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Macrophages with a deletion of the phosphoenolpyruvate
carboxykinase 1 (Pck1) gene have a more proinflammatory

phenotype
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Phosphoenolpyruvate carboxykinase (Pckl) is a metabolic
enzyme that is integral to the gluconeogenic and glyceroneo-
genic pathways. However, Pckl’s role in macrophage metabo-
lism and function is unknown. Using stable isotopomer MS
analysis in a mouse model with a myeloid cell-specific Pckl
deletion, we show here that this deletion increases the proin-
flammatory phenotype in macrophages. Incubation of LPS-
stimulated bone marrow— derived macrophages (BMDM) with
[U-'3C]glucose revealed reduced '2C labeling of citrate and
malate and increased '3C labeling of lactate in Pckl-deleted
bone marrow-derived macrophages. We also found that the
Pckl deletion in the myeloid cells increases reactive oxygen
species (ROS). Of note, this altered macrophage metabolism
increased expression of the M1 cytokines TNFe«, IL-1f3, and
IL-6. We therefore conclude that PckI contributes to M1 polar-
ization in macrophages. Our findings provide important
insights into the factors determining the macrophage inflam-
matory response and indicate that Pckl activity contributes to
metabolic reprogramming and polarization in macrophages.

Macrophages are versatile cells that adapt themselves to the
microenvironment in tissues. Stimulation of macrophage with
either Th1 cytokines, with interferon-+y (IFN-v), or lipopolysac-
charide (LPS) promotes the inflammatory phenotype with
increased secretion of tumor necrosis factor a (TNFa), inter-
leukin-1 (IL-1B), interleukin-6 (IL-6) and increased produc-
tion of reactive oxygen species (ROS)? and nitric oxides (NOs).
To meet energetic and biosynthetic demands, inflammatory
macrophages are subjected to metabolic reprogramming (1, 2).
This reprogramming increases glycolytic rates and lactate pro-
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duction. The mechanism is thought to occur through repres-
sion of pyruvate dehydrogenase (PDH) by activating pyruvate
dehydrogenase kinase (PDHK), thus limiting carbon flux into
the citric acid cycle (CAC). However, some pyruvate is still oxi-
dized through PDH, which is essential for full LPS activation in
the macrophage (3).

The CAC is central to carbon metabolism coordinating the
metabolism of glucose, glutamine, and other biosynthetic path-
ways such as lipogenesis and nucleic acid synthesis. Upon acti-
vation, macrophages increase their uptake of glutamine to sus-
tain these cataplerotic reactions (4). Glutamate generated from
glutamine is converted to a-ketoglutarate via glutamate dehy-
drogenase and replenishes the CAC. It has been suggested that
metabolites from CAC impact macrophage inflammatory phe-
notypes. For example, increased succinate stabilizes hypoxia-
inducible factor 1o (HIF-1a). The increased HIF-1« positively
regulates proinflammatory cytokine IL-18 expression and
other HIF-dependent genes, including some of the glycolytic
enzymes (5). Another CAC metabolite, citrate, also modulates
macrophage function. Citrate exported by citrate carrier (CIC)
from mitochondria to the cytosol is cleaved by ATP-citrate
lyase (ACLY) into acetyl-CoA and oxaloacetate (OAA). Acetyl-
CoA provides carbons for fatty acid synthesis to meet the
demand for lipids in the proinflammatory state (6). The second
product of citrate metabolism, OAA, is reduced by NADH to
form malate, and malate is decarboxylated and oxidized to form
pyruvate by the malic enzyme. This produces NADPH, which is
used to generate reactive oxygen species by NADPH oxidase
(7, 8).

Pckl is an integral metabolic enzyme for gluconeogenic and
glyceroneogenic pathways (9, 10). It catalyzes the conversion of
OAA into phosphoenolpyruvate (PEP). Although the produc-
tion of PEP from OAA is a cataplerotic reaction during gluco-
neogenesis, Pck1 has also been found to play an important role
in anaplerosis of the CAC. First when Pckl is deleted in the
liver, it results in ~90% decreased CAC flux, which in turn
impairs fatty acid oxidation and ultimately contributes to the
development of hepatic steatosis (11). In the small intestine, it
has been proposed that PEP produced from Pckl can be con-
verted into pyruvate and can re-enter the mitochondria
through PDH (12). Recently, in tumor cells that exhibit the
Warburg effect, Pckl was discovered to play a key role for pro-
moting anabolic metabolism, including synthesis of fatty acids
and nucleic acids (13).
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Figure 1. Generation of myeloid Pck1-deficient mice. A, the schematic represents the generation of LysM-specific Pck1 knock-out mice (Pck1M<*©) by
crossing Pck19f1°X mice with LysM-Cre™ ™ transgenic mice expressing Cre-recombinase under control of the LysM promoter. B and C, to confirm that the
deletion of Pck1 in macrophage cells, BMDM (B) and IPDM (C) from Pck1%1°¥f°Xand Pck1M<*C mice were isolated and treated with LPS (100 ng/ml). Pck1 mRNA
expression was measured by RT-PCR. The values are the mean = S.E. for 4 -6 mice per group normalized with 18S rRNA and expressed as -fold difference over

Pck1 flox/flox

In this study, we found Pckl expression is induced in LPS-
activated macrophages. We determined the metabolic role
of Pckl in the macrophage and show that Pckl has regula-
tory effects that promote the proinflammatory phenotype.
Using Pckl-deleted macrophage we show that upon LPS
stimulation, the macrophages exhibited less carbon entry
into the CAC and had reduced lipid synthesis. We provide
important insights into the macrophage inflammatory
response and show that Pckl contributes to metabolic repro-
gramming in the macrophage.

Results

Pck1 regulates inflammatory phenotype and redox state of
macrophages

To establish whether Pckl expression and activity in the
macrophage have biological significance, we generated mye-
loid-specific deletion of Pckl (Pck1M<™9) (Fig. 14). To
confirm that Pckl was successfully deleted, differentiated thio-
glycollate elicited peritoneal macrophages and bone marrow—
derived macrophages (BMDM) were isolated and treated with
vehicle or LPS for 4 h. The expression of the Pckl mRNA
in macrophages isolated from Pck1™< ° mice was greatly
reduced (Fig. 1B). To determine whether Pckl expression in
other tissues was altered, we isolated skeletal muscle, kidney,
brown adipose tissue, white adipose tissue, and muscle from
fasted Pck1%°1* and Pck1™<¥© mice. Protein was isolated
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and analyzed by Western blotting (Fig. S1). There were no dif-
ferences in Pckl protein expression between Pck1%°¥f°* and
Pck1™M<° mice for the tissues analyzed except for skeletal
muscle which showed a reduction of Pckl in both parental
strains (Pck17°1°* and Pck1M©©) compared with C57BL/6]
(B6) muscle.

Role of Pck1 in the macrophage

To investigate the role of Pckl in the macrophage, we
performed stable isotope analysis of BMDM isolated and dif-
ferentiated from Pck1™< © and control Pck
Glucose uptake in BMDM was measured by administration
of 2-["*C] deoxyglucose (2-DG) to these cells with or without
LPS stimulation. No differences for glucose uptake were
found between Pck1"°¥* and Pck1™< ° BMDM:s in the
basal or stimulated states (Fig. 2A4). To determine the impact
of Pckl on glucose metabolism, we first measured expression
of glycolysis-related genes in macrophages after LPS treat-
ment. Only lactate dehydrogenase (LDH) expression was
altered with 23% less expression in Pck1™<X° cells com-
pared with Pck1%°¥/f°x (Fig, 2B). As lactate is the major end
product of the glycolytic pathway, we measured lactate con-
centration in cells by GC-MS. The lactate concentration in
Pck1MEXO cell was 2.5-fold higher than Pck1o¥/%°x cells
(Fig. 2C).

lflox/ﬂox mice.
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Figure 2. Effects of Pck1 on LPS-induced glycolytic pathway. BMDMs isolated and differentiated from Pck1°1°* and Pck1M<*© mice were incubated with
LPS for 4 h. A, 2-[U-"*Cldeoxyglucose uptake was measured and normalized by protein concentration. Values represent the mean = S.E. for n = 6 per group.
*, p < 0.05 compared with vehicle group with the same genotype. B, mRNA expression of glycolytic enzymes was measured by RT-PCR. The values are the
mean + S.E.forn = 6 -8 per group normalized with 185 rRNA and expressed as -fold difference over Pck119¥/fx_C, |actate concentrations from cell lysates were
determined by GC-MS. Values represent the mean * S.E.for n = 6 per group. *, p < 0.05 compared with Pck11°°* group. GLUT1, glucose transporter 1; PFK2,

phosphofructokinase 2; LDH, lactate dehydrogenase.

Utilization of glucose and glutamine in the macrophage for
CAC

To monitor intracellular glucose utilization in macrophages
under LPS stimulation, we incubated BMDMs for 16 h in the
presence of uniformly '*C-labeled glucose, [U-'*Clglucose.
Cells were collected and analyzed for the total concentrations
of intermediates (unlabeled plus '*C-labeled) and '>C labeling
patterns (isotopomers) using gas chromatography mass spec-
trometry methods (14). The abundances (mole percent enrich-
ments (MPE%)) from [**C]glucose incorporation into the inter-
mediates included the measurements of the isotopomers as
calculated by MPE% = [(**C-labeled M1 thru M + for each of
the CAC intermediates) X (*3C-labeled + unlabeled) ~'] X
100.

The conversion of ['*>C]glucose toward lactate was measured
by the MPE% of M3 lactate. M3 is a mass isotopomer with a
mass shift of 3 m/z from >C (unlabeled). Pck1™M<© cells had
1.8-fold more M3 lactate measured compared with Pck1ox/flox
(Fig. 3A). Pyruvate generated in the glycolytic pathway can also
enter into CAC. Therefore, we investigated the first turn of the
CAC by measuring the total concentrations and abundances of
13C-isotopomers of the CAC intermediates. No differences
were found between Pck17°*1°* and Pck1M<X € cells in total
concentrations of citrate, succinate, and malate (Fig. 3B). How-
ever the abundances of M2 citrate and M2 malate were 5 and
40% less in Pck1™<™© cells (Fig. 3C and Fig. S2), respectively.
M2 is a mass isotopomer with a mass shift of 2 m/z from *>C
(unlabeled). The data suggest decreased pyruvate flux
through PDH in Pck1M“™© cells.

Upon LPS stimulation, glutamine serves as the main sub-
strate for anaplerosis of CAC intermediates (5). To determine
whether the contribution of glutamine to CAC intermediates
was altered in Pck1™<™° macrophages, [U-">C]glutamine was
incubated with LPS-activated BMDMs for 16 h. The total con-
centrations and abundances of '*C-isotopomers of the CAC
intermediates (citrate, succinate, and malate) were measured
and were not different between Pck1?°*/%°* and Pck1M<*©
cells (Fig. 3, D and E, and Fig. S3). Glutamine enters the TCA
cycle as a-ketoglutarate, which is further converted to succi-
nate and releases CO,. Therefore, M4 CAC intermediates were
examined and similar abundance was found in both Pck1%°/fox
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and Pck1™< € cells. M4 is a mass isotopomer with a mass shift
of 4 m/z from '>C (unlabeled). These data suggest that anaple-
rosis of the CAC by glutamine was not affected in Pck1™<*©
cells.

Pck1M<K° macrophages have increased glutamine
concentration

Because glutamine is an important amino acid in growing
active cells (4), we measured the concentration of glutamine
and glutamate as well as the production of glutamine and glu-
tamate from '?C-labeled precursors. Using [U-'*Clglucose
administration to cells, the total concentrations of glutamine
and the >C label incorporation to glutamine were measured
(Fig. 4, A and B). The concentration of glutamine was 1.5-fold
greater in Pck1™<X© cells. However the incorporation of
labeled glucose to glutamine was not different between geno-
types. To measure glutamine uptake in the cells, we used uni-
formly [U-'*C]glutamine administrated to LPS-activated
BMDMs for 16 h. The abundance of total glutamine in the cells
was measured. There was a 1.7-fold increase in glutamine con-
centration in Pck1M< cells compared with Pck1fo/fox cells
(Fig. 4C). There were no differences in M2 or M4 **C-labeled
glutamine (Fig. 4D). We also measured total glutamate concen-
tration (Fig. 4E) and the incorporation of [**C]glutamine into
glutamate (Fig. 4F). There were no differences found between
Pck1M<X O and Pck1™¥f°x cells. These data suggest that the
Pck1M<X© cells have increased glutamine concentration that
may reflect increased uptake but the synthesis of glutamate
from glutamine was the same.

Pck1 needed for palmitate synthesis

Upon activation by LPS, macrophages have increased
demand of lipids for membrane formation. To meet this
demand, acetyl-CoA in activated macrophages is utilized for
the synthesis of large amounts of fatty acids (15). To determine
whether decreased PDH flux in Pck1™<™X© cells impacts fatty
acid synthesis, we measured de novo lipogenesis using deuteri-
um-labeled water method (16). Deuterium incorporation into
triacylglycerol (TG) and TG-palmitate is used for the quantifi-
cation of newly synthesized glycerol and palmitate in macro-
phages. We found similar synthesis of new glycerol in
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Figure 3. Contribution of glucose to central metabolism of LPS-activated macrophages. A-C, BMDM:s isolated from Pck1of°x and Pck1MSHKC mice were

incubated with [U-'3Clglucose in the presence of LPS for 16 h and GC-MS was performed for absolute concentration of M3 lactate (A), total concentrations of
CAC (B), and contribution of '*C to M2-CAC (C). D and E, BMDM:s isolated from Pck1%¥/f°* and Pck1M“KC mice were incubated with [U-'Clglutamine in the
presence of LPS for 16 h and GC-MS was performed for total CAC concentrations (D) and contribution of '*C label to M4-CAC (E). Values represent the mean +
S.E.for n = 6 per group. *, p < 0.05 compared with Pck1%°x group.
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Figure 4. Contribution of glutamine to central metabolism of LPS-activated macrophages. BMDMs were isolated and differentiated from Pck1f°floxand
Pck1M<KO mice. They were incubated with [U-"3Clglucose in the presence of LPS for 16 h. A and B, GC-MS was performed for total glutamine concentration (A)
and contribution of '>C label to glutamine (B). BMDM:s isolated from Pck17¥f°* and Pck1<*© mice were incubated with [U-'3Clglutamine in the presence of
LPS for 16 h. C-F, GC-MS was performed for total glutamine concentrations (C), contribution of '3C label to M2 and M4 glutamine (D), total glutamate
conc:len%ations (E), and contribution of '*C label to M2 and M4 glutamate (F). Values represent the mean * S.E. for n = 6 per group. *, p < 0.05 compared with
Pck1"¥* group.

Pck1MEXKO and Pck1®¥/fox cells, but the Pck1M< € cells To further determine whether the decrease of fatty acid syn-
synthesized 40% less palmitate than Pck1%°*/f° cells (Fig. 5, A thesis is directly impacted by deletion of Pck1 in myeloid cells,
and B). we analyzed the synthesis of lipids using a known substrate of
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Figure 5. De novo lipogenesis in LPS-activated macrophages. A-E, BMDMs isolated and differentiated from Pck1%o¥f°xand Pck

1MCEKO mice were incubated

with [?H,0] (A and B) or [3-'3*Cllactate (D and E) in the presence of LPS for 16 h. GC-MS was performed for lipid-bound glycerol and palmitate. The values are
expressed as newly synthesized or abundance (MPE%) as indicated. Values represent the mean = S.E.for n = 3 per group. C, BMDMs isolated and differentiated
from Pck1%o¥/fox and Pck1MSKO mice were incubated with LPS for 4 h. mRNA expression of lipid metabolism genes were measured by RT-PCR. F, BMDMs
isolated from Pck1%°¥°xand Pck1M“*© mice were incubated with LPS for 4 h and total triglyceride concentration in the cells was measured. The values are the
mean = S.E. for n = 6-8 per group normalized with 18S rRNA and expressed as -fold difference over Pck1flex/flox * < 0.05. FASN, fatty acid synthase; ACC,

acetyl-CoA carboxylase; CD36, cluster of differentiation 36.

gluconeogenesis and glyceroneogenesis, [3-'*C]lactate. The
[*3C]lactate was administered to LPS-activated BMDMs for
16 h. The abundance of **C labeling into TG-glycerol and TG-
palmitate was calculated. Consistent with our de novo lipogen-
esis study using deuterium-labeled water, we found that the
Pck1MEXO cells synthesized less palmitate than Pckl®ox/fox
cells, and very little glycerol was synthesized from the lactate
precursor (Fig. 5, D and E). The glycerol-3-phosphate would be
generated from glucose in the media. This suggests that Pck1 in
the macrophage is not required for glycerol-3-phosphate syn-
thesis or glyceroneogenesis. In addition, expression of genes
associated with lipid metabolism was measured in macro-
phages. We found no differences in acetyl-CoA carboxylase and
CD36 mRNA expression, but fatty acid synthase expression was
reduced in Pck1™<X° cells (Fig. 5C). The total concentration
of triglyceride in the BMDM was not different between geno-
types (Fig. 5F). As Pck1 is known for its gluconeogenic role, the
abundance of '3C-labeled glucose from ['*Cllactate and
[*3C]glutamine were also measured in these cells. However, we
did not detect >C-labeled glucose in either Pck1"f°x or
Pck1MSKO cells for either substrate, suggesting Pck1 does not
participate in gluconeogenesis in macrophages (data not
shown).

Lack of Pck1 in macrophages results in increased M1 cytokines

We investigated the impact of the deletion of Pck1 in macro-
phages on macrophage polarization using quantitative RT-PCR
analysis. We measured expression of macrophage phenotype
markers and cytokines, iNOS, ARG1, TNFe, IL-18, IL-6, and
IL-10. We found significantly increased expression of TNFa,
IL-1B, and IL-6 in the Pck1™M< € cells, suggesting the cells have
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more of an M1 proinflammatory phenotype (Fig. 6A). To inves-
tigate the importance of Pckl on expression of M1 markers, we
overexpressed Pckl in RAW 264.7 cells and analyzed proin-
flammatory markers upon LPS stimulation (Fig. 65). We found
that overexpression of Pckl dramatically reduced TNFa, IL-1f,
IL-6, and IL-10, suggesting that Pckl may be a key regulator of
macrophage metabolism and thus macrophage polarity.

To determine whether the altered cytokine mRNA expres-
sion in Pck1™<X© cells influences inflammatory response, we
measured ROS production in BMDMs isolated and differenti-
ated from Pck1%°¥/1°* and Pck1™<™© mice. To examine ROS
production directly, Pck1%°¥/f°* and Pck1™<*° BMDMs were
incubated with cell-permeant reagent 2',7'-dichlorofluorescin
diacetate (DCFDA), a fluorogenic dye that measures hydroxyl,
peroxyl, and other ROS activity within the cell in the presence
of LPS for 4 h. The fluorescent intensity measured in
Pck1MEXO cells was significantly higher than Pck17*/%°* cells
(Fig. 6D).

Because the glycolytic metabolite PEP has been shown to
play a role in sustaining T cell receptor—mediated Ca™>-NFAT
signaling and effector functions by repressing sarco/endoplas-
mic reticulum Ca®>*-ATPase (SERCA) activity (17), we mea-
sured the PEP concentration in our BMDM (Fig. 6C). We found
that the Pck1™<™© cells had 37% more PEP than Pck1/x/fox
BMDM after 4 h of incubation with LPS (100 ng/ml). The
Pck1MSXO cells also have increased ROS (Fig. 6D), which sug-
gests that these cells may have endoplasmic reticulum (ER)
stress. Therefore, we analyzed total PK RNA-like ER kinase
(PERK) protein concentrations in BMDM from Pck1M<© and
Pck1fo¥/flox cells with LPS for 4 h (Fig. 7). The Pck1M<€ cells

J. Biol. Chem. (2018) 293(9) 3399-3409 3403
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Figure 6. Effects of Pck1 on the regulation of LPS-induced inflammatory phenotypes. A and B, LPS was administered to (A) BMDMs isolated and
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promoter only) or with Pck1 overexpressed (Pck1 o/e) (n = 3). The cells were stimulated with LPS (100 ng/ml). mRNA expression of macrophage parameters was
measured by RT-PCR. The values are the mean =+ S.E. normalized with 185 rRNA and expressed as -fold difference over Pck1%®f°x C, BMDM:s isolated and
differentiated from Pck1%°¥f°x and Pck1M*° mice (n = 5-6 mice). The cells were stimulated with LPS (100 g/ml). The concentration of PEP was measured
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production was assessed with CM-H,DCFDA and the intensity of fluorescence was measured by flow cytometry. The values are expressed as -fold difference
over Pck1fo¥flox values represent the mean + S.E.*, p < 0.05; **, p < 0.01; and ***, p < 0.001 compared with Pck11°fox group.

Pcklﬂox/ﬂox pck1MC—KO
1 2 3 5 7 8
bannd PERK
- e s—  c|F2a-P
g e — . a—  c|F20-T
TS S HsC-70

Figure 7. PERK deficiency in Pck1V<X© cells. BMDMs isolated and differen-
tiated from Pck17o¥/foxand Pck 1M mice (n = 8). A, after treatment with LPS
(100 ng/ml) whole cell lysates were made and immunoblotted for the indi-
cated proteins. The values are the mean = S.E. normalized with 185 rRNA and
expressed as -fold difference over Pck1%9flox, pERK, total PKR-like ER kinase;
elF2a-T, total elF2¢; elF2a-P, phospho-elF2« (Ser-51); HSC-70, heat shock cog-
nate 70.

had lower levels of PERK compared with Pck1fo¥/fox cells.
Because ATF4 is downstream of PERK activation, we measured
the expression levels of ATF4 mRNA in BMDM from
Pck1M<XO and Pck1/fox cells with and without LPS for 4 h
and found that Pck1™<© has increased ATF4 mRNA expres-
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sion (Fig. S4). However the protein levels of ATF4 were not
increased. We also measured BiP protein levels but they were
not increased in the Pck1™<¥© cells (Fig. S4) either. These data
suggest that even though there are low levels of PERK in
Pck1MEKO cells, the Pck1MEC cells do not have increased ER
stress.

Discussion

Using stable isotope techniques we have investigated the role
of Pckl in macrophages. The data from the [U-'*C]glucose
tracer studies indicated that glucose uptake was not altered in
Pck1™< ° mice but the flux of glucose to acetyl-CoA and cit-
rate was reduced. The consequences were increased lactate
concentration and reduced palmitate synthesis. We also found
reduced M2 labeling from glucose. This suggests an anaplerotic
role for Pckl in the macrophage. When Pckl is deleted, the
conversion of PEP to OAA to malate to CAC would be inhib-
ited. It is possible that unlabeled aspartate could be converted
to OAA to malate to CAC. This would reduce labeling of M2 by
glucose and support an important role for Pckl in the macro-
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phage. From our studies it is evident that Pckl did not partici-
pate in gluconeogenesis or glyceroneogenesis because these
pathways were not detectable or not altered, respectively, in the
Pck1™M<X© cells. More importantly Pck1 is required for a bal-
ance of the M1/M2 macrophage phenotype. When Pckl was
overexpressed it reduced the M1 phenotype, whereas deletion
of Pckl promoted the proinflammatory phenotype. Our data
also suggested that Pckl was required for lipid metabolism in
the macrophage because of reduced palmitate synthesis in the
Pck1™M< ° macrophages.

In response to infection or during states of chronic stress,
macrophages require extensive reprogramming metabolically
and phenotypically to amplify proinflammatory responses. The
macrophages develop a Warburg-like phenotype, similar to
tumor cells, by increasing glycolysis generation of lactate. How-
ever, little is known about how macrophage metabolism regu-
lates its polarization. It has been demonstrated that Pckl in
tumor cells promotes the utilization of glucose and glutamine
for anabolic metabolism, including synthesis of fatty acids and
nucleic acids (18). In the current study, we demonstrate that
deletion of Pckl in the myeloid cells impacts CAC concentra-
tions, and increased cytokine expression of TNFe«, IL-13, and
IL-6.

When Pckl was knocked down in macrophages, we found
the same level of glucose uptake into the cells, yet we found
elevated lactate production. Concurrently, carbon flux through
PDH reaction was reduced when Pckl was knocked down,
especially impacting on citrate and malate generation. These
data suggest that the role of Pckl may be to promote carbon
flux from pyruvate toward CAC instead of lactate production.
CAC in activated macrophage is important to provide the sub-
strates for the biosynthesis of ribose, fatty acids, and nonessen-
tial amino acids (19). To sustain the central pathways, increased
uptake of glucose and glutamine promotes anaplerotic reac-
tions. Recently it has been demonstrated that PDH flux is essen-
tial to sustain LPS activation (3). This reaction provides carbons
for citrate synthesis, which are then transported out of mito-
chondrion into the cytosol for lipogenesis (3). Our study sup-
ports this because Pckl-deleted macrophages have less palmi-
tate synthesized. This may be because of the limited acetyl-CoA
derived from pyruvate. When PDH flux is repressed, evidence
shows that citrate is increasingly generated by reductive car-
boxylation of a-ketoglutarate, which is mostly originated from
glutamine (20). Although total glutamine concentrations were
elevated in Pck1™< € cells, the first-phase contribution of glu-
tamine to citrate was not significantly different compared with
Pck1x/fox cells, as indicated by the abundance of **C-labeled
M5 (data not shown). This suggests the high demand of citrate
in LPS-stimulated macrophages is mostly supplied from glu-
cose via PDH.

Elevated glutamine concentration in Pck cells may
promote a proinflammatory state with increased production of
proinflammatory cytokines and mediators. We observed that
deletion of Pck1 in macrophages with enhanced lactate produc-
tion resulted in promoting the proinflammatory phenotypes.
Tannabhill et al. (5) have demonstrated that LPS-induced IL-13
release is dependent on glycolytic pathways with increased suc-
cinate level for the stabilization of HIF-1« signaling . Specifi-
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cally, they showed that chronic LPS activation in macrophages
causes an increase in intracellular succinate via glutamine-de-
pendent anaplerosis. Succinate stabilizes HIF-a by inhibiting
prolyl hydroxylase domain (PHD) enzyme activity. Stabilized
HIF-« binds to HIF response elements (HREs) in target genes,
including those encoding glycolytic enzymes and IL-18 (21).
However, alteration in succinate abundance was not detected
in our cell system, suggesting a novel and alternate mechanism
linking reduced malate and citrate to inflammation.

When Pckl was knocked down, the levels of TNFq, IL-1p,
and IL-6 were increased whereas the overexpression of Pckl in
RAW 264.7 cells reduced the levels of TNFq, IL-13, and IL-6.
These data suggest that Pckl plays an integral role in the
macrophage polarization.

Previous studies have shown that PEP inhibits SERCA activ-
ity in T cells and reduces ER Ca™? concentrations (17). When
calcium concentration in the ER is chronically decreased, the
function of the chaperones becomes disturbed and unfolded
proteins accumulate, resulting in ER stress. As a consequence,
ER-stress sensors become devoid of GRP78/BiP and become
activated causing an early adaptive response or late responses
promoting apoptosis (22). Ca™ 2 has also been shown to impact
IL-18 cytokine expression. Reduced ER Ca™? stores can acti-
vate the NLRP3 inflammasome and increase IL-13 (23). In our
study we have a modest increase of PEP which did not increase
ER stress in our Pck1™<© cells, but did alter the total concen-
tration of PERK. The reason we find reduced total PERK pro-
tein in our Pck1M< 2 macrophages is not fully understood.
However, other studies have shown that a deficiency of PERK in
cancer cells have blunted Ca *? signaling, increased eIF2a phos-
phorylation, and improved cell viability (24).

In our study we find elevated ROS production in the
Pck1M<X O cells. We hypothesize that deletion of Pckl may
enhance the malic enzyme activity. Thus when malate is decar-
boxylated and oxidized to form pyruvate by the malic enzyme,
there would be an increased production of NADPH by NADPH
oxidase resulting in increased proinflammatory cytokines.

ROS production from the glycolytic pathway has been exhib-
ited to enhance inflammation and production of cytokines
because of mitochondrial ROS generation (25). Upon LPS stim-
ulation, NADPH oxidase activity is significantly enhanced and
generates large amounts of ROS to destroy pathogens (26). ROS
production has been implicated in regulating proinflammatory
cytokines IL-1B8 and IL-18 production (27). The activation by a
second stimulus such as ATP will trigger ROS generation, fol-
lowed by caspase-1 and inflammasome activation and cytokine
production.

In conclusion, in this study we show that deletion of Pck1 in
macrophages promotes a more M1-like phenotype with
increased expression of proinflammatory cytokines. In our
model, we found that loss of Pckl represses the anaplerotic
pathway and enhances lactate production. This is accom-
plished by 1) the decreased flux through PDH and 2) the
increased production of ROS in the Pck1™<™ cells (Fig. 8). It
is now recognized that chronic inflammation has a crucial role
in the pathogenesis of obesity-related diseases (28). Elevated
levels of proinflammatory markers including TNFe«, IL-13, and
IL-6 are predictive of type 2 diabetes (28 —30). Thus by under-
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Figure 8. Deletion of Pck1 in macrophage cells. The deletion of Pck7 results
in increased lactate concentrations in the cell. The flux through pyruvate
dihydrogen complex is reduced resulting in decreased citrate levels and
reduced fatty acid synthesis. The deletion of Pck1 prevents the decarboxyla-
tion of OAA to PEP. Thus, OAA would be reduced by NADH to form malate;
malate would be decarboxylated and oxidized to form pyruvate by the malic
enzyme. This produces NADPH, which is used to generate ROS by NADPH
oxidase. Generation of ROS serves as defense against invading microbes and
is viewed as the assurance of monocyte/macrophage activation to M1-like
phenotype.

standing the regulation of macrophage polarization we may
identify novel therapeutic approaches for type 2 diabetes or
other inflammatory diseases.

Materials and methods
Chemicals

For the Pckl construct, mouse Pckl cDNA cloned into the
pCMV6 —entry vector was purchased (OriGene Technologies).
RAW 264.7 cells were transfected with either the control
pCMV6-entry vector or pCMV6-entry vector containing the
mouse Pckl cDNA using FUGENE 6 transfection agent
(Roche). Lipopolysaccharide (Sigma-Aldrich) or recombi-
nant murine interleukin-4 (Peprotech, Rocky Hill, NJ) was
prepared as a working stock of 25 ug/ml in sterile 1 X phos-
phate buffered saline (PBS) and added into the wells of the
culture dish for a final concentration of 100 ng/ml (LPS) or
20 ng/ml (IL-4).

Cell culture

RAW 264.7 cells from ATCC (ATCC* TIB-71, Manassas,
VA) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100
units/ml penicillin, 100 pg/ml streptomycin, and 6 mm gluta-
mine in a humidified atmosphere of 5% CO, and 95% air at
37 °C. For experimental incubations, cells in log-phase growth
were plated at a density of 1-5 X 10° cells/ml and allowed to
attach overnight. Cells at 80% confluency were then treated
with 100 ng/ml LPS or 20 ng/ml IL-4 for 4 h. The media were
removed and the cells were collected for analysis. Experimental
incubations were terminated by directly lysing cells in the
appropriate lysis buffer.

Animals and bone marrow- derived macrophages

All animals were housed in a temperature-controlled facility
with a 12-hlight/dark cycle in compliance with the Institutional
Animal Care and Use Committee (IACUC) of Case Western
Reserve University. LysM-specific Pckl knock-out mice
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(Pck1™<XO mice) were generated by crossing Pck17°*1°* mice

with LysM-Cre*/~ transgenic mice expressing Cre-recombi-
nase under control of the LysM promoter. These mice display
no alterations in immune cell frequencies. Pck11°¥/f° mice
(designated as controls) were used as control animals, and
LysM-Pckl mice (designated as Pck1™<X©) were used as
experimental animals. Pck1*/1°* mice were generated as
described previously and maintained in C57BL/6] background
(31). LysM-Cre transgenic mice were obtained from The Jack-
son Laboratory (Bar Harbor, ME).

BMDMs were generated as described previously (32, 33).
Briefly, mononuclear phagocyte progenitor cells derived from
femur and tibia bones of male Pck1?°*/#°* and Pck1™<X mice
were cultured in cell-culture medium supplemented with
mouse recombinant macrophage— colony stimulating factor
(M-CSF) (Peprotech, Rocky Hill, NJ) for 7 days. Peritoneal
macrophages were elicited and cultured 3 days after the induc-
tion of peritonitis by 4% thioglycollate broth administered to
male Pck17°¥1°* and Pck1™<© mice as described previously
(34). Peritoneal macrophages and BMDMs were left untreated
or polarized using 100 ng/ml LPS or 20 ng/ml IL-4 for 4 h.

Glucose uptake assay

BMDM cells were washed twice with 0.5 ml of 37 °C 1 X PBS
and then incubated for 10 min at 37 °C in 0.5 ml/well DMEM
(10 mm glucose, 5 mMm glutamine, 136 mm NaCl, 4.7 mm KCI,
1.25 mm CaCl,, 1.25 mm MgSO,, 10 mm HEPES, pH 7.4) with
0.5 uCi/ml of 2-[U-"*C]deoxy-D-glucose (PerkinElmer Life Sci-
ences). Cells were washed twice with 0.5 ml of cold 1X
PBS with 20 mm D-glucose and then lysed in 0.5 ml of lysis
buffer (0.025% SDS, 1% Triton X-100 in 1X PBS). Lysates
were centrifuged at 20,000 X g for 5 min at 4 °C, and the
protein concentrations were determined with a protein
quantification kit (Bradford Assay, Abcam, Cambridge, MA)
according to manufacturer’s directions. Remaining lysates
were counted using a scintillation counter. The data are
expressed as disintegrations per minute per milligram of
protein (35).

Mass spectrometric measurement of '>C incorporation into
central metabolism

Cells were incubated in DMEM with 10% FBS and 1% peni-
cillin/streptomycin that contained U-'?C-labeled substrates
and LPS (100 ng/ml): Condition 1, 10 mm [U-">C]glucose (99
atom %) with 5 mm glutamine; condition 2, 10 mm glucose with
5 mm [U-'3C]glutamine (99 atom %); and condition 3, 10 mm
glucose, 5 mm glutamine, and 1 mm [3-"2C]lactate (99 atom %).
13C label incorporation into cells was at 80 —-90% confluence.
13C label incorporation into cells at 80-90% confluence was
measured in medium containing 100% of one of the '*C-labeled
substrates outlined in the above conditions, and cultured at
37 °C for 16 h. The media were then removed and saved for
measurements of concentrations and MPE of the '3*C-labeled
precursors and '*C-labeled respective products. The isolated
cells were stored at —80 °C and then analyzed for total concen-
trations and MPEs (**>C-labeled isotopomers).

The fractional contribution of the precursor to the product
was based on the MPE-derived from the *>C label incorporation
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into the total pool of each of the products. Mass isotopomer
analysis enables the measurements of unlabeled analyte (MO)
to the labeled analyte (M+1, 2, or 3, etc.). The measured mass
isotopomer distribution was corrected for natural enrichment
of each mass. All stable isotopomer analysis was completed at
the Case Mouse Metabolic Phenotyping Center. The ">C-
labeled CAC intermediates were determined by using gas
chromatography—mass spectrometry (14, 36).

Mass spectrometric measurement of deuterium incorporation
into palmitate and triglyceride

To measure stable isotope incorporation, cells at 80-90%
confluence were switched into fresh medium containing 10%
?H,0 and cultured at 37 °C for 16 h. Medium was removed and
saved for percent enrichment measurements and the cells were
isolated and stored at —80 °C until analysis. Triglyceride con-
centrations and de novo lipogenesis were measured by mass
spectrometry by the Case Mouse Metabolic Phenotyping Cen-
ter. The [*H] label on triglyceride-derived glycerol and palmi-
tate was measured as the amount of newly synthesized triglyc-
eride and palmitate and calculated as described by Bederman
etal. (16).

Extraction of intracellular metabolites and gas
chromatography-mass spectrometry

Cells homogenized with reference compounds were
extrac-
ted with 1 ml of chloroform-methanol 2:1. The slurry was cen-
trifuged at 11,000 X g for 20 min at 4 °C. The upper methanol-
water phase was collected and evaporated in a Savant vacuum
centrifuge. To determine glucose and triglyceride-bound glyc-
erol, the residue was reacted with 50 ul of acetic anhydride
solvent at 70 °C for 1 h. To determine CAC intermediates, the
residue was reacted with 70 ul bis(trimethylsilyl)trifluroacet-
amide with 10% trimethylchlorosilane at 70 °C for 1 h. The
chloroform phase was evaporated and used to determine trig-
lyceride-bound palmitate (14, 36). The trimethylsilyl-deriva-
tized samples were injected into an SSL injector at 270 °C in
splitless mode. GC-MS analysis was performed using an Agilent
5973N-MSD equipped with an Agilent 6890 GC system and a
DB-17 MS capillary column; helium was used as carrier gas. For
each analyte the signals at the nominal #/z were monitored. All
analytes were corrected for natural abundances (above back-
ground) and the MPEs were calculated.

Real-time RT-PCR analysis

Total RNA was isolated with an NucleoSpin® RNA kit
(Macherey-Nagel Inc., Bethlehem, PA) and synthesized to
single-strand cDNA from 500 ng of total RNA using random
hexamer primers and murine mammary tumor virus
(MMTV) reverse transcriptase (Applied Biosystems, Foster
City, CA). Real-time qRT-PCR analysis was performed using
Bullseye EvaGreen SYBR qPCR reagent (MidSci, St. Louis,
MO) on a Chromo4 Cycler (M] Research/Bio-Rad, Hercules,
CA) with specific primer sequences (see Table S1). Data were
normalized using the comparative threshold cycle (Ct)
method with load variations normalized to 18S rRNA as
described (37).
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Intracellular reactive oxygen species production

The 5-(and-6)-chloromethyl-2’,7’-dichlorodihydro-fluores-
cein diacetate, acetyl ester (CM-H,DCFDA) were obtained
from Life Technologies. BMDM cells were seeded on the 6-well
plates at a confluence of 70%. After full attachment, cells were
loaded with 5 um CM-H,DCEDA dye following the protocol
provided by Life Technologies and incubated at 37 °C for 30
min. The intensity of fluorescence was determined by flow
cytometry.

Measurement of PEP in BMDM

BMDM cells were isolated from femur and tibia bones of
male Pck1%°¥/M°* and Pckl ™/~ mice were cultured in cell-
culture medium supplemented with mouse recombinant
M-CSF (Peprotech) for 7 days. Cells at 80% confluency were
then treated as with 100 ng/ml LPS for 4 h. The medium was
removed and the cells were collected for analysis. We used
the PEP Assay Kit (BioVision, Milpitas, CA) to measure PEP
concentrations in the cells according to manufacturer’s
directions. In the assay, PEP is converted to ATP and pyru-
vate. The generated pyruvate is quantified by colorimetric
(Amax = 570 nm) or fluorometric methods (Ex/Em 535/587
nm). The concentrations were normalized by total protein.

Western blot analysis

Pck1%o¥/fox and Pck1M< mice were euthanized and tissue
samples were collected, protein was isolated and analyzed by
Western blot analysis as previously described (34). The mem-
branes were incubated with antibodies to Pckl (anti-PCK1
antibody, ab70358, rabbit Ab, Abcam, Cambridge, MA).
BMDM cells were isolated from femur and tibia bones of male
Pck1ox/fox and Pck1M<X© mice were cultured in cell-culture
medium supplemented with mouse recombinant M-CSF (Pep-
rotech) for 7 days. Cells at 80% confluency were then treated as
with 100 ng/ml LPS for 4 h. C57BL6/] mouse embryonic fibro-
blasts (MEFs) were grown in high glucose DMEM supple-
mented with 10% defined FBS (Invitrogen), 2 mM L-glutamine,
100 units/ml penicillin, and 100 wg/ml streptomycin. ER stress
was induced with 400 nm thapsigargin (Sigma-Aldrich) for 12 h.
Cells were collected, protein was isolated and analyzed by
Western blot analysis as previously described (34). The mem-
branes were incubated with antibodies to total PERK (PERK
(C33E10) rabbit mAb), total elF2a (elF2a (L57A5) mouse
mADb), phospho-elF2a (Ser-51) (phospho-elF2« (Ser-51) 9721
rabbit), BiP (BiP (C50B12) 3177 rabbit mAb), ATF-4 (ATF-4
11815 rabbit mAb) (Cell Signaling Technology). The negative
controls (with no primary antibodies added) showed no
staining.

The immunoreactive proteins were detected using the
SuperSignal West Pico Chemiluminescent Substrate Kit
(Thermo Scientific) and the density of the immunoreactive
bands was measured by scanning densitometry (UN-SCAN-
IT, Silk Scientific, Orem, UT). The membranes were normal-
ized for loading differences using heat shock cognate-70
(HSC70) protein (HSC 70 Antibody (1B5), sc-59560 rat
mAb, Santa Cruz Biotechnology, Santa Cruz, CA) as previ-
ously described (38).
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Statistical analysis

The values reported are mean = S.E. Data were analyzed with

Student’s ¢-test using GraphPad Prism 4 (GraphPad Software,
San Diego CA). p value < 0.05 was considered significant.
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tion of the data and writing of the manuscript. D. C. and J. W. per-
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