MG followed by a 2 h exposure to a broad range of LPS concentrations (Fig. 6A, B, C);
however, LPS-induced Cxc/1 gene expression was significantly increased by MG
pretreatment (Fig. 6D).

Exogenous MG-BSA treatment of primary macrophages induces a modest upregulation of
cytokine gene expression.

AGEs have been previously shown to activate NF-xB through an MyD88-dependent
pathway downstream of RAGE [63]. This suggests that MG glycation of serum proteins that
we observed (Fig. 1D) may be responsible for the low level of TNF-a and IL-1p gene
induction seen in MG-treated macrophages. To investigate this hypothesis, we treated
primary macrophages with serum proteins glycated by MG. Commercially available MG-
BSA, formed by glycation of BSA by MG [64], induced //Zband Tnfexpression in WT
macrophages (Fig. 7A-D) to levels similar to that observed upon treatment of macrophages
with MG alone (Fig. 5). Unlike LPS-induced gene expression that is TLR4-dependent,
upregulation of cytokine gene expression induced by MG-BSA was TLR4-independent (Fig.
7A, 7B). Neither LPS-induced nor MG-BSA-induced gene expression was affected by the
absence of RAGE (Fig. 7C, 7D), consistent with our findings using purified MG alone.
Although MG-BSA was much less stimulatory than LPS, these data highlight that the

J Leukoc Biol. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Prantner et al. Page 11

limited proinflammatory nature of MG-BSA is independent of both TLR4 and RAGE in
primary macrophages.

Lung cell cultures expressing RAGE show that RAGE is not sufficient for cytokine gene
induction in response to MG.

Our examination of cytokine expression in primary mouse macrophages led us to speculate
that the relatively muted cytokine response to MG was, perhaps, due to the lack of adequate
RAGE expression in primary murine macrophages. Upon examination of multiple mouse
tissues, we found the highest level of RAGE expression in lung tissue (Supplementary Fig.
S1A), consistent with previously published work [65]. Upon longer exposure of the blot, we
could detect low levels of RAGE in the spleen and kidney, but not in the liver
(Supplementary Fig. S1A). The lower molecular weights observed below ~42 kDa could
represent degradation products or soluble RAGE and might not reflect endogenous tissue
expression. Since we were able to detect RAGE expression in the lung, we tested the ability
of lung cell cultures to respond to MG /n vitro. Whole lung cell cultures stimulated with LPS
upregulated proinflammatory gene expression (Supplementary Fig. SIB-E). In contrast to
the significant induction of /16, Tnf, 116, and Cxc/I mRNA by LPS, MG treatment did not
significantly increase cytokine gene expression (Supplementary Fig. SIB-E). This indicates
that lung cells, even with high levels of RAGE, are still not able to induce cytokines in
response to MG.

RAGE deficiency is associated with increased Glo1 expression in RAGE™~ mice, but does
not protect mice from LPS-induced lethality.

Recently, it was published that the same Ager’~ mice that we have used in our experiments
have gene duplication of G/o1 [66]. To corroborate this finding, we isolated peritoneal
macrophages and other tissues to analyze for Glo1 expression. Peritoneal macrophages from
Ager'~ mice expressed significantly higher levels of G/oZ mRNA and Glo1 protein (Fig.
8A\). Tissue harvested from the lung, liver, and spleen of Ager”~ mice all exhibited a similar
statistically significant increase in G/oI expression (Fig. 8B, 8C, 8D). However, this did not
always translate to increased protein expression. Lungs from Ager”~ mice did not express
increased Glol protein, while spleen tissue did exhibit increased protein expression (Fig. 8B,
8D). Glol expression was highest in liver tissue (Fig. 8C), and a second band of ~40 kDa
was detectable in addition to the predicted 25 kDa band. This higher molecular weight band
was increased in Ager”’~ mice (Fig. 8C). Ager”’™ mice have been previously reported to be
protected from endotoxic shock compared to WT controls [26]; however, we did not see a
differential response to LPS in primary macrophages lacking RAGE (Fig. 5). To address this
inconsistency, we injected C57BL/6J (WT) and Ager”’~ mice with LPS (20 mg/kg) and
monitored survival for 7 days. This dose of LPS resulted in an ~LDgg in WT mice (Fig. 9).
When analyzed for possible sex variations, there were no significant differences observed.
For this reason, the data from male and female mice were pooled. Although WT animals
succumbed to endotoxic shock slightly sooner than their Ager/~ counterparts, this
difference was not statistically significant (Fig. 9). Overall, our data support the following
model: we hypothesize that increased glycolytic triose phosphate isomers and decreased
Glol expression contributes to increased MG in classically activated macrophages /n vitro
and subsequent formation of MG-AGEs. We believe that this may exacerbate inflammation
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during sepsis in a TLR4- and RAGE-independent fashion, leading to enhanced morbidity
and mortality.

Discussion:

The highly reactive metabolite MG is elevated in the plasma of patients undergoing septic
shock compared to the plasma levels in healthy volunteers [2]. Although this data has been
used as support for the concept that MG is a biomarker for this disease, it is an intriguing
possibility that MG could also be a proximal cause for this disease and could, therefore, be
targeted therapeutically. We undertook this study to determine how MG might be formed
under inflammatory conditions that might mimic those seen during sepsis or septic shock.
While the source of plasma MG is unknown in sepsis, we found that classically activated,
M1 macrophages differentiated in tissue culture with LPS and IFN-y mimic the
inflammatory response seen in sepsis, producing increased amounts of MG as monitored by
the formation of MG-H1, MG-H2, and MG-H3. These MG adducts are a common glycation
biomarker and can be found on human serum albumin [10] in the blood and also in tissues
under physiological conditions, with MG-H1 being the most prominent species [67]. In our
tissue culture model, MG-H1 peaked 24 h after stimulation and this timing correlated with a
shift in the metabolism of the macrophages toward glycolysis as confirmed by our metabolic
analyses. It is well known that TLR4 signaling can alter cellular metabolism. One example
of this phenomenon is through increased activation of the first enzyme of the glycolytic
pathway, hexokinase [50]. LPS also activates the transcription factor Hypoxia-inducible
factor 1 alpha (HIF-1a.) [49], which induces expression of hexokinase Il and other glycolytic
(iso)enzymes, presumably leading to greater glycolytic metabolite concentrations. The
presence of whole microorganisms induces an increase in both glycolysis and oxidative
phosphorylation in monocytes through engagement of TLRs [68]. Given that MG is formed
from the glycolytic metabolites glyceraldehyde phosphate and dihydroxyacetone phosphate
[47], we hypothesize that an increase in glycolysis would be expected to increase MG levels
accordingly.

One question that arises is the identification of the respective MG-adduct. From our
experiments, it is suggested that serum proteins taken into the cell or associated with the
plasma membrane of the cell can be altered by exogenous or endogenous MG. But longer
exposures of the Western blot carried out under serum-free conditions show a broader
pattern of glycation, indicating that MG is not only targeting serum proteins, it is merely that
these are easier to monitor in our current experimental setup due to homogeneity in size and
due to relative abundance.

The increase in MG adducts was also associated with a concomitant decrease in Glol
expression, which would be predicted to increase MG levels due to a decrease in its
degradation. Although the overall timing of MG-H1 formation we observed in tissue culture
and in mice injected with a lethal dose of LPS is consistent with MG-adducts peaking 24 h
after onset of septic shock in septic patients [2], it is unclear how much macrophages
contribute to the pool of MG during this disease. Once formed, we showed that MG and
MG-adducts are capable of not only regulating inflammatory cytokines alone, but also can
alter the inflammatory response to LPS, exacerbating the production of the chemokine
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Cxcll. As Cxcll is known to attract neutrophils, this alteration in the cytokine
microenvironment may contribute to the detrimental role of MG in sepsis that has been
proposed.

It has also been proposed that reactive species like ROS and RCS are a self-perpetuating
system, whereby one component enhances the production of the others in a vicious cycle of
positive regulation [69]. This is supported by the finding that MG can induce mitochondrial
damage leading to an increase of cellular ROS in osteoblasts [70]. This is relevant to our
study because nitrotyrosinated TPl exhibits enhanced MG production compared to
unmodified TPI in /n vitro enzyme assays [71]. Additionally, global levels of nitrotyrosine
were increased in a macrophage cell line treated with LPS and IFN-y [46]. A prerequisite of
protein nitrotyrosination is the interaction of proteins with nitrating agents such as
peroxynitrite [72]. Peroxynitrite forms in the presence of the ROS, superoxide (O,), and the
Reactive Nitrogen Species, NO-[73], all induced in M1 macrophages [51]. In professional
phagocytic cells like macrophages, ROS can be generated during respiratory burst by
NADPH oxidases of the NOX and DUOX families. In addition to glycolysis driving NOX to
form O, in activated macrophages, MG also contributes to the O~ formation in the
presence of oxygen [13] by MG-induced glycation of mitochondrial Complex 111 [74]. Of
the four NOX and 2 DUOX family members that contribute to the production of O,
primary macrophages express NOX2 only [38]. These findings from the literature suggest
that MG might enhance TPI nitrotyrosination in a feed-forward manner once synthesized by
the cell, leading to more MG being produced. While this is an intriguing hypothesis, the
relative contribution of nitrotyrosinated TPI toward MG production in our /in vitro system
remains to be conclusively determined.

In addition to studying MG production, we also sought to determine whether MG
contributed to the inflammatory response of macrophages, known to be physiologically
relevant during sepsis. While it is possible that MG-induced cell death may lead to release of
host-derived “danger-associated molecular patterns” (DAMPs) like High Mobility Group
Box-1 (HMGB1) that could enhance inflammation in sepsis [75], we have shown that MG
itself is not a potent activator of innate signaling pathways, in contrast to LPS. MG acts
more like HMGBL1 which is also much less potent TLR4 agonist than LPS for induction of
inflammatory cytokines [43]. We also found that the ability of MG to activate
proinflammatory gene expression required doses that were significantly higher than are
found in plasma at homeostasis in healthy individuals. Whether the threshold concentration
of MG in tissue to induce cytokines is ever met during sepsis has not been established.
Recently, MG was identified as a biomarker for myeloid-derived suppressor cells and was
shown in a co-culture model to regulate CD8* T cells, depleting L- arginine levels, leading
to paralysis of their effector functions [76]. This finding highlights a potential additional
mechanism by which MG could exert its effects during sepsis and necessitates careful
examination of this pathway moving forward.

MG-AGE has been identified as a ligand for RAGE [24] and we were able to detect rapid
glycation of proteins by MG, but it is possible that more advanced crosslinking is necessary
to call these nascent MG-adducts MG-AGEs. While there is also a wealth of literature that
suggests that RAGE ligands activate proinflammatory cell signaling pathways [63, 77, 78], it
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is not apparent whether these studies have used ligand preparations that are free of
endotoxins like LPS or other contaminating ligands that could potentially activate cells
through TLRs and other innate immune receptors independent of RAGE. In this study, we
purified our commercially acquired MG-BSA solutions through an endotoxin removal
column and confirmed a loss of endotoxic activity in the recovered material with minimal
loss of protein prior to treating macrophages (data not shown). This purified MG-BSA
induced proinflammatory signaling independent of TLR4, indicating that LPS contamination
was no longer a prime concern. But, surprisingly, this induction was also independent of
RAGE. We are not the first to report a RAGE-independent effect for AGEs as it has been
published that AGEs repress inflammasome activation when used at a 100-fold higher
concentration than used in our study [79]. In our study, mixed lung cell cultures, that express
high levels of RAGE, were also refractory to MG when stimulated ex vivo, failing to
upregulate proinflammatory cytokines. This shows that even the higher levels of RAGE
expression typically seen in the lung [65] are not sufficient to activate innate immune
signaling in response to MG. These findings also may indicate that RAGE might need to be
co-expressed with TLR4 in order for cells to activate MyD88-dependent signal transduction
pathways as previously described [63].

In contrast to a prior study that reported a detrimental effect of RAGE during endotoxic
shock [26], we observed only a minor delay in the time of death in LPS-treated Ager™~ mice
that we determined not to be significantly different from WT mice (Fig. 9). This underscores
that the relative importance of RAGE may be context-specific. Comparing the two studies,
we used a lower dose (20 mg/kg versus 50 mg/kg) and mice on a different genetic
background (C57BL/6J versus CD-1). Considering the importance of RAGE in the binding
of DAMPs like HMGBL1 during sepsis [80], it is conceivable that higher doses of LPS elicit
more tissue damage and release of more immune activating DAMPs, making RAGE a more
crucial component to pathology induced during endotoxicity when using higher doses of
LPS. We also corroborated a study that reported that Glo1 was expressed at higher copy
number in the Ager”~ mice we used in the study [66], by showing increased Glol
expression in all tissues examined (Fig. 8). We would not expect that increased Glo1
expression would make the Ager”~ mice more susceptible to LPS counteracting a putatively
protective role of RAGE, but it does indicate that increasing Glo1 expression would not
likely exert a statistically protective effect during sepsis at least at the level of increase
observed in the Ager”~ mice.

In summary, our data support a model in which systemic inflammation during sepsis leads to
increased glycolysis and a concomitant decrease in Glo1 expression, leading to increased
MG production and MG-adduct formation. We have shown that MG is sufficient to induce
inflammatory cytokines. We propose that increased levels of MG-adducts aggregate to form
AGEs, or cause release of DAMPs by inducing cell death, that combine to exacerbate the
ongoing inflammatory response during sepsis, leading to tissue damage and organ failure. In
support of our hypothesis, we detected an increase in MG-modified proteins in the lungs of
LPS-treated mice, yet additional study will be required to measure MG levels directly in
plasma and tissue during sepsis. Thus, targeting MG therapeutically may represent a novel
approach to ameliorate the complications of sepsis. Although some researchers may feel that
targeting Glo1 and RAGE is a reasonable strategy during sepsis to mitigate the effects of
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MG, it is important to note that our data suggests that neither targeting RAGE, nor
increasing Glol, are likely to be the most effective strategies as we have shown many
phenotypes of MG that are RAGE-independent and that Glo1 overexpression is not
protective in an /n vivo model of sepsis. What remains is to more accurately determine the
source of physiological MG and to devise ways to block its accumulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: In vitro and in vivo generation of MG adducts by conditions that polarize macrophages
to an M1 phenotype.

(A) MG reacts with arginine side chains on proteins to form three antigenically distinct
isomers, MG-H1, MG-H2, or MG-H3, that can be detected by WB using specific
antibodies[42]. (B) WT macrophages were stimulated with LPS (10 ng/ml) and IFN-y (20
ng/ml) for the indicated times and SDS-PAGE separated lysates were probed with antibodies
specific for MG-H1, MG-H2, MG-H3, and B-tubulin. (C) WT macrophages were stimulated
with IL-4 (40 ng/ml) for the indicated times and SDS-PAGE separated lysates were probed
with antibodies specific for MG-H1, MG-H2, MG-H3, and GAPDH. (D) Mice were
untreated or injected with a lethal dose of LPS (600 pg) intraperitoneally. After 24 h, lung
tissues were isolated and the resulting lysates were immunoblotted with anti-MG-H1
antibody or anti-GAPDH antibody (loading control). (E, F) WT macrophages were
stimulated with MG (1 mM) for the indicated times (E), or with a broad range of MG
concentrations (0-500 uM) for 4 h in the absence or presence of serum in the media (F). Cell
lysates were separated by SDS-PAGE, transferred to membrane, and probed with the
indicated antibodies. Individual panels in B-F portray a representative blot from experiments
performed 3 times with similar outcomes.
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Figure 2: Macrophages treated with LPS and IFN-y acquire M1 markers and shift metabolism
to aerobic glycolysis.

(A) Primary WT macrophages were treated with media alone (Med; blue), LPS (10 ng/ml)
and IFN- -y (20 ng/ml) (M1; red) or IL-4 (40 ng/ml) (M2; green) for 48 h. M1 Activation
was assessed by measuring the NO- byproduct, nitrite, using the Griess assay and by qRT-
PCR to measure 7nfexpression, by comparing inducible levels to levels in macrophages
treated with medium alone after normalization to Hprtexpression. M2 activation was
assessed by measuring ArgZ and YmlI expression. (B)(C) Glycolytic Stress Test and
Mitochondrial Stress Test performed on macrophage cultures derived from 4 individual
mice, treated as described above in (A) for 24 h. (B) Mean = SEM shown as a Seahorse
wave plot. ECAR (Extracellular Acidification Rate), OCR (Oxygen Consumption Rate),
Olig (Oligomycin), 2-DG (2- deoxyglucose), FCCP (Carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone), AA (Antimycin A). (C) Bar graphs of measurements
to assess individual parameters of glycolysis and mitochondrial respiration.
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Figure 3: Expression of the MG-detoxifying enzyme Glol is regulated by IFN-y signaling, but
not by the transcription factor Nrf2.
Mouse macrophages from WT mice were stimulated with LPS (10 ng/ml) and IFN-y (50

ng/ml) individually or in tandem for the indicated time points. Expression levels of (A)
Ngoland (B) G/ol expression were determined by qRT-PCR. (C) Untreated WT and
Nrf2~/~ macrophages were examined for expression of G/oZ and Ngol. (D) Glo1 protein
levels were determined by Western blot of peritoneal macrophages left untreated, treated
with LPS (100 ng/ml) alone, or treated with both LPS (10 ng/ml) and IFN-y (50 ng/ml) for
24 h. Data in (A, B) represents the mean + SD from 3 independent experiments. * Denotes p
< 0.05. ** Denotes p < 0.01. Significance determined in comparison to mock treatment.
Data in (C) represents the mean expression of Ngol or G/ol1. Dots represent the values from
the individual experiments that were used to calculate the mean. *** Denotes p < 0.001.
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Bands in (D) represent treatments from a single experiment performed in duplicate. The blot
itself is representative of 2 independent experiments with similar outcomes.
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Figure 4: Cell death induced by MG is reversible by pretreatment with AG, but is RAGE-
independent.

WT macrophages were stimulated in duplicate with the indicated doses of purified MG.
Cellular viability was determined after 24 hours of incubation by Mitochondrial reductase
(MTT) activity assay (A) or by trypan exclusion assay (B). (C) WT macrophages were
treated as described in (A), except cells were incubated in the presence of the MG quencher,
AG (1 mM), or the antioxidant, Vitamin C (5 mM), for 30 min prior to MG exposure. MTT
activity was measured as in (A). (D) Macrophages were treated as in (A) except that serum
was removed (or not) immediately prior to MG exposure. (E) WT and Ager”'~ macrophages
were stimulated with the indicated doses of MG. MTT activity was determined after 24
hours of incubation. Data for all panels represents the percent viability (mean + SD)
compared to untreated control cells and represent the results of 3 independent experiments. *
Denotes p < 0.05. *** denotes p < 0.001.
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Figure 5: MG stimulation of primary mouse macrophages fails to induce robust cytokine
expression compared to LPS.
Mouse macrophages from WT or Ager~/~ mice were stimulated with MG (0.3 mM) for the

indicated time points (left graph) or LPS (100 ng/ml; right graph) for 2 h. Expression of (A)
1116, (B) Tnf, (C) Cxc/1 were determined by gRT-PCR. Mouse macrophages from WT or
Ager”~ mice were stimulated with varying doses of MG for 1 hr. Expression of (D) //1b, (E)
7nf; or (F) Cxcl/1 expression were determined by gRT-PCR. The data for panels (A- F)
represents the mean + SD of 3 independent experiments. * Denotes p < 0.05. Mouse BMDM
from WT mice were stimulated with MG (0.3 mM) for the indicated time points or LPS (100
ng/ml) for 30 min. Expression of (G) //1b6, (H) 7nf, or (1) Cxcl1 expression were determined
by gRT-PCR. Data in panels (G-I) represent the mean (lines) of 2 independent experiments.
Each symbol represents the value from each experiment.
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Figure 6: MG regulates expression of the chemokine Cxcl1, but not proinflammatory genes, in
response to concurrent LPS treatment.
WT mouse macrophages were initially stimulated with MG (0.3 mM) or vehicle only

(Mock) for 4 h. Macrophages were then stimulated for an additional 2 h with LPS (1- 100
ng/ml) in the continued presence of MG. Expression of (A) //1b, (B) Tnf; (C) //6, and (D)

Cxcl1 were determined by gRT-PCR. The data represents the mean + SD of 3 independent
experiments. * Denotes a p value < 0.05.
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Figure 7: MG-BSA activates innate signaling pathways in mouse macrophages independent of
TLR4 and RAGE.
WT and 7/r4”~ macrophages (A, B) or WT and Ager’~ macrophages (C, D) were

stimulated with MG-BSA (20 pg/ml) or LPS (100 ng/ml) for 2 h. Expression of //Zband Tnf
were determined by qRT-PCR. The data represents the mean + SD of 3 independent
experiments. * Denotes p < 0.05. *** denotes p < 0.001.

J Leukoc Biol. Author manuscript; available in PMC 2022 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Prantner et al.

Page 29

>
Q
5
-

p = 0.0001 _WT__Ager/-

| —— |
g GlOT | e willigy — 25 kDa

WT  Ager-/-
Peritoneal Macrophages

Fold Induction
N

B glo1
4
WT Ager-I-

¢ .| p=00004 J
S 3 —

8 oo Glo1 ‘—--..— o = | —25 kDa
3 2
£ g |
2 {8 Gapdh’ — ‘—35 kDa
[18

Lung

c glo1 WT  Ager-

< p <0.0001 _40 kDa
B S———— —25 Da

=

©

£

% S —35 kDa
w

Liver
D glo1
4 WT Ager--

5 4 p =0.0025 !

g g y Glo1 - e = —5 kDa

3 4 |

g 2 -

= o *** Gapdn 35 ka

5 11 %oo \

('8 o

WT  Ager-/-
Spleen

Figure 8: Macrophages, lung, liver, and spleen from Ager'/‘ mice all have elevated expression of
Glol.
(A\) Peritoneal macrophages were isolated from WT and Ager”’~ mice. Levels of G/ol

MRNA and Glol protein were determined by qRT-PCR or Western blotting respectively.
Each mark denotes the results from cells isolated from an individual mouse (N = 3 per
group). (B- D) In a separate experiment, the spleens, lungs, and livers were removed from
WT and Ager”~ mice. Levels of G/oI mRNA and Glo1 protein were determined by qRT-
PCR or Western blotting, respectively. Each mark denotes the results of tissue isolated from
an individual mouse (N =5 per group). A two-tailed Student’s ftest was used to calculate
the p values listed in the graphs. From these tissues, 4 per group were analyzed for protein
expression.

J Leukoc Biol. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Prantner et al.

Percent survival

Page 30

WT vs AGER”- (20 mg/kg LPS)

100

1 e \\/T
=== AGER"

50

0 24 48 72 96 120 144 168
Hours

Figure 9: Ager‘/‘ mice exhibit survival equivalent to WT mice following LPS challenge.

WT (N=15; 7 male, 8 female) and Ager”’~ (N=16; 7 male, 9 female) were injected i.p. with
20 mg/kg of LPS. Survival was monitored every 12 h for the first 72 h and daily afterwards
for a total of 7 days. P value calculated by log-rank test.
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