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Hyperlactatemia often occurs in critically ill patients during
severe sepsis/septic shock and is a powerful predictor of mor-
tality. Lactate is the end product of glycolysis. While hypoxia
due to inadequate oxygen delivery may result in anaerobic
glycolysis, sepsis also enhances glycolysis under hyperdynamic
circulation with adequate oxygen delivery. However, the mo-
lecular mechanisms involved are not fully understood. Mitogen-
activated protein kinase (MAPK) families regulate many aspects
of the immune response during microbial infections. MAPK
phosphatase (MKP)-1 serves as a feedback control mechanism
for p38 and JNK MAPK activities via dephosphorylation. Here,
we found that mice deficient in Mkp-1 exhibited substantially
enhanced expression and phosphorylation of 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase (PFKFB) 3, a key enzyme
that regulates glycolysis following systemic Escherichia coli
infection. Enhanced PFKFB3 expression was observed in a va-
riety of tissues and cell types, including hepatocytes, macro-
phages, and epithelial cells. In bone marrow—derived
macrophages, Pfkfb3 was robustly induced by both E. coli and
lipopolysaccharide, and Mkp-1 deficiency enhanced PFKFB3
expression with no effect on Pfkfb3 mRNA stability. PFKFB3
induction was correlated with lactate production in both WT
and Mkp-1"'~ bone marrow—derived macrophage following
lipopolysaccharide stimulation. Furthermore, we determined
that a PFKFB3 inhibitor markedly attenuated lactate produc-
tion, highlighting the critical role of PFKFB3 in the glycolysis
program. Finally, pharmacological inhibition of p38 MAPK, but
not JNK, substantially attenuated PFKFB3 expression and
lactate production. Taken together, our studies suggest a critical
role of p38 MAPK and MKP-1 in the regulation of glycolysis
during sepsis.

Lactic acidosis is common in critically ill patients with se-
vere sepsis/septic shock. In fact, a serum lactate level greater
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than 2 mM is one of the criteria for diagnosis of septic shock
by the Sepsis Definition Task Force (1, 2). Serum lactate is also
a powerful predictor of mortality in patients with sepsis (3, 4),
and a serum lactate level greater than 4 mM is associated with
a mortality rate of 28.4% (3). Although hyperlactatemia has
been considered an indication of anaerobic glycolysis within
tissues due to oxygen “debt” at a cellular level, the theory of
inadequate tissue oxygenation does not explain many clinical
or experimental observations. Septic patients usually exhibit
increased oxygen transport, particularly after hemodynamic
resuscitation and oxygen delivery (5-7), and yet hyper-
lactatemia persists in a subset of sepsis patients. Additionally,
lactic acidosis can develop without tissue hypoxia in a variety
of tissues, including muscle, intestinal mucosa, heart, lung, and
brain (8—11). More recent studies support the idea that sepsis
promotes a marked change in the metabolic program, shifting
the glucose metabolic pathway from oxidative phosphorylation
to glycolysis (12-15). The metabolic reprogramming of
glycolysis is an important mechanism that regulates immune
cell activation mediated by innate immune sensors/receptors
(16, 17).

Glycolysis consists of 10 consecutive enzymatic reactions
(18). The three key, rate-limiting enzymes of glycolysis are
hexokinase (HK), phosphofructokinase (PFK) 1, and pyruvate
kinase. HK converts glucose to glucose-6-phosphate and PFK1
catalyzes the important “committed” step of glycolysis, the
conversion  of  fructose-6-phosphate  to  fructose-1,6-
bisphosphate. Fructose-2,6-bisphosphate (F-2,6-bisP), the most
potent allosteric activator of PFK1, is produced from fructose-6-
phosphate by a family of bifunctional 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase  (PFKFB) enzymes and
broken down by the same class of enzymes. Among the PFKFB
family members, the inducible PFKFB3 has the highest kinase-
activity/phosphatase-activity ratio, thus it is able to produce
high levels of F-2,6-bisP. Additionally, PFKFB3 can be further
activated by a number of protein kinases via phosphorylation
(19-22). PFKFB3 activation dramatically bolsters PFK1 activity
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and PFK1-mediated glycolysis. While the role of PFKFB3 in
glycolysis is well studied (23, 24), the regulation of PFKFB3
during the immune response is still not fully understood. It has
been shown that HIFla and NF-kB, two major transcription
factors, can regulate Pfkfb3 gene expression and glycolysis (25,
26). In the present study, we found that the absence of MKP-1, a
crucial negative regulator of p38 and JNK MAPKs, substantially
elevated PFKFB3 expression and phosphorylation both in vivo,
in Escherichia coli—-infected septic mice, and in vitro, in lipo-
polysaccharide (LPS)-stimulated macrophages. The induction
and phosphorylation of PFKFB3 by LPS in macrophages were
primarily mediated by p38 MAPK. Pharmacological inhibition
of PFKFB3 or p38 MAPK markedly attenuated lactate pro-
duction by macrophages following inflammatory stimuli. These
results indicate that p38 MAPK is a crucial initiator of glycolysis
during sepsis, and MKP-1 serves as a feedback control mech-
anism of sepsis-induced glycolysis. Our studies suggest that p38
MAPK and MKP-1 are important regulators of glycolytic
reprogramming during sepsis.

Results

Mkp-1~"" mice exhibit significantly elevated PFKFB3
expression relative to WT mice when infected with E. coli

To understand the molecular basis of increased glycolysis
following sepsis, we examined the RNA-seq database gener-
ated from liver samples of PBS-treated and E. coli—infected
WT and Mkp-1 KO mice (27). We analyzed the gene
expression levels of the enzymes that catalyze the 10 steps of
glycolysis and found that E. coli infection increased the mRNA
levels of several glycolytic enzymes, including HK1-3, PEKFB3,
PFKFB4, PFKP, and PKM (Fig. 1A). Interestingly, Mkp-1
deficiency substantially exacerbated the expression of three
key glycolytic enzymes: HK2, PFKFB3, and PFKP. Because
PFKP is a platelet-specific enzyme (28), its expression likely
reflects the platelet contents in the liver tissues. Although Hk2
mRNA levels were substantially higher in the livers of E. coli—
infected Mkp-1 KO mice, HK2 protein levels did not signifi-
cantly differ from those of WT mice (data not shown). PFKFB3
is particularly interesting since PFKFB3 generates F-2,6-BisP,
an allosteric activator of the rate-limiting enzyme PFK1. Thus,
enhanced PFKFB3 activity is expected to stimulate glycolysis
substantially. Mkp-1 deficiency significantly enhanced Pfkfb3
mRNA expression levels in the livers of Mkp-1 KO mice both
in controls and after E. coli infection (Fig. 1B). We then
examined the levels of liver PFKFB3 protein in the control and
E. coli-infected mice by Western blotting using a polyclonal
PFKFB3 antibody (Fig. 1C). PFKFB3 protein levels were very
low in the livers of both control WT and Mkp-1 KO mice.
E. coli infection increased the amount of 3 to 4 PFKFB3 iso-
forms of 52 to 67 kDa in WT mice, and PFKFB3 protein levels
were significantly higher in E. coli-infected Mkp-1 KO mice
than in E. coli-infected WT mice (Fig. 1, C and D). Moreover,
the relative abundances of the PFKFB3 isoforms expressed in
E. coli—infected Mkp-1 KO mice were also different from those
in E. coli-infected WT mice. Unlike in the WT mice, where
the most abundant PFKFB3 isoforms were 61 and 67 kDa,
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respectively, E. coli-infected Mkp-1 KO mice preferentially
expressed the 52 and 61 kDa PFKFB3 isoforms. The 52 kDa
PFKFB3 isoform was substantially increased in E. coli—infected
Mkp-1 KO mice relative to E. coli—infected WT mice.

Previous studies have shown that MAPK-activated protein
kinase (MAPKAPK) 2, a downstream target of p38 MAPK (29,
30), phosphorylates PFKFB3 at Ser461, resulting in elevated
enzymatic activity (22). Since MKP-1 negatively regulates p38
MAPK and MAPKAPK-2 activity (31), we assessed Ser461
phosphorylation in PFKFB3 protein by Western blot analysis
using a phospho-specific PFKFB3 antibody (Fig. 1C). Similar to
the total PFKFB3 protein abundance, Ser461-phosphorylated
PFKFB3 levels were substantially higher in E. coli—infected
Mkp-1 KO mice than in E. coli-infected WT mice. We also
assessed the level of p38 MAPK activity by Western blotting
using antibodies against the Thr180/Tyr182-phosphorylated
and total p38 MAPK. Compared to WT mice, the liver p38
MAPK activity levels, indicated by p-p38 MAPK levels, were
markedly higher in Mkp-1 KO mice, particularly after E. coli
infection (Fig. 1C). Comparison of PFKFB3 levels in larger
groups of samples (n = 9-10) confirmed the elevated PFKFB3
expression in the livers of E. coli—infected Mkp-1 KO mice
relative to similarly infected WT mice (Fig. 1D).

The myocardium utilizes free fatty acids as its primary en-
ergy source but switches to aerobic glycolysis during sepsis
(32). Sepsis can induce an early anabolic response in renal
tissue that is characterized by a shift of metabolism toward
aerobic glycolysis (33). The lungs can create lactate through
glycolysis during acute lung injury without tissue hypoxia (34).
Lactate is metabolized primarily by the liver and, to some
extent, by the kidneys (5). We analyzed the effect of Mkp-1
deficiency on PFKFB3 expression in these major organs both
before and after E. coli infection. Greater abundance of total
PFKFB3 and Ser461-phosphorylated PFKFB3 proteins were
observed in the hearts, kidneys, and lungs of E. coli—infected
Mkp-1 KO mice in comparison to the similarly infected WT
mice (Fig. 2). p38 MAPK activity was also higher in the kidneys
and lungs of E. coli—infected Mkp-1 KO mice than in those of
similarly infected WT mice (Fig. 2, B and C). MKP-1 protein
was detected in the lungs of E. coli-infected WT mice, but not
in Mkp-1 KO mice (Fig. 2C). MKP-1 was not detected in the
lungs of control WT mice, likely due to its low steady state
level. It has been shown that the lung is the organ with the
highest Mkp-1 expression (35). MKP-1 protein was not
detected in the livers, hearts, and kidneys of WT mice either
with or without E. coli infection, likely due to the low or
transient MKP-1 expression in these organs.

To quantify the levels of total and Ser461-phosphorylated
PFKFB3, we performed densitometry analysis. Densitometry
analysis confirmed significant differences in both total and
Ser461-phosphorylated PFKFB3 protein in the livers, kidneys,
and lungs between E. coli—infected WT and Mkp-1 KO mice
(Fig. 3, A, C, and D). In the heart, total PFKFB3 protein levels
were also significantly higher in E. coli-infected Mkp-1 KO
mice than similarly infected WT mice (Fig. 3B). Although the
levels of Ser461-phosphorylated PFKFB3 protein in the hearts
appeared higher in E. coli-infected Mkp-1 KO mice than
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Figure 1. Mkp-1 deficiency enhances Pfkfb3 expression in Escherichia coli-infected mice. WT and Mkp-1 KO mice on a C57/129 background were
infected with E. coli (055:B5) i.v. at a dose of 2.5 x 107 CFU/g b.w. or injected with PBS (controls). Mice were euthanized after 24 h and total RNA was isolated
from the livers using Trizol for RNA-seq analyses. The livers were homogenized to extract soluble protein for Western blot analysis. A, heatmap of the mRNA
levels of glycolytic enzymes. The copy numbers of RNA transcripts for each gene were normalized to the average number in WT controls to calculate fold
change. When the transcript number is 0 for a given gene in a specific animal, we gave an arbitrary number that is lower than the lowest value in that
group. These values were log,-transformed to generate the heatmap. Each column represents a distinct animal. *p < 0.05, comparing E. coli-infected Mkp-1
KO and E. coli-infected WT mice (t test, n = 4). B, Pfkfb3 mRNA levels in the livers of PBS-treated or E. coli-infected mice determined by RNA-seq. Data are

SASBMB

J. Biol. Chem. (2023) 299(4) 103043 3



p38 MAPK and MKP-1 regulate glycolysis through PFKFB3

A
Heart
Control E. coli

kpa WT KO WT KO
65- . W | e . - -~ -p-PFKFB3
65- o . ccieeinedis }-PFKFB3
35- T — e —— — — —— e, s ——— —p-p38 MAPK
50-

————— — s S ., i, e -p38 MAPK

e ——— T LT

B Kidney
Control E. coli
kba WT KO WT KO
65- - p-
5 i - p-PFKFB3
65- — -
- = = & )-PFKFB3
. SL SRR b-n38 MAPK
T e s - ————— - 538 MAPK
55 A—— e - B-ACTIN
c Lung
Control E. coli
kba WT KO WT KO
65- & % o % s o P-PFKFB3
65- B e e i wes % | PFKFB3
35- et o s e e = D-p38 MAPK
50-
R — -p38 MAPK
g — e s R anaive—e® - (.ACTIN

Figure 2. Mkp-1 deficiency exacerbates PFKFB3 induction in Escherichia
coli-infected mice. WT and Mkp-1 KO mice were infected with E. coli
(O55:B5) or injected with PBS (controls) as in Figure 1. Mice were euthanized
after 24 h. Hearts, kidneys, and lungs were harvested to extract soluble
protein for Western blot analysis. Total and phosphorylated PFKFB3, and
total and phosphorylated p38 MAPK in the hearts (A), kidneys (B), and lungs
(C) of PBS-treated (control) and E. coli-infected WT and Mkp-1 KO mice were
detected by Western blotting. The lung samples were also analyzed by
Western blotting to detect MKP-1 expression, using a rabbit mAb (C). A mAb
against GAPDH or B-ACTIN was used to control for sample loading. Each
lane was from a distinct animal. Representative Western blotting results are
shown. MAPK, mitogen-activated protein kinase; MKP, MAPK phosphatase;
PFKFB, phosphofructo-2-kinase/fructose-2,6-biphosphatase.

similarly infected WT mice, the difference was not statistically
significant (Fig. 3B).

PFKFB3 was more abundantly induced as a nuclear protein by
E. coli infection in Mkp-1 KO mice in a variety of cell types

To understand the cell types and subcellular localization of
PFKFB3, we performed immunohistochemistry (IHC) on
tissues harvested from control and E. coli-infected WT and
Mkp-1 KO mice, specifically the liver, spleen, kidney, heart,

and lungs. Negative controls of the IHC experiment per-
formed with tissues of E. coli-infected Mkp-1 KO mice
without using the primary PFKFB3 antibody yielded no
staining in the liver, heart, kidney, lung, adipose, and spleen
tissues (Fig. S1), highlighting the specificity of the assays. In
the livers of both control WT and Mkp-1 KO mice, PFKFB3
protein expression was very low (Fig. 4A, Upper panels).
Hepatocyte PFKFB3 staining was largely negative, although
PFKFB3 staining was occasionally seen in intravascular leu-
kocytes (Fig. 44, Upper left panel: control WT, marked by an
asterisk). In WT mice, upon E. coli infection, PFKFB3 protein
staining was moderately increased markedly in the nuclei of
various cell types, most clearly seen in hepatocytes (marked
by red arrowheads) in all regions of the hepatic lobules,
including the portal region, midzone, and centrilobular re-
gion (not shown) (Fig. 4A, Lower left panel). Weakly positive
PFKFB3 staining was seen occasionally in hepatic resident
macrophages (often referred to as Kupffer cells, marked by
black arrow) and large vessel endothelial cells (marked by
black arrowhead) (Fig. 44, Lower left panel). PEKEB3 staining
was markedly stronger in the livers in E. coli—infected Mkp-1
KO mice than in E. coli-infected WT mice, particularly in the
hepatocytes in all regions of the hepatic lobules. However,
staining was less abundant in vascular endothelial cells and
Kupffer cells (Fig. 4A, Lower right panel). Rarely, intravascular
leukocytes, likely monocytes, also stained strongly (data not
shown). In contrast, neutrophils (marked by a red arrow in
E. coli-infected Mkp-1 KO mice, Figure 4A, Lower right
panel) appeared to have very low PFKFB3 expression,
essentially undetectable by IHC. These findings support the
notion that the increases in PFKFB3 protein levels detected
via immunoblotting are primarily due to increased hepato-
cyte PFKFB3 expression.

To further quantify the PFKFB3 staining differences in the
hepatocytes of WT and Mkp-1 KO mice with or without E. coli
infection, we performed a semiquantitative histoscore analysis
based on the intensity of hepatocyte nuclear PFKFB3 staining.
Representative hepatocyte nuclei and associated scores are
shown on the left side of Figure 4B. Histoscore analysis in-
dicates that hepatocyte PFKFB3 expression was markedly
increased after E. coli infection in both WT and Mkp-1 KO
mice (Fig. 4B). E. coli-induced hepatocyte PFKFB3 expression
was significantly higher in Mkp-1 KO mice than in WT mice
(Fig. 4B).

In the spleens of control WT and Mkp-1 KO mice, strong
PFKFB3 staining was present in the nuclei of isolated leuko-
cytes (marked by black arrowheads), presumably lymphocytes
or dendritic cells, in the white pulp (Fig. S2, Upper panels).
Weak nuclear PFKFB3 staining was present in red pulp mac-
rophages (marked by thin black arrows), identifiable by more
abundant cytoplasm, reniform nuclei, and more open

shown as means + S.E (n = 4 mice in each group). *p < 0.05, compared to PBS-treated mice of the same genotype; *, p < 0.05, compared to WT mice of the
same treatment (t test, n = 4). C, levels of total and phosphorylated PFKFB3 as well as total and phosphorylated p38 MAPK in the livers of control and E. coli-
infected mice. Total and phosphorylated PFKFB3 and p38 MAPK were detected by Western blotting using an antibody against total PFKFB3, Ser461-
phosphorylated PFKFB3 (p-PFKFB3), total p38 MAPK, and Thr180/Tyr182-phosphorylated p38 MAPK. Comparable protein loading was verified by West-
ern blotting with 3-ACTIN antibody (Lower panel). D, side-by-side comparison of total PFKFB3, Thr180/Tyr182-phosphorylated p38 MAPK, and total p38
MAPK levels in liver samples of large groups of E. coli-infected WT and Mkp-1 KO mice. Each lane was from a distinct animal. Representative Western
blotting results are shown. MAPK, mitogen-activated protein kinase; MKP, MAPK phosphatase; PFKFB, phosphofructo-2-kinase/fructose-2,6-biphosphatase.
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Figure 3. Quantification of total and Ser461-phosphorylated PFKFB3 in different organs of PBS-treated (control) and Escherichia coli-infected WT
and Mkp-1 KO mice. Total (Left graph) and Ser461-phosphorylated (Right graph) PFKFB3 in livers (A), hearts (B), kidneys (C), and lungs (D) were detected by
Western blotting. The expression was quantified by densitometry and normalized to a house-keeping protein. The levels were expressed as fold relative to
the mean of WT control. *p < 0.05, compared to WT control; T, p < 0.05, compared to Mkp-1 KO control; ¥, p < 0.05, compared to E. coli-infected WT mice
(t test, n = 3-6). MKP, MAPK phosphatase; PFKFB, phosphofructo-2-kinase/fructose-2,6-biphosphatase.

chromatin than lymphocytes. Upon E. coli infection, mild to
moderate lymphocytolysis (lymphocyte apoptosis with nuclear
condensation and fragmentation) was present in the white
pulp of both WT and Mkp-1 KO mice (Fig. S2, Lower panels,
marked in ovals). In E. coli—-infected WT mice, nuclear-stained
cells were seen rarely in the white pulp, similar to the level of
uninfected controls. Occasionally, moderate PFKFB3 staining
was seen in the nuclei of macrophages within the red pulp
(Fig. S2, Lower left panel, thin black arrow). A larger number of
marginal zone leukocytes and red pulp macrophages were
stained strongly positive in the nuclei in E. coli—infected Mkp-1
KO mice than in E. coli-infected WT mice (Fig. S2, Lower
right panel). Additionally, some lymphocytes in the red pulp of
E. coli-infected Mkp-1 KO mice were also stained strongly
positive in the nuclei, although their numbers were fewer than
the positively stained red pulp macrophages. In infected mice,
megakaryocytes, denoted by the abundant cytoplasm and
multiple nuclei, had weak nuclear and cytoplasmic staining
(Fig. S2, Lower right panel, red arrowhead). In all sections, the
faint cytoplasmic brown pigment in resident macrophages
(Fig. S2, thin red arrows) was probably a result of iron pigment

SASBMB

due to hemosiderin accumulation, as confirmed with H & E
staining (data not shown).

In the kidneys of uninfected WT mice, weak to moderate
nuclear PFKFB3 staining was present in the proximal tubules,
distal convoluted tubules, and collecting ducts (Fig. S3). In the
kidneys of uninfected Mkp-1 KO mice, variable mild to
moderate nuclear PFKFB3 staining was seen in the distal
convoluted tubules and collecting ducts, and moderate nuclear
PFKFB3 staining was present in some proximal tubules
(Fig. S3). Upon E. coli infection, strong PFKFB3 staining was
seen in the nuclei of collecting ducts in the cortex and medulla
of WT mice (Fig. S3). Occasionally, moderate nuclear PFKFB3
staining was also seen in glomerular endothelial cells.
Compared to E. coli—infected WT mice, the kidneys of E. coli—
infected Mkp-1 KO mice had markedly stronger nuclear
PFKFB3 staining, particularly in the proximal tubules, distal
tubules, and collecting ducts (Fig. S3). Additionally, strong
nuclear PFKFB3 staining was often seen in glomerular endo-
thelial cells (marked by red arrow in glomerulus) (Fig. S3, in-
lets of E. coli-infected mice), vascular endothelial cells (not
shown), and occasionally intravascular leukocytes (not shown).

J. Biol. Chem. (2023) 299(4) 103043 5
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Figure 4. PFKFB3 is strongly induced in response to Escherichia coli infection in hepatocytes. WT and Mkp-1 KO mice (C57BL6/J) were infected i.v. with
E. coli at a dose of 1 x 10” CFU/g b.w. and euthanized 24 h postinfection. The livers were excised, fixed in formalin, and sectioned for IHC with a rabbit
polyclonal antibody against mouse PFKFB3. After immunohistochemical staining, the sections were counterstained with hematoxylin. A, increased PFKFB3
expression in the liver of E. coli-infected Mkp-1 KO mice compared to WT mice. Note the marked expression in the nuclei of hepatocytes (red arrowhead),
Kupffer cells (black arrow), and endothelial cells (black arrowhead) in E. coli-infected WT and Mkp-1 KO mice. P: portal vein; M: midzonal region; Red arrow:
neutrophil; *: intravascular leukocytes. Black bar length in all images: 20 um. B, histoscores of PFKFB3 staininzg in the hepatocytes of control and E. coli-
infected WT and Mkp-1 KO mice. Four representative immunohistochemical fields (each covering 0.03 mm®) were obtained using Aperio ImageScope
software for histoscore analysis. Immunohistochemical staining of every hepatocyte nucleus was graded as follows: 0, nonstaining; 1, weak; 2, moderate; or
3, strong (shown on the left side of the graph). The mean histoscore of each field was calculated from 50 to 100 hepatocytes. Each dot in the graph
represents the mean hepatocyte histoscore from a representative field. The histoscores were compared by two-way ANOVA. *p < 0.05 (n = 4). Black bar
length in all images: 10 pm. MKP, MAPK phosphatase; PFKFB, phosphofructo-2-kinase/fructose-2,6-biphosphatase; IHC, immunohistochemistry.

In the heart, without E. coli infection, almost all cells were
stained negative for PFKFB3 expression (Fig. S4, Upper

their nuclei in the WT mice (Fig. S4, Lower panels). Compared
to the WT mice, nuclear PFKFB3 staining in vascular endo-

panels). Upon E. coli infection, small to medium sized vascular
endothelial cells (marked by thin arrow) were stained
moderately positive in their nuclei, while interstitial cells,
presumably capillary endothelial cells (marked by black
arrowhead), were stained weakly to moderately positive in
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thelial cells (thin arrow) was stronger in Mkp-1 KO mice
(Fig. S4, Lower panels). Interstitial cells, likely capillary endo-
thelial cells given their flattened nuclei (marked by black
arrowhead, Fig. S4, Lower panels), were stained moderately to
strongly positive in the hearts of Mkp-1 KO mice. Additionally,
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moderate PFKFB3 staining was seen in the nuclei of some
circulating leukocytes (marked by red arrowhead) in the heart
of E. coli—infected Mkp-1 KO mice (Fig. S4, Lower right panel).
Interestingly, there was no detected expression of PFKFB3
within the cardiomyocytes in any of the mice.

Without infection, PFKFB3 staining was largely negative in
the lungs of both WT and Mkp-1 KO mice (Fig. S5). After
E. coli infection, nuclear PFKFB3 staining was occasionally
seen in endothelial cells, and moderate PFKFB3 staining was
occasionally seen in alveolar macrophages in WT mice. In
Mkp-1 KO mice, strongly stained PFKFB3-positive cells, spe-
cifically alveolar macrophages and alveolar endothelial cells,
were more prevalent in the lungs than in E. coli-infected WT
mice (Fig. S5). Additionally, vascular endothelial cells and
many pneumocytes were also stained moderately to strongly
positive in E. coli—-infected Mkp-1 KO mice (Fig. S5). Occa-
sionally, circulating leukocytes had moderate nuclear labeling
with PFKFB3 (marked by thin red arrow). Given the wide-
spread PFKFB3 expression in macrophages detected via IHC,
we decided to further characterize this relationship utilizing
in vitro assays.

>

Mkp-1 deficiency enhances E. coli- or LPS-induced Pfkfb3
MRNA expression in macrophages without affecting Pfkfb3
mMRNA stability

It has been shown that macrophages enhance glycolysis
upon TLR ligand stimulation (16). To assess the effect of Mkp-
1 deficiency on Pfkfb3 expression in macrophages, we exam-
ined the effects of heat-killed E. coli or LPS on Pfkfb3
expression in WT and Mkp-17'~ bone marrow—derived
macrophage (BMDM) using quantitative RT-PCR (qRT-
PCR). For two reasons, LPS was utilized to study the regulation
of Pfkfb3 by MKP-1 during the cellular response to E. coli
infection: 1) LPS, an endotoxin, is a critical part of the Gram-
negative bacterium E. coli; and 2) LPS is a soluble TLR4 ligand.
Thus, it stimulates cells uniformly and is easier to use than
E. coli particles. Stimulation of macrophages with heat-killed
E. coli elicited a dramatic increase in Pfkfb3 mRNA in a
time-dependent manner (Fig. 5A4). Pfkfb3 mRNA reached peak
levels at approximately 8 h and then maintained high levels for
up to 16 h. Similarly, LPS substantially induced the expression
of Pfkfb3 mRNA in both WT and Mkp-1~'"~ BMDM (Fig. 5, B
and C). Compared to WT BMDM, Mkp-1"~ BMDM
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Figure 5. Mkp-1 deficiency enhances Pfkfb3 mRNA expression in macrophages following inflammatory stimuli but has little effect on Pfkfb3 mRNA
stability. A, kinetics of Pfkfb3 mRNA induction following Escherichia coli stimulation. WT and Mkp-1~"~ BMDM were stimulated with heat-killed E. coli (MOI:
10:1) for different times. Pfkfb3 mRNA levels in the samples were quantitated by qRT-PCR. The results were normalized to 18S ribosomal RNA. The
expression of mRNA is presented as fold change relative to control cells. *p < 0.05, compared to WT at the same time-point (t test, n = 6). B, induction of
Pfkfb3 mRNA in WT BMDM by LPS. WT BMDM were treated with LPS for 6 h. *p < 0.05, compared to WT control (t test, n = 6). C, kinetics of Pfkfb3 mRNA
induction in WT and Mkp-1~~ BMDM following LPS stimulation. WT and Mkp-1~~ BMDM were stimulated with 100 ng/ml LPS for different times. *p < 0.05,
compared to WT at the same time-point (t test, n = 3). D, the decay of Pfkfb3 mRNA in WT and Mkp—l"/‘ BMDM after actinomycin D treatment. WT and Mkp-
17/~ BMDM were stimulated with 100 ng/ml LPS for 8 h and then treated with 10 ng/ml actinomycin D. Cells were harvested at different times to quantitate
Pfkfb3 mRNA levels using gRT-PCR. The values were normalized to 18S ribosomal RNA and expressed as percentage relative to levels prior to actinomycin D
addition. The half-life of Pfkfb3 mRNA in WT and Mkp-1~~ BMDM was estimated to be 2.84 and 2.33 h, respectively. MKP, MAPK phosphatase; PFKFB,
phosphofructo-2-kinase/fructose-2,6-biphosphatase; BMDM, bone marrow-derived macrophage; LPS, lipopolysaccharide; gRT-PCR, quantitative RT-PCR.
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expressed significantly greater levels of Pfkfb3 mRNA after
both E. coli (Fig. 5A) and LPS stimulation (Fig. 5C).

Increased mRNA stability often contributes to the enhanced
expression of inflammatory genes, such as genes of inflam-
matory cytokines, during pathogen and TLR ligand stimulation
(36, 37). MKP-1 is known to regulate the mRNA stability of
numerous inflammatory genes (38-40). We investigated
whether Mkp-1 deficiency alters the half-life of Pfkfb3 mRNA
in macrophages stimulated by LPS. To induce Pfkfb3 mRNA
expression, we stimulated both WT and Mkp-1"'~ BMDM
with LPS. Gene transcription was then paused using actino-
mycin D, and time-dependent decay of Pfkfb3 mRNA was
assessed using qRT-PCR (Fig. 5D). Pfkfb3 mRNA decayed
gradually with somewhat similar rates in WT and Mkp-1-
deficient BMDM after actinomycin D treatment, with an
estimated half-life of 2.84 and 2.33 h, respectively. Since Mkp-1
deficiency did not enhance the stability of Pfkfb3 mRNA,
enhanced Pfkfb3 expression in Mkp-1"'~ BMDM was likely
caused by enhanced Pfkfb3 transcription.

Pfkfb3 plays an important role in enhancing glycolysis in LPS-
stimulated macrophages

To understand the role of PFKFB3 in glycolysis in macro-
phages after inflammatory stimulation, we assessed the kinetics
of PFKFB3 expression and phosphorylation as well as the lactate
production in both WT and Mkp-1""~ macrophages (Fig. 6).
Without LPS stimulation, PFKFB3 levels were nearly unde-
tectable in both WT and Mkp-1~'~ BMDM (Fig. 6A). Upon LPS
stimulation, PFKFB3 protein gradually increased; it was clearly
detectable by 6 h and continued to increase over time in both
WT and Mkp-1""" cells, reaching its plateau after 8 to 12 h.
Compared to WT cells, PEKFB3 protein levels were substan-
tially greater in Mkp-1"'" cells, particularly for the 62 and
70 kDa isoforms. Similarly, LPS stimulation triggered a gradual
increase in the levels of S461-phosphorylated PFKFB3 in both
WT and Mkp-1"'~ macrophages. Unlike PFKFB3, which
reached plateau after 8 to 12 h, Ser461-phosphorylated PFKFB3
continued to increase up to 24 h. Phospho-PFKFB3 levels also
appeared higher in Mkp-1~'~ macrophages than in WT mac-
rophages. MKP-1 protein was induced by LPS in WT but not in
Mkp-1""~ BMDM, and MKP-1 expression declined with time in
WT BMDM (Fig. 6B). The levels of both phospho-p38 and
phospho-JNK MAPKs were substantially increased in response
to LPS stimulation in both WT and Mkp-1"'~ BMDM (Fig. 6B)
and sustained longer in LPS-stimulated Mkp-1~'~ BMDM than
in LPS-stimulated WT BMDM (Fig. 6B). These results are
consistent with the results published in previous studies (31,
41-44), To assess lactate production after LPS stimulation in
WT and Mkp-1"'~ BMDM, cells were fed fresh pyruvate-free
medium and then stimulated with LPS. The medium was har-
vested at different times following LPS stimulation. Upon LPS
stimulation, lactate levels gradually increased in the culture
medium of both WT and Mkp-1~'~ BMDM. Compared to WT
BMDM, Mkp-1"~ BMDM produced significantly greater
amounts of lactate (Fig. 6C). To determine the contribution of
PFKFB3 to the regulation of glycolysis in macrophages, WT
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BMDM were fed fresh pyruvate-free medium and then pre-
treated with a pharmacological inhibitor highly selective for
PFKFB3, AZ67 (45, 46), or vehicle DMSO. Thirty minutes later,
these cells were treated with either heat-killed E. coli at the ratio
of 10 E. coli cells per macrophage or LPS at a concentration of
100 ng/ml. Medium was collected at different times and lactate
levels were assayed (Fig. 6D). Both LPS and E. coli induced a
marked increase in lactate production at 8 and 24 h, although
E. coli led to a more robust lactate production. AZ67 almost
abolished lactate production induced by LPS and substantially
attenuated lactate production induced by E. coli. Similar inhi-
bition of lactate production by AZ67 was also seen in Mkp-1~"
BMDM (data not shown). These results clearly indicate a
critical role of PFKFB3 in the regulation of glycolysis in mac-
rophages during the inflammatory response.

In macrophages, both PFKFB3 induction and enhanced
glycolysis following LPS stimulation are primarily mediated by
p38 MAPK

MKP-1 is a negative regulator of p38 and JNK MAPKs, and
in macrophages, Mkp-1 deficiency leads to prolonged activation
of p38 and JNK MAPKs (31, 47). To understand the role of p38
and JNK MAPKs in the regulation of PFKFB3 and glycolysis, we
pretreated WT and Mkp-1~'~ BMDM with a pharmacological
inhibitor of p38 MAPK (SB203580) or JNK (JNK-IN-8) alone or
with both inhibitors. After 15 min, we stimulated cells with LPS
for 4, 8, and 16 h and then assessed the effects of these in-
hibitors on PFKFB3 protein (Fig. 7A). In WT BMDM, LPS
stimulated a modest increase in total and Ser461-
phosphorylated PFKFB3. In Mkp-1~'~ BMDM, LPS stimulated
PFKFB3 expression more robustly, especially the 62 and 70 kDa
isoforms. The p38 MAPK inhibitor substantially inhibited both
PFKFB3 induction and PFKFB3 phosphorylation in both WT
and Mkp-1"'~ BMDM, while the JNK inhibitor alone had little
effect on either the induction or the phosphorylation of
PFKFB3. Combining the p38 MAPK and JNK inhibitors nearly
abolished the induction of the total and phosphorylated
PFKFB3 proteins. Side-by-side comparison of the effects of the
p38 MAPK and JNK inhibitors after 16 h LPS stimulation
largely confirmed these observations (Fig. 7B). The p38 MAPK
inhibitor had a more potent inhibitory effect on both total and
Ser461-phosphorylated PFKFB3 proteins, while the JNK in-
hibitor had little inhibitory effect (Fig. 7B). Combination of the
two inhibitors attenuated total and phosphorylated PFKFB3
proteins in Mkp-1"'~ BMDM to levels comparable to those in
WT BMDM. Supporting the substantial inhibition of p38 by
SB203580, MAPKAPK-2 phosphorylation induced by LPS was
substantially attenuated by SB203580, regardless of being used
by itself or in combination with JNK-IN-8, in both WT and
Mkp-1~ BMDM (Fig. 7B). These results indicate that
enhanced PFKFB3 induction and phosphorylation in the Mkp-
1"/~ BMDM is primarily due to the enhanced p38 MAPK ac-
tivity, and JNK plays a minor role in PFKFB3 regulation.

The effects of p38 MAPK and JNK inhibition on Pfkfb3
mRNA expression in BMDM stimulated with LPS and E. coli
were assessed via qRT-PCR. In the presence of vehicle
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Figure 6. Enhanced PFKFB3 expression in Mkp-1~"~ macroPhages is associated with accelerated glycolysis. A, the kinetics of PFKFB3 induction and
phosphorylation following LPS stimulation in WT and Mkp-1~"~ BMDM. WT and Mkp-1~'~ BMDM were cultured in medium overnight and then stimulated
with 100 ng/ml LPS. Cells were lysed at different times. PFKFB3 expression and phosphorylation were assessed by Western blot analyses using PFKFB3
(Upper panel) or phospho-PFKFB3 (Middle panel) antibody. c-RAF antibody was used to control for protein loading (Lower panel). B, kinetics of MKP-1
expression, JNK, and p38 MAPK activation in BMDM after LPS stimulation. WT and Mkp-1~"~ BMDM were cultured overnight and then stimulated with
100 ng/ml LPS. Cells were lysed at different times for Western blotting with an MKP-1, phosphor-JNK, phosphor-, or total p38 MAPK antibody. The ratios
between phosphor-p38 MAPK and total p38 MAPK were calculated and presented as fold of changes relative to the controls (time 0) underneath the p-p38
MAPK blot. Representative Western blotting results are shown. C, kinetics of lactate production following LPS stimulation. WT and Mkp-1~~ BMDM were
cultured in pyruvate-free medium containing 10% dialyzed FBS overnight. The next day, cells were fed with fresh medium and stimulated with LPS. Lactate
concentration in the medium was assayed using a fluorometric lactate assay kit. Values were presented as means + SE. *p < 0.05, compared to WT BMDM
(two-way ANOVA, n = 3-4). There was an interaction between genotype and time. D, pharmacological inhibition of PFKFB3 attenuates lactate production by
LPS- or E. coli-stimulated macrophages. WT BMDM grown overnight were first fed with fresh medium and then were pretreated with AZ67 or DMSO
(vehicle) for 30 min. The cells were stimulated with heat-killed E. coli (MOI: 10:1) or 100 ng/ml LPS for different times. Medium was harvested and lactate
concentrations in the medium were measured using a fluorometric lactate assay kit. *p < 0.05, compared to DMSO-pretreated, E. coli-stimulated cells; #, p <
0.05, compared to DMSO-pretreated, LPS-stimulated cells (two-way ANOVA, n = 3). BMDM, bone marrow-derived macrophage; LPS, lipopolysaccharide;
MAPK, mitogen-activated protein kinase; MKP, MAPK phosphatase; PFKFB, phosphofructo-2-kinase/fructose-2,6-biphosphatase.

(DMSO), LPS induced 5.5- and 8.4-fold increases by 8 h in WT The effects of p38 MAPK and JNK inhibition on glycolysis

and Mkp-1"'~ BMDM, respectively. E. coli induced 8.5- and
22-fold increases in Pfkfb3 mRNA by 8 h in WT and Mkp-1~'~
BMDM, respectively (Fig. 7C). The p38 MAPK inhibitor
attenuated Pfkfb3 induction by E. coli, while it also appeared to
dampen Pfkfb3 induction by LPS. In contrast, the JNK inhib-
itor had little effect in either WT or Mkp-1~'~ BMDM. The
inhibition of p38 MAPK and JNK together appeared to exert a
greater inhibition on Pfkfb3 induction, particularly in E. coli—
stimulated Mkp-1~'~ BMDM. In fact, when both p38 MAPK
and JNK were inhibited, E. coli—induced Pfkfb3 expression was
similar in WT and Mkp-1~'~ BMDM.

SASBMB

were examined (Fig. 8). Without LPS stimulation, lactate pro-
duction is very low, regardless of whether BMDM were treated
with p38 MAPK or JNK inhibitors. LPS stimulation substan-
tially enhanced lactate production. Compared to BMDM
treated by LPS, BMDM derived from both WT and Mkp-1 KO
mice produced more lactate after stimulation with heat-killed
E. coli. The p38 MAPK inhibitor significantly suppressed
lactate production in both LPS- and E. coli-stimulated BMDM,
regardless of whether they originated from WT or Mkp-1 KO
mice. Surprisingly, the JNK inhibitor slightly, yet significantly,
enhanced lactate production in both WT and Mkp-1""~
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Figure 7. PFKFB3 induction in macrophages following inflammatory stimuli is primarily mediated by p38 MAPK. A, the effect of p38 MAPK and JNK
inhibition on PFKFB3 induction and phosphorylation after LPS stimulation in WT and Mkp-1~"~ BMDM. BMDM were treated with DMSO, 10 uM SB203580,
3 UM JNK-IN-8, or 10 uM SB203580 plus 3 pM JNK-IN-8 for 15 min and then stimulated with LPS for 0, 4, 8, or 16 h. Cell lysates were separated on duplicate
gels to detect total and Ser461-phosphorylated PFKFB3, respectively, by Western blot analysis. The membranes were stripped and blotted with a mouse 3-
actin antibody to verify comparable sample loading. Note: the blots for WT and Mkp-1~"~ samples were processed together and exposed to the same film
(images of WT and Mkp-1""~ samples from the same film were used). B, p38 MAPK plays a primary role in the induction of PFKFB3. WT and Mkp-1~"~ BMDM
were treated with DMSO, 10 uM SB203580, 3 uM JNK-IN-8, or 10 uM SB203580 plus 3 pM JNK-IN-8 for 15 min and then stimulated without or with LPS for
16 h. PFKFB3, phosphor-PFKFB3, and phosphor-MAPKAPK-2 levels were assessed by Western blotting. Representative results were shown. C, the effects of
p38 MAPK and JNK inhibitors on Pfkfb3 mRNA levels following LPS and Escherichia coli stimulation. WT and Mkp-1~"~ BMDM were pretreated with DMSO,
10 uM SB203580, 3 uM JNK-IN-8, or 10 uM SB203580 plus 3 uM JNK-IN-8 for 15 min and then stimulated without or with either heat-killed E. coli (MOl 10:1)
or 100 ng/ml LPS for 8 h. Pfkfb3 mRNA levels in the samples were quantitated by qRT-PCR. The results were normalized to 18S ribosomal RNA. The
expression of mRNA is presented as fold change relative to WT control cells pretreated with DMSO. *p < 0.05, compared to LPS- or E. coli-stimulated cells of
the same genotype; #, p < 0.05, compared to SB203580-pretreated, LPS- or E. coli-stimulated cells of the same genotype (t test, n = 3-6). BMDM, bone
marrow-derived macrophage; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; MKP, MAPK phosphatase; MAPKAPK, MAPK-activated
protein kinase; PFKFB, phosphofructo-2-kinase/fructose-2,6-biphosphatase; qRT-PCR, quantitative RT-PCR.
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Figure 8. Glycolysis in macrophages following inflammatory stimuli is
primarily mediated by p38 MAPK. WT and Mkp-1~'~ BMDM were plated
into a 24-well plate. The next day, cells were fed with fresh medium treated
with DMSO, 10 uM SB203580, 3 uM JNK-IN-8, or 10 uM SB203580 plus 3 uM
JNK-IN-8 for 30 min and then stimulated with 100 ng/ml LPS or heat-killed
Escherichia coli (MOI: 10:1) for 16 h or left unstimulated. Medium was har-
vested and lactate levels in the media were measured using a fluorometric
lactate assay kit. *p < 0.05, compared to DMSO-pretreated samples of the
same genotype under the same stimulation; #, p < 0.05, compared to WT
samples of the same stimulation and pretreatment. ¥, <0.05, compared to
samples of the same genotype pretreated with SB203580 and of same
treatment (t test, n = 4). MAPK, mitogen-activated protein kinase; MKP,
MAPK phosphatase; BMDM, bone marrow-derived macrophage; LPS,
lipopolysaccharide.

BMDM following either LPS or E. coli stimulation. Combining
the p38 MAPK and JNK inhibitors further blocked lactate
production in both WT and Mkp-1~'~ BMDM stimulated by
LPS. While the combination of both the p38 MAPK and JNK
inhibitors had a greater inhibition on lactate production in
E. coli-stimulated WT BMDM compared to the p38 MAPK
inhibitor alone, the combination of the two inhibitors did not
further attenuate lactate production in E. coli—stimulated Mkp-
I~ BMDM in relation to the p38 MAPK inhibitor alone.
Taken together, these results support a critical role of p38
MAPK in the regulation of PFKFB3 expression and glycolysis
during the inflammatory response.

Discussion

Although sepsis is known to enhance glycolysis, the mech-
anisms involved are not fully understood. In this study, we
demonstrated that E. coli-induced sepsis not only strongly
increased the expression of PFKFB3 as a nuclear protein in a
variety of tissues (Figs. 1-3) but also enhanced the levels of
Ser461-phosphorylated PEKFB3 (Figs. 1-3). The immunohis-
tochemical studies demonstrate that 1) PFKFB3 is expressed
preferentially in certain cell types and 2) PFKFB3 expression is
increased upon infection with E. coli. Following infection,
PFKFB3 was most prominently expressed in hepatocytes, renal
proximal tubules, collecting ducts, vascular endothelium,
circulating leukocytes including monocytes, and tissue-resident
macrophages across organ systems (Figs. 4 and S2-S5).
Moreover, sepsis-induced PFKFB3 expression was strongly
potentiated in the absence of a functional Mkp-1 gene (Figs. 3,
4 and S2-S5). Using BMDM, we studied the regulation of
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PFKFB3 and its function in glycolysis during inflammatory
response. We found that enhanced PFKFB3 expression was
associated with increased Pfkfb3 mRNA expression (Fig. 5).
Additionally, Mkp-1 deficiency augmented Pfkfb3 mRNA
expression through a mechanism primarily mediated by p38
MAPK (Fig. 7C) without increasing the stability of Pfkfb3
mRNA (Fig. 5C). We found that LPS- and E. coli-enhanced
lactate production coincided with PFKFB3 induction and
phosphorylation, and it was markedly attenuated by a selective
PFKFB3 inhibitor (Fig. 6). Pharmacological inhibition of p38
MAPK markedly decreased PFKFB3 expression and Ser461-
phosphorylated PFKFB3 protein levels (Fig. 7) and substan-
tially attenuated lactate production (Fig. 8). These results
clearly demonstrate the critical role of PFKFB3 in glycolysis and
further highlight the role of p38 MAPK in regulating this
process. These studies suggest that glycolytic reprogramming
following pathogen infection in sepsis patients is organized by
the p38 MAPK pathway and, as a critical negative regulator of
p38 MAPK, MKP-1 participates in the regulation of the
glycolytic process.

The mechanism by which Mkp-1 deficiency enhances
glycolysis

We have previously shown that Mkp-1 KO mice exhibit an
enhanced inflammatory response, increased mortality, and a
substantially altered liver metabolic program relative to WT
mice following both LPS and E. coli challenges (31, 48, 49).
Furthermore, we have found that Mkp-1"'~ macrophages
produce elevated cytokines in response to inflammatory
stimuli. In this study, we found that Mkp-1 deficiency
enhanced the mRNA expression of several rate-limiting
glycolytic enzymes in the livers of mice infected with E. coli,
including HK1, HK2, PFKFB3, and PFKP (Fig. 14). Among
these, the substantial elevation of PFKFB3 in response to sepsis
and its regulation by MKP-1 are particularly interesting for
several reasons. First, PFKFB3 has the highest kinase-to-
phosphatase activity ratio (20). Enhanced PFKFB3 activity
favors the accumulation of F-2,6-bisP, a potent allosteric
activator of the rate-limiting enzyme of glycolysis, PFK1. For
this reason, increases in PFKFB3 activity should dramatically
stimulate the glycolytic cascade. Second, following inflamma-
tory stimulation, Pfkfb3 was the most highly induced
glycolysis-related gene in the livers of Mkp-1 KO mice (Fig. 1)
and Mkp-1"'~ macrophages (data not shown). The dramati-
cally increased Pfkfb3 mRNA in LPS-stimulated Mkp-1~'
BMDM (Fig. 5, A and B) and the potent inhibitory effect of
SB203580 on Pfkfb3 mRNA induction (Fig. 7C) strongly sup-
port enhanced p38 MAPK activity as a strong positive regu-
lator of Pfkfb3 transcription. The substantial inhibition of
lactate production in LPS- and E. coli-stimulated BMDM
(Fig. 8) clearly demonstrates the critical role of the p38 MAPK
pathway and MKP-1-mediated negative feedback in the
regulation of glycolysis. Third, at least in the liver, the PFKFB3
isoforms expressed in WT and Mkp-1 KO mice appeared to
differ; compared to E. coli—infected WT mice that had 61 and
67 kDa as their major isoforms, Mkp-1 KO mice preferentially
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express different PFKFB3 isoforms (Fig. 1, C and D). Mice
express eight PFKFB3 isoforms, due to differential mRNA
splicing (50, 51), however it remains unclear whether the
PFKFB3 isoforms of varying weights function differently dur-
ing sepsis. The differential utilization of the distinct isoforms
in WT and Mkp-1 KO mice following sepsis suggests that the
splicing of the Pfkfb3 mRNA is affected directly or indirectly by
Mkp-1 deficiency. Last, PFKFB3 activity is regulated not only
by protein expression but also by phosphorylation (19, 20). It
has been shown that a variety of protein kinases can phos-
phorylate PFKFB3, including PKA, PKC, MAPKAPK-2,
AMPK, and CDK6 (19-22), leading to increased catalytic ac-
tivity. MAPKAPK-2 is a direct target of p38 MAPK, and
phosphorylation of MAPKAPK-2 by p38 MAPK enhances its
kinase activity (29, 52). Mkp-1 KO mice exhibited greater
phospho-PFKFB3/PFKFB3 ratios than WT mice, at least in the
lungs and kidneys (data not shown), suggesting that these
organs likely have augmented PFKFB3 activity. Thus, elevated
p38 MAPK activity in these organs (Fig. 2, B and C) provides a
plausible explanation for increased PFKFB3 phosphorylation at
Ser461 in these organs in the E. coli—infected Mkp-1 KO mice.
As increased lactate during sepsis has been implicated in im-
mune suppression and vascular leak (14, 53, 54), enhanced
glycolysis may contribute to the elevated bacterial burden,
vascular collapse, and increased mortality of Mkp-1 KO mice
following E. coli infection (48, 55).

While Mkp-1 deficiency enhances the expression of PFKFB3
during the inflammatory response, the mechanism involved
remains unclear. Because Mkp-1 deficiency enhanced Pfkfb3
mRNA expression without increasing the mRNA stability
(Fig. 5D), it is likely that Mkp-1 deficiency results in
augmented Pfkfb3 transcription. Since the p38 MAPK inhibi-
tor significantly attenuated Pfkfb3 mRNA induction, particu-
larly in Mkp-1"'~ BMDM following E. coli stimulation
(Fig. 7C), enhanced p38 MAPK activity in Mkp-1~'"" cells is
probably responsible for enhanced Pfkfb3 transcription. Pre-
viously, Rius et al. have demonstrated that the hypoxic
response in innate immunity is mediated by HIF1a and NF-kB
(56, 57). Obach et al. have shown that the human PFKFB3
gene promoter contains several putative HIF1a-binding sites
necessary for transactivation in response to hypoxia (26).
Kwon et al. have shown that p38 MAPK can phosphorylate
HIFla and that such phosphorylation favors HIF1la accumu-
lation (58). Thus, in theory, enhanced p38 MAPK activity as
the result of Mkp-1 deficiency may lead to greater HIF1a levels
and enhancement in HIFla-mediated gene transcription.
However, following LPS stimulation, WT and Mkp-1 Ea
BMDM had similar HIF1a levels (data not shown). We have
previously shown that Mkp-1 deficiency does not have an
obvious effect on NF-kB pathway activation in LPS-stimulated
BMDM (40). Thus, enhanced Pfkfb3 expression in Mkp-1"'~
macrophages following LPS and E. coli stimulation is probably
mediated via a p38 MAPK-regulated transcriptional factor(s),
rather than NF-kB or HIFla.

Mkp-1 deficiency enhances both p38 MAPK and JNK ac-
tivities in LPS-stimulated macrophages (31, 41-43). Although
it is abundantly clear that p38 MAPK regulates PFKFB3
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activity by enhancing its expression and phosphorylation, the
role of JNK in PFKFB3 and glycolysis regulation remains
puzzling. The JNK inhibitor by itself had little effect on
PFKFB3 protein expression (Fig. 7, A and B) in BMDM
stimulated by LPS, whereas the combination of the p38 MAPK
and JNK inhibitors further decreased PFKFB3 protein and
Pfkfb3 mRNA expression in LPS- and E. coli-stimulated
macrophages relative to the p38 MAPK inhibitor alone (Fig. 7).
These results suggest that JNK plays a minor role in the in-
duction of PFKFB3. Surprisingly, pharmacological inhibition of
JNK alone resulted in a small, yet significant, enhancement of
lactate production (Fig. 8). One possibility is that JNK inhibi-
tion could enhance the activity of one or more key glycolytic
enzymes that function(s) in the glycolytic pathway. This is
consistent with the report that knockdown of JNK1 in normal
mouse liver cells upregulates the hepatic expression of clusters
of genes involved in glycolysis, including Hk2, Gpil, and Pkm
(59). Additionally, INK inhibition has been shown to increase
HK2 enzymatic activity in Chaetocin-treated glioma cells (60).
Consistent with this observation, we also found that Mkp—l’/ -
BMDM express less HK2 protein than WT BMDM both
before and after LPS stimulation (data not shown). It is
possible that when p38 MAPK and JNK are both inhibited,
PFKFB3 activity is markedly attenuated, making PFK1 activity
the bottle-neck of the glycolytic cascade that constrains the
rate of lactate production, explaining the greater inhibition of
lactate production than the p38 MAPK inhibitor alone.

Experimental procedures
Experimental animals

Mkp-1*""~ mice on a C57/129 mixed background (61, 62)
were generously provided by Bristol-Myers Squibb Pharma-
ceutical Research Institute. Mkp-1*"~ mice were intercrossed
to generate WT and Mkp-1 KO mice for E. coli infection ex-
periments. Mkp-1 KO mice have no obvious phenotype prior
to E. coli infection. Additionally, the Mkp-I*"~ mice were
backcrossed to C57BL/6] mice for eight generations to create
Mkp-1 KO mice on a C57BL/6] background. While WT and
Mkp-1 KO mice on C57/129 background were used for all
infection experiments, all macrophage studies in vitro were
carried out using bone marrow isolated from the mice on
C57BL/6] background. All mice were housed with a 12 h
alternating light-dark cycle at 25 °C, with humidity between
30% and 70%, and have access to food and water ad libitum. All
experiments were performed according to National Institutes
of Health guidelines and were approved by the Institutional
Animal Care and Use Committee at the Research Institute at
Nationwide Children’s Hospital.

E. coli infection and RNA-seq

A WT (smooth) strain of E. coli (O55:B5, ATCC 12014) was
purchased from American Tissue Culture Collection. E. coli
were grown, prepared, and used to infect mice via tail vein
injection at a dose of 2.5 x 10’ CFU/g body weight (b.w.) as
previously described (27, 48). Livers, lungs, spleens, kidneys,
and hearts were isolated 24 h postinfection. Tissues were either
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fixed in formalin for IHC or freeze-clamped and stored at —80
°C. Tissues were homogenized to extract proteins for Western
blot analysis. Total RNA was isolated from four animals in each
treatment group for RNA-seq analysis (27, 40, 49). The RNA-
seq data have been deposited in Gene Expression Omnibus
(GSE122741). A comprehensive list of 23 glycolysis-related
genes was compiled, and the transcript copy numbers were
used to calculate the fold change and p-values using a ¢ test.
The fold change of transcripts for each gene was calculated
relative to the average expression in control WT mice (injected
with PBS, iv.). Values were log,-transformed to generate a
heatmap where red indicates upregulation, white indicates no
change, and blue indicates downregulation of gene expression.

Macrophage derivation and stimulation

BMDMs were generated from WT and Mkp-1 KO mice on
the C57BL/6] background as previously described (40) and were
stimulated with LPS (O55:B5, Calbiochem) or heat-killed E. coli
for different times. In some experiments, BMDM were pre-
treated with vehicle (DMSO), a p38 MAPK inhibitor (SB203580
(63), Calbiochem), a JNK inhibitor (JNK-IN-8 (64), Selleck
Chemicals), or a combination of both inhibitors for 15 min
prior to LPS stimulation. Medium was harvested to measure
lactate concentrations using a Lactate-Glo assay kit (Promega).
Cells were lysed to harvest proteins for Western blot analysis.

Quantitative RT-PCR

Total RNA was isolated either from liver tissues or BMDM
using Trizol. RQ1 RNase-Free DNase (Promega) was used to
remove Genomic DNA from total RNA samples prior to
reverse transcription, as previously described (27, 40). Pfkfb3
mRNA levels were assessed by qRT-PCR using forward primer
5'-AGAACTTCCACTCTCCCACCC-3' and reverse primer
5-AGGGTAGTGCCCATTGTTGAA-3. For an internal
control for normalization, 18S rRNA was quantified by qRT-
PCR using primers 5-GTAACCCGTTGAACCCCATT-3
and 5-CCATCCAATCGGTAGTAGCG-3. Pfkfb3 mRNA
expression was normalized to 18S using the 2"2“T method
(36). The expression of Pfkfb3 mRNA in liver tissues was also
assessed similarly by qRT-PCR (27).

Assessment of Pfkfb3 mRNA stability

To assess the effect of Mkp-1 deficiency on Pfkfb3 mRNA
half-life, WT and Mkp-1~'~ BMDM were stimulated with LPS
(100 ng/ml) for 8 h. Gene transcription was then stopped by
5 pg/ml actinomycin D, as previously described (65). RNA
samples were isolated after different times, and Pfkfb3 mRNA
levels were assessed by qRT-PCR. The half-life of Pfkfb3
mRNA was calculated using the formula, where N(t)= Nye™
and A = htsz and ty, is the half-life.

Western blot analysis and IHC

Western blot analysis was done as described previously (66,
67). The rabbit polyclonal antibody against PFKFB3 was pur-
chased from Proteintech. The rabbit polyclonal antibody
against phospho-PFKFB3 (Ser461) was purchased from
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Thermo Fisher Scientific. The mouse mAb against p-ACTIN
was purchased from Sigma Chemicals. The mouse mAb
against c-RAF was purchased from Transduction Laboratories.
The rabbit mAbs against GAPDH, MKP-1, Thr180/Tyr182-
phosphorylated and total p38, and the polyclonal rabbit anti-
body against Thr334-phosphorylated MAPKAPK-2 were
purchased from Cell Signaling Technology. Western blots
were developed using chemiluminescent reagent ECL Immo-
bilon (Millipore Corporation). Western blot images were ac-
quired using the Epson Perfection 4990 PHOTO scanner
(Epson). Quantification of protein expression was carried out
by densitometry using VisionWorksLS Image Acquisition and
Analysis Software (UVP), as previously described (66).

IHC was carried out as previously described (68). Briefly,
5-um paraffin tissue sections were deparaffinized in xylene and
rehydrated with graded ethanol to potassium-PBS solution, pH
7.2. After antigen retrieval with citrate buffer (pH 6), the
sections were pretreated with 1.5% H,O, for 15 min, followed
by 1 h blocking with 5% normal donkey serum (Jackson
ImmunoResearch). The tissues were then incubated overnight
at 4 °C with the rabbit polyclonal antibody against PFKFB3
diluted 1:8000 in 5% normal donkey serum. After 1 h incu-
bation with biotinylated donkey anti-rabbit IgG 1:600 dilution
(Jackson ImmunoResearch), the sections were developed using
the avidin-biotin-peroxidase system (Vectastain Elite ABC;
Vector Laboratories) with Vector NovaRed (Vector Labora-
tories) as chromogen and hematoxylin as counterstain. The
specificity of the immunoreactivity was confirmed by omission
of the PFKFB3 antibody. To quantify the PFKFB3 staining in
hepatocyte nuclei, we used a semiquantitative histoscore sys-
tem based on the intensity of staining graded as follows: O,
nonstaining; 1, weak; 2, moderate; or 3, strong, according to a
previously described semiquantitative scoring system (69).
Four randomly obtained representative fields, including cen-
trilobular, midzonal, and portal regions (each field covering
0.03 mm2), were scored. The mean hepatocyte histoscore was
calculated for each field, from a total of 50 to 100 cells.

Lactate assays

BMDM were plated into 96-well plates at a density of 2.5 x
10° cells per well. After the cells attached, the medium was
removed and cells were washed twice with PBS. The cells were
fed with fresh pyruvate-free medium containing dialyzed FBS
and stimulated with LPS or heat-killed E. coli. When the
pharmacological PFKFB3 inhibitor, AZ67, was used, cells were
pretreated with 10 uM AZ67 or vehicle (DMSO) for 30 min
and then stimulated with LPS or E. coli. Medium was harvested
after different times and lactate levels in the medium were
measured using a fluorometric lactate assay kit (Promega).

Statistical analyses

Differences in protein and gene expression between groups
were compared using ¢ test or two-way ANOVA with
GraphPad Prism 8.2.0 program (GraphPad Software). A value
of p < 0.05 was considered statistically significant for all
analyses.
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Data availability

The RNA-seq data have been deposited in the Gene
Expression Omnibus (GSE122741) https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE122741.
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