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Abstract

Background and objectives: Hepatic steatosis and inflammation are key characteristics of
non-alcoholic fatty liver disease (NAFLD). However, whether and how hepatic steatosis and liver
inflammation are differentially regulated remains to be elucidated. Considering that disruption of
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (Pfkfb34Pfk2) dissociates fat deposition
and inflammation, the present study examined a role for Pfkfb3APfk2 in hematopoietic cells in
regulating hepatic steatosis and inflammation in mice.

Methods: Prkfb3-disrupted (Pfkfb3''™) mice and wild-type (WT) littermates were fed a high-fat
diet (HFD) and examined for NAFLD phenotype. Also, bone marrow cells isolated from Pfkf3t~
mice and WT mice were differentiated into macrophages for analysis of macrophage activation
status and for bone marrow transplantation (BMT) to generate chimeric (WT/BMT- Prkfb3")
mice in which Pfkfb3was disrupted only in hematopoietic cells and control chimeric (WT/BMT-
WT) mice. The latter were also fed an HFD and examined for NAFLD phenotype. /n vitro,
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hepatocytes were co-cultured with bone marrow-derived macrophages and examined for
hepatocyte fat deposition and proinflammatory responses.

Results: After the feeding period, HFD-fed Pfkf3"~ mice displayed increased severity of liver
inflammation in the absence of hepatic steatosis compared with HFD-fed WT mice. When
inflammatory activation was analyzed, Pfkfb3"/~ macrophages revealed increased
proinflammatory activation and decreased anti-proinflammatory activation. When NAFLD
phenotype was analyzed in the chimeric mice, WT/BMT-Pfkfb3"~ mice displayed increases in the
severity of HFD-induced hepatic steatosis and inflammation compared with WT/BMT-WT mice.
At the cellular level, hepatocytes co-cultured with kb3~ macrophages revealed increased fat
deposition and proinflammatory responses compared with hepatocytes co-cultured with WT
macrophages.

Conclusions: Pfkfb3 disruption only in hematopoietic cells exacerbates HFD-induced hepatic
steatosis and inflammation whereas the Pfkfb3/APfk2 in nonhematopoietic cells appeared to be
needed for HFD feeding to induce hepatic steatosis. As such, the Pfkfb34Pfk2 plays a unique role
in regulating NAFLD pathophysiology.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is characterized by hepatic steatosis and
progresses to non-alcoholic steatohepatitis (NASH). The latter is the advanced form of
NAFLD where the liver displays overt inflammatory damages. Various epidemiological
studies have demonstrated that obesity increases the incidence of NAFLD by 7-10 fold.12
Accordingly, obesity-associated metabolic abnormalities, such as chronic low-grade
inflammation, adiposity, and insulin resistance, are considered as key factors contributing to
the development and progression of NAFLD. Indeed, recent research has advanced the
understanding of how obesity-associated inflammation triggers or exacerbates the
pathogenesis of NAFLD. For instance, a number of metabolic and inflammatory pathways
within macrophages, a major type of immune cells that regulates NAFLD phenotype, have
been validated to either activate or suppress macrophage activation and act through paracrine
manners to alter hepatocyte metabolic and inflammatory responses and hepatic stellate cell
activation status.38 During NASH, monocyte-derived macrophages also have been
implicated as a major type of cells accounting for liver inflammation and fibrosis.%19 In
addition, obesity-associated adipose tissue dysfunction is accepted to deliver excessive
amount of fat flow and adipokines to the liver, which in turn acts on liver cells including
hepatocytes and macrophages to promote NAFLD.11-13 Although the mechanisms
underlying obesity-associated adipose tissue dysfunction remain to be elucidated, increased
proinflammatory activation of macrophages within adipose tissue is considered as a causal
factor accounting for adipose tissue dysfunction. Clearly, macrophages are of particular
importance in the pathogenesis of NAFLD.
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As it is well established in mice, feeding a high-fat diet (HFD) induces inflammation in the
liver and adipose tissue, along with hepatic steatosis, increased adiposity, and systemic
insulin resistance.514 However, there also is increasing evidence that indicates the
dissociation between fat deposition and increased insulin resistance and inflammatory
responses. For instance, targeted overexpression of human acyl-CoA:diacylglycerol
acyltransferase (DGAT) in the liver causes hepatic steatosis, but not glucose intolerance and
systemic insulin resistance.1® In this line of transgenic mice, the liver also displays normal
inflammatory responses.1> Similarly, supplementation of palmitoleate, a monounsaturated
fatty acid whose circulating levels are positively correlated with hepatic steatosis,16:17
increases hepatic steatosis while suppressing liver proinflammatory responses.!® The
mechanisms underlying the dissociation of inflammation and fat deposition remain to be
elucidated, and warrant careful considerations of how inflammation versus fat deposition as
critical obesity-associated factors separately contribute to the pathogenesis of NAFLD.

As one of the four Prkfb genes, Prkfb3encodes the inducible 6-phosphofructo-2-kinase
(iPfk2).19.20 The latter generates fructose-2,6-bisphosphate (F2,6P), which in turn acts as
the most powerful activator of glycolytic enzyme 6-phosphofructo-1-kinase (6Pfk1).19:21 It
has been documented that among the key tissues that are involved in the regulation of
systemic insulin sensitivity and metabolic homeostasis, adipose tissue has high abundance of
Prkfb3/Pfk2 whereas the liver and skeletal muscle have very low levels of Pfkfb34Pfk2.22
Also, previous evidence has demonstrated a critical role for Pfkfb34Pfk2 in dissociating
HFD-induced adiposity from proinflammatory responses in mice whose Prkfb3 was
disrupted.22 Specifically, Pfkfb3 disruption ameliorated HFD-induced adiposity but
exacerbated the proinflammatory responses in adipose tissue. In contrast, adipocyte-specific
overexpression of Pfkfb3/iPfk2 markedly increased the degree of HFD-induced adiposity
while decreasing adipose tissue inflammation. Notably, this line of mice displayed increased
hepatic steatosis while revealing decreased liver inflammation and increased hepatic insulin
sensitivity. Given this, the Pfkfb3APfk2 in adipocytes appears to play a unique role in the
pathogenesis of NAFLD. Since Pfkfb34Pfk2 is also expressed at high abundance in
macrophages, a recent study examined NAFLD phenotype in mice whose Pfkfb3was
disrupted only in myeloid cells, and suggested that the Pfkf34Pfk2 in myeloid cells, unlike
that in adipocytes, appears to act through suppressing macrophage proinflammatory
activation to protect against HFD-induced NAFLD.23 In particular, the Pfkfb3in
macrophages is not just to regulate the rates of glycolysis, but more broadly to coordinate
overall metabolic homeostasis, thereby determining macrophage activation. Given the
importance of macrophages in NAFLD pathophysiology, the present study examined HFD-
induced NAFLD phenotype in global Pfkfb3-disrupted mice and in chimeric mice in which
Prkfb3was disrupted only in hematopoietic cells. The results verified a role for macrophage
Prkfb3in protecting against diet-induced NAFLD.

Materials and methods

Ethical approval

All study protocols were reviewed and approved by the Institutional Animal Care and Use
Committee of Texas A&M University.
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2.2. Animal experiments

Wild-type (WT) C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor,
ME, USA). Global heterozygous Prkfb3-disrupted (Prkfb3~) mice were generated and
maintained as previously described (homozygous Prkfb3 disruption is embryonic lethal).
22,24 A1l mice were maintained on a 12:12-h light-dark cycle (lights on at 06:00). All mice
were fed ad /ibitum except those that were used for dietary feeding study. Study 1 (global
Prkfb3 disruption on NAFLD phenotype): male P63~ mice and WT littermates, at 5-6
weeks of age, were fed an HFD (60% fat calories, 20% carbohydrate calories, and 20%
protein calories; Research Diets, Inc.) or low-fat diet (LFD,10% fat calories, 70%
carbohydrate calories, and 20% protein calories) for 12 weeks as previously described.
22,2526 stydy 2 (hematopoietic cell-specific Pfkfb3 disruption on NAFLD phenotype): to
generate chimeric mice in which Pfkfb3was disrupted only in hematopoietic cells, male WT
mice, at 5-6 weeks of age, were subjected to bone marrow transplantation (BMT) as
described below. After recovery, chimeric mice were fed an HFD for 12 weeks as described
in Study 1. After the feeding period, mice in both studies were fasted for 4 h prior to
collection of blood and tissue samples.”26 After weighing, liver samples were either fixed
and embedded for histological and immunohistochemical analyses or frozen in liquid
nitrogen and then stored at —80 °C for further analyses. Some male mice were fed ad /ibitum
and subjected to isolation of bone marrow cells as described below.

2.3. lIsolation of bone marrow cells and differentiation of macrophages

24. BMT

Bone marrow cells were isolated from the tibias and femurs of male P73~ mice and its
WT littermates, at 8-10 weeks of age as described.>’ After erythrocyte lysis with
ammonium chloride (Stem Cell Technologies, Cambridge, MA, USA), cells were either
used for BMT or induced for differentiation with Iscove’s modified Dulbecco’s medium
containing 10% fetal bovine serum (FBS) and 15% L929 culture supernatant for 8 days. The
bone marrow-derived macrophages (BMDMs) were analyzed for its activation status or used
for the co-culture study.

BMT was performed as previously described.®’ At 5-6 weeks of age, male WT recipients
were lethally irradiated and transplanted with bone marrow cells from Pfk#b3'/~ mice and/or
WT littermates. WT/BMT-Pfkfb3~ mice, in which Pfkfb3was disrupted only in
hematopoietic cells, and WT/BMT-WT mice, in which Pfkfb3was intact in all cells, were
allowed to recover for 4 weeks. After recovery, the chimeric mice were fed an HFD for 12
weeks and subjected to metabolic assays and tissue collections.

2.5. Histological and immunohistochemical analyses

Paraffin-embedded mouse liver blocks were cut into sections of 5 um thickness and stained
with hematoxylin and eosin (H&E) and/or stained for F4/80 expression with rabbit anti-
F4/80 antibodies (1:100) (AbD Serotec, Raleigh, NC, USA).6:23 The fraction of F4/80-
expressing cells for each sample is calculated as the sum of the number of nuclei of F4/80-
expressing cells divided by the total number of nuclei in sections of a sample. Six fields per
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slide were included, and a total of 4-6 mice per group were used. Frozen liver sections (4-5
pum thick) were stained with Oil Red O as described.®

2.6. Cell culture and treatment

After differentiation, BMDMSs were harvested and examined for Prkfb3 expression using
real-time polymerase chain reaction (PCR). Upon validating Pfkfb3 disruption, additional
BMDMs were subjected to metabolic and inflammatory assays. To quantify glycolysis rates,
each well (6-well plate) of BMDMs were incubated with medium supplemented with 1 pCi
[3-3H]-glucose for 3 h. After incubation, the medium was collected to determine the
production of 3H,0 (in disintegration per minute (DPM)) as described.2 Rates of glycolysis
were calculated as nanomoles of glucose metabolized per 3 h per milligram of protein and
normalized to the average of control. To analyze macrophage proinflammatory signaling,
lysates of BMDMs were subjected to Western blot analysis. Additional BMDMs were
treated with lipopolysaccharide (LPS, 20 ng/mL) for 6 h prior to harvest to examine the
expression of interleukin-1beta (//-106), //-6, and tumor necrosis factor alpha (77/3). To
analyze macrophage anti-inflammatory activation, some BMDMs were treated with or
without 11-4 (10 ng/mL) in the presence or absence of pioglitazone (Pio, 1 pM) for 48 h and
examined for the expression of //-Zband //-6 or protein amount of Arginase 1 and
peroxisome proliferator-activated receptor gamma (Pparg), which all are indicators of
macrophage alternative activation.28:2% Additional BMDMSs were subjected to hepatocyte-
macrophage co-culture study as described below.

Primary hepatocytes were isolated from free-fed male WT C57BL/6J mice, at 8-10 weeks of
age, as described.® After attachment, hepatocytes were further incubated in M199
supplemented with 10% FBS and 100 U/mL penicillin and 100 pg/mL streptomycin for 24
h. For hepatocyte-macrophage co-culture study, bone marrow cells were prepared from
Prkfb3~ mice and WT littermates, as well as Mye- Pfkfb3~ mice and Mye- Prkfb3* mice
as described,23 at 6 days prior to hepatocyte isolation. After differentiation, BMDMSs were
trypsinized and added to WT primary mouse hepatocytes at a ratio of 1:10 as described.5-30
The co-cultures were incubated with fresh media for 48 h and treated with palmitate (250
uUM) or BSA for the last 24 h and assessed for fat deposition or incubated for 48 h in the
absence or presence of LPS (100 ng/mL) for the last 30 min to examine inflammatory
signaling.

2.7. Biochemical and molecular assays

To determine liver inflammatory signaling, lysates of frozen livers were subjected to
Western blot analysis to measure total amount and/or phosphorylation states of nuclear
factor kappa B (Nfkb) p65 as described.8:31 Similarly, to analyze liver insulin signaling, liver
lysates were examined for the total amount and phosphorylation states of Akt using Western
blot analysis.®31 All primary antibodies were from Cell Signaling Technology (Danvers,
MA, USA). The maximum intensity of each band was quantified using Image J software. To
determine gene expression, the total RNA was isolated from cultured/isolated cells, and
subjected to reverse transcription and real-time PCR analysis. Results were normalized to
18s ribosomal RNA and plotted as relative expression to the average of WT or PBS-treated
WT, which was set as 1. To assess hepatocyte fat deposition, the co-cultures of hepatocytes
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and macrophages were treated with or without palmitate for 24 h. At 1 h prior to harvest, the
cells were stained with Oil Red O and quantified for fat content as described.6:12

2.8. Statistical analysis

Numeric data are presented as means + standard error of the mean (SEM). Statistical
significance was determined using unpaired, two-tailed ANOVA or Student’s ftests.
Differences were considered significant at the two-tailed £< 0.05.

3. Results

3.1. Global Pfkfb3 disruption blunts HFD-induced hepatic steatosis in mice

We have previously shown that global Pfk7b3 disruption ameliorates HFD-induced adiposity
while increasing adipose tissue proinflammatory responses.?2 The same lines of mice (Fig.
1A) were examined for HFD-induced NAFLD phenotype. As described,22 HFD-Pfkfb 3!~
mice revealed smaller increases in body weight and visceral fat mass compared with HFD-
WT mice (Fig. 1B). Moreover, HFD-Pfkfb3"'~ mice displayed significantly decreased liver/
body weight ratios compared with HFD-WT mice (Fig. 1C). When liver sections were
examined, HFD-Pfk3"~ mice did not display hepatic steatosis whereas HFD-WT mice
exhibited overt hepatic steatosis (Fig. 1D). However, in the absence of hepatic steatosis,
HFD-Pfkfb3"'~ mice revealed significantly more F4/80-positive cells in the liver compared
with HFD-WT mice (Fig. 1D). These results suggest that Pfkfb3 disruption dissociates
hepatic steatosis and liver inflammation.

3.2. Pfkfb3 disruption decreases macrophage glycolysis

How Prkfb3 disruption dissociates hepatic steatosis and liver inflammation is unknown, but
may be attributable to cell-type-specific roles played by Prfkfb3in different cells, e.g.,
adipocytes and macrophages. Since Pfkfb3is expressed at highly abundance in
macrophages, we sought to explore a role for macrophage Pfk3in NAFLD
pathophysiology. Initially, we quantified the rates of glycolysis in macrophages
differentiated from bone marrow cells isolated from Pfkf3'~ mice and its WT littermates.
After validating Pfkfb3 disruption (Fig. 2A), Pfkfb3"'~ BMDMs, along with control
BMDMs were examined for the rates of glycolysis. Indicated by the production of 3H,0
from BMDM: s incubated with3-[H]-glucose, the rates of glycolysis in Pfkfb3"~ BMDMs
were significantly lower than those in WT BMDMs (Fig. 2B). These results verified an
essential role for Pfkfb3in regulating glycolysis in macrophages, and enabled us to address
Prkfb3regulation of macrophage activation in relation to NAFLD phenotype (see below).

3.3. Pfkfb3 disruption increases macrophage proinflammatory activation and decreases
macrophage anti-inflammatory activation

Homozygous Prkfb3 disruption exacerbates LPS-induced macrophage proinflammatory
activation.23 A similar finding was observed in the present study using macrophages
prepared from APfkfb3"'~ mice as indicated by increased phosphorylation states of Nfkb p65,
as well as mRNA levels of proinflammatory cytokines (LPS-stimulated //-Zband 7nfg) (Fig.
3A and B). Next, the present study examined Prkfb3 regulation of macrophage anti-
inflammatory activation. Under Il-4/Pio-stimulated conditions, the amount of Arginase 1 and
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Pparg was increased significantly in WT BMDMs, but not or to a smaller extent in Afkfb3~
BMDMs (Fig. 3C). Similarly, under both basal and Il-4-stimulated condition, the mMRNA
levels of //-1band //-6in Pfkfb3"'~ BMDMs were significantly higher than their respective
levels in WT BMDM s (Fig. 3D). Together, these results indicate that Pfk7b3 disruption leads
to increased macrophage proinflammatory activation and decreased macrophage anti-
inflammatory activation.

3.4. Pfkfb3 disruption in hematopoietic cells exacerbates diet-induced hepatic steatosis
and inflammation without altering body weight and adiposity

3.5.

Myeloid cell-specific Prkfb3disruption in mice exacerbates diet-induced hepatic steatosis
and inflammation in the absence of altering body weight and adiposity.23 For the current
study, we used BMT as an alternative approach to verify the role of Pfkfb3in myeloid cells
in regulating diet-induced phenotype in mice. During the feeding period, WT/BMT-
Prkfb3~ mice and WT/BMT-WT mice consumed comparable amount of food (data not
shown). Also, the body weight of WT/BMT-Pfkfb3"'~ mice, before or after HFD feeding,
did not differ significantly from that of WT/BMT-WT mice (Fig. 4A). Consistently,
adiposity, calculated as the ratio of visceral fat mass to body weight, was comparable
between the two groups of chimeric mice after HFD feeding (Fig. 4B). These results confirm
that Pfkfb3 disruption in hematopoietic cells does not alter body weight and adiposity of the
chimeric mice.

When NAFLD phenotype was examined, HFD-fed WT/BMT-Pfkfb3"'~ mice and HFD-fed
WT/BMT-WT mice revealed comparable amount of liver weight and similar ratios of liver
weight to body weight (Fig. 4C). However, the severity of hepatic steatosis in HFD-fed WT/
BMT-Prkfb3'~ mice was significantly greater than that in HFD-fed WT/BMT-WT mice,
indicated by the results from liver sections stained with H&E and Oil Red O (Fig. 4D).
Additionally, the numbers of hepatic F4/80-postivie cells and liver phosphorylation of states
of Nfkb p65 in HFD-fed WT/BMT-Prkfb3''~ mice were significantly greater than their
respective levels in HFD-fed WT/BMT-WT mice (Fig. 4D and E), indicating increased
severity of liver inflammation in mice whose Prkfb3was disrupted only in hematopoietic
cells. Collectively, these results suggest that Prkfb3 disruption in hematopoietic cells
exacerbates diet-induced hepatic steatosis and inflammation.

Macrophage factors generated in response to Pfkfb3 disruption promote hepatocyte

fat deposition and proinflammatory cytokine expression

To verify a role for the Pfkfb3in macrophages in regulating hepatocyte events related to
NAFLD, we performed macrophage-hepatocyte co-cultures. Upon palmitate stimulation,
hepatocytes co-cultured with Afkfb3"~ BMDMs revealed a significant increase in fat
deposition compared with hepatocytes co-cultured with control BMDMs (Fig. 5A).
Additionally, hepatocytes co-cultured with Pfk7b3"~ BMDMs revealed significantly
increased phosphorylation states of Nfkb p65 under both basal and LPS-stimulated
conditions (Fig. 5B). These results suggest that Pfkfb3 disruption promotes macrophage
generation of factors that act to enhance hepatocyte fat deposition and proinflammatory
responses.
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3.6. Pfkfb3 disruption in hematopoietic cells impairs liver insulin signaling

Hepatic insulin resistance not only is a consequence of NAFLD, but also serves as a factor to
increase hepatic lipogenesis. Next, the present study analyzed liver insulin signaling in
HFD-fed chimeric mice. In HFD-fed WT/BMT-WT mice, insulin induced a significant
increase in liver phosphorylation states of Akt (Fig. 6A and B). This effect of insulin,
however, was weakened in livers of HFD-fed WT/BMT-Pfkfb3"~ mice. Therefore, Pfkfb3
disruption in hematopoietic cells decreases liver insulin sensitivity.

4. Discussion

Obesity-associated adiposity, along with adipose tissue dysfunction, critically promotes the
development and progression of one or more features of NAFLD.32-35 Meanwhile, obesity-
associated inflammation also plays an important role in regulating the pathogenesis of
NAFLD.67:23 Since increasing evidence has indicated the existence of dissociation of
inflammation and fat deposition, it is critical to elucidate whether and how different aspects
of obesity, e.g., inflammation versus fat deposition, differentially regulate hepatic steatosis
and inflammation. In the present study, we examined NAFLD phenotypes in global Pfkfb3
disrupted mice and in chimeric mice in which Pfkfb3was disrupted only in hematopoietic
cells. Our results indicated that inflammation derived from Prkfb3-disrupted hematopoietic
cells plays a detrimental role in increasing the severity of HFD-induced hepatic steatosis and
inflammation although the Pfkfb3in nonhematopoietic cells is needed for HFD to induce
hepatic steatosis in mice. Using a co-culture system, we further validated that Prkfb3
disrupted macrophages act on hepatocytes to increase palmitate-induced fat deposition and
LPS-stimulated hepatocyte proinflammatory responses. As such, Prkfb3 plays a unique role
in the development and progression of NAFLD.

As a regulatory gene of glycolysis, Pfkfb3 regulates adipocyte metabolic and
proinflammatory responses, in large part, through promoting glycolysis and glycolysis-
related fat deposition to channel fatty acids away from excessive oxidation.22:3¢ This unique
property enables Prkfb3to dissociate adipose tissue inflammation from adiposity. As
supporting evidence, global Prkfb3-disupted mice displayed increased severity of HFD-
induced adipose tissue inflammation while revealing decreased adiposity.22 In this line of
mice, we examined NAFLD phenotype and demonstrated the dissociation of liver
inflammation and hepatic steatosis. Of note, the increase in HFD-induced liver inflammation
in global Pfkfb3-disupted mice occurred in the presence of increased adipose tissue
inflammation (reported previously in the study by Huo et a/22) whereas the absence of
HFD-induced hepatic steatosis was accompanied with reduced adiposity. These findings
indicated that Pfk7b3 disruption, on the one side, exacerbated HFD-induced inflammation,
and, on the other side, blunted or ameliorated HFD-induced fat deposition, e.g., adiposity
and hepatic steatosis. Because Prkfb3is expressed at high abundance in both adipocytes and
macrophages, the dissociation of inflammation and fat deposition was likely attributable to
the differential roles played by the Pfkfb3in adipocytes versus macrophages. This notion,
was based on, in large part, the findings from a gain-of-function study in which selective
Prkfb3 overexpression in adipocytes significantly increased the severity of HFD-induced
hepatic steatosis, but caused a significant decrease in liver inflammation.12 The latter,
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together with the results from global Pfkfb3-disrupted mice concerning NAFLD phenotype,
suggest that intact Pfk7b3in adipocytes is a prerequisite for HFD feeding to induce
adiposity, thereby hepatic steatosis. This speculation, indeed, is consistent with the finding
that palmitoleate, whose production/release from adipocytes is increased in response to
forced expression of Prkfb3, acts to enhance hepatocyte lipogenesis and increase hepatic
steatosis while suppressing hepatocyte proinflammatory responses.12 As complementary
evidence, Prkfb3 disruption in all cells, including adipocytes, blunted HFD-induced hepatic
steatosis. Moreover, when Pfkfb3 was intact in adipocytes, the chimeric mice in which
Prkfb3was disrupted only in hematopoietic cells revealed comparable amount of HFD-
induced weight gain and adiposity compared with the chimeric mice in which Pfkfb3was
intact in all cells. Given this, it is conceivable that Pfk7b3 in nonhematopoietic cells, e.g.,
adipocytes, is needed for HFD to induce hepatic steatosis in mice.

The common features of NAFLD between global Prkfb3-disrupted mice and chimeric mice
also validated the importance of Prfkfb3in suppressing HFD-induced liver inflammation.
Specifically, when Pfkfb3 was disrupted in all cells or only in hematopoietic cells, HFD-
induced liver inflammation in the mice was significantly increased compared with that in the
respective control mice whose Prkfb3was intact. Considering that macrophages critically
determine HFD-induced liver inflammation in mice,%7:37 we speculated that the Pfkfb3in
macrophages plays an essential role in determining the degrees of liver inflammation.
Indeed, this speculation was based on the findings from our recent study in which myeloid
cell-specific Pfkfb3 disruption exacerbated HFD-induced liver inflammation.23 In the
present study, the results from our chimeric mice demonstrated that Pfkfb3 disruption only
in hematopoietic cells increased the severity of HFD-induced liver inflammation. This serves
as complementary evidence further validating the role for Pfkfb3in myeloid cells in
protecting against HFD-induced liver inflammation. At the cellular level, Pfkfb3 disruption
increases macrophage proinflammatory activation and decreases macrophage anti-
inflammatory activation. This regulation by Prkfb3enables macrophages to critically
regulate hepatocytes responses. As supporting evidence, hepatocytes co-cultured with
Prkfb3-disrupted macrophages revealed increased proinflammatory signaling, suggesting
that macrophage factors generated in response to Pfk7b3 disruption directly act to enhance
hepatocyte proinflammatory responses. Collectively, Pfkfb3 protection of liver inflammation
is attributable to, in large part, suppression of macrophage proinflammatory activation. The
latter, in turn, brings about decreases in the proinflammatory effects of macrophage-derived
factors on hepatocyte inflammatory responses.

The Prkfb3in macrophages also protects against the development of hepatic steatosis as this
is supported by the findings from our recent study and by the data from the current study.23
Specifically, Prkfb3 disruption in hematopoietic cells exacerbated the severity of HFD-
induced hepatic steatosis. As substantial evidence, hepatocytes co-cultured with Pfkfb3-
disrupted macrophages revealed an increase in palmitate-stimulated fat deposition. Given
this, the role for Pfk7b3 in macrophages in protecting against hepatic steatosis likely requires
the presence of intact Prkfb3in nonhematopoietic cells, e.g., adipocytes. In other words, the
Prkfb3in macrophages appears to act through suppressing macrophage-derived pro-steatotic
factors to protect against the development of hepatic steatosis, and this requires the
conditions where hepatic steatosis can be induced. Consistent with this interpretation, in
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global Prkfb3-disrupted mice, Prfkfb3disruption in cells other than hematopoietic cells,
presumably adipocytes, blunted the development of adiposity and acted to offset the pro-
steatotic effect of Prkfb3 disruption in hematopoietic cells. This view warrants future
investigation. Lastly, mast cells are also derived from hematopoietic cells and have been
implicated to regulate the pathogenesis of NAFLD.38-40 Considering this, it would be
interesting to explore whether Prkfb3 also regulates the function of mast cells, thereby
altering the development of hepatic steatosis and inflammation in future studies. Although
not belonging to hematopoietic cells, hepatic stellate cells (HSCs) respond to macrophage-
derived factors and are responsible for liver fibrosis. Given this, it would warrant future
study to also address whether and how factors generated in response to Prkfb3 disruption in
adipocytes versus macrophages differentially regulate the activation status of HSCs.

In summary, the present study provides evidence to support a unique role for Pfkfb3in
regulating the aspects associated with NALFD. The notable finding is that Prk7b3 disruption
only in hematopoietic cells exacerbated the severity of HFD-induced hepatic steatosis and
inflammation whereas Prkfb3 disruption in all cells exacerbated liver inflammation but
blunted hepatic steatosis. Because macrophage factors generated in response to Prkfb3
disruption acted to enhance hepatocyte fat deposition and proinflammatory responses, the
Prkfb3in macrophages is considered to critically protect against hepatic steatosis and
inflammation. Moreover, intact Pfkfb3 in nonhematopoietic cells, e.g., adipocytes, appears
to be needed for HFD feeding to induce hepatic steatosis, and for the Pfkfb3in
hematopoietic cells to protect against HFD-induced hepatic steatosis. As such, the Pfkfb3in
different cells plays differential roles in regulating the aspects of NAFLD.
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Fig. 1. Global Pfkfb3 disruption blunts HFD-induced hepatic steatosis but increases liver

macrophage accumulation.

Global heterozygous Prkfb3-disrupted (Prkfb3t'~) mice and WT (Pfkfb3!*) littermates were
described in Materials and methods. (A) Validation of Pfk7b3 disruption. Tail
deoxyribonucleic acid (DNA) was examined for Pfkfb3 expression using polymerase chain
reaction (PCR). (B) Body weight and visceral fat mass (A= 10 for body weight and V=7
for fat mass). (C) Liver/body weight ratios (N =7). (D) Liver histology. Liver sections were
stained with H&E or for F4/80 expression. For B-D, Pfkfb3"~ mice and WT littermates, at
5-6 weeks of age, were fed HFD (60% fat calories) or LFD (10% fat calories) for 12 weeks.
At the end of feeding period, mice were fasted for 4 h prior to harvest. For B and C, data are
means + SEM. **, P< 0.01 Pfkfb3"'~ vs. WT in B for the same type of mass or in C on the
same diet; T, £< 0.05 HFD vs. LFD for the same genotype. Abbreviations: H&E,
hematoxylin and eosin; HFD, high-fat diet; LFD, low-fat diet; Pfkfb3, 6-phosphofructo-2-

kinase/fructose-2,6-biphosphatase 3; WT, wild-type.
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Fig. 2. Pfkfb3 disruption decreasesthe rates of glycolysis.
Bone marrow cells were isolated from male Pfkfb3-disrupted (Pfkfb3''~) mice and WT

(Prkfb3*) littermates, at 10-12 weeks of age, and differentiated into macrophages
(BMDMs). (A) Macrophage Prkfo3 mRNA levels. After harvest, the mRNA levels of Prkfb3
were examined using real-time PCR. (B) Macrophages glycolysis rates. Prior to harvest,
BMDMs were incubated with 3H-glucose (1 pCi/3 mL) for 3 h. Rates of glycolysis were
calculated as the generation of 3H,0 per mg cell proteins. For A and B, data are means +
SEM. N=4 (WT) and 6 (Pfkfb37). *, P< 0.05 and **, P< 0.01 Prkfb3"~ vs. Wild-type.
Abbreviations: AU, arbitrary unit; BMDMSs, bone marrow-derived macrophages; Pfkfb3, 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; WT, wild-type.
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Fig. 3. Pfkfb3 disruption exacer bates macrophage proinflammatory activation and impairs
macrophage anti-inflammatory activation.

Bone marrow cells were isolated from male Pfkfb3-disrupted (Prkfb3''~) mice and WT
(Prkfb3*) littermates, at 10—12 weeks of age, and differentiated into macrophages
(BMDMs). (A) Macrophage proinflammatory signaling. After harvest, cell lysates were
examined for total protein and the phosphorylation states of Nfkb p65 using Western blot
analysis. Representative blots from 4 WT to 6 Prkfb3-disrupted mice. (B) Macrophage
cytokine expression. BMDMs were treated with or without LPS (20 ng/mL) for 6 h prior to
harvest. N'= 4 (WT) and 6 (Pfkfb3"7). (C) Changes in macrophage alterative activation
markers. BMDMs were treated with or without 11-4 (10 ng/mL) in the presence or absence
of pioglitazone (Pio, 1 uM) for 48 h. Cell lysates were subjected to Western blot analysis. /
= 3. (D) Prior to harvest, BMDMs were treated with or without 11-4 (10 ng/mL) for 48 h.
The expression of cytokines was analyzed using real-time PCR. Data are means = SEM. /=
4 (WT) and 6 (Pfkfb3). * P<0.05 and **, P< 0.01 Prkfb3"~ vs. WT with the same
treatment (11-4 or PBS). Abbreviations: AU, arbitrary unit; 1l-1b, interleukin-1beta; LPS,
lipopolysaccharide; Pfkfb3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; Pio,
pioglitazone; Pparg, peroxisome proliferator-activated receptor gamma; Tnfa, tumor necrosis
factor alpha; WT, wild-type.
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Fig. 4. Adoptive transfer of Pfkfb3-disrupted bone marrow cellsto WT recipient mice
exacer bates NAFL D phenotype without altering body and adiposity.

Bone marrow cells from Prkfb3-disrupted (Pfkfb3'~) mice and/or WT littermates were
transplanted into lethally irradiated male WT mice, at 5-6 weeks of age (BMT). After
recovery for 4 weeks, chimeric mice were fed an HFD (60% fat calories) for 12 weeks. WT/
BMT-Prkfb3~ , WT mice were transplanted with bone marrow cells from Prkfb3* = WT/
BMT-WT, WT mice were transplanted with WT bone marrow cells. (A) Body weight of the
chimeric mice before and after HFD feeding (A= 10). (B) Adiposity of chimeric mice after
HFD feeding (M= 7). (C) Liver weight (N =7). (D) Liver histology and
immunohistochemistry. Left panels, liver sections were stained with H&E; middle panels,
liver sections were stained with Oil Red O; right panels, liver sections were stained for F4/80
expression. (E) Representative images for changes in liver Nfkb p65 phosphorylation states.
Liver lysates were prepared from 3 randomly selected mice per group and subjected to
Western blot analysis. For bar graphs in A-C, data are means + SEM. Abbreviations: BMT,
bone marrow transplantation; H&E, hematoxylin and eosin; HFD, high-fat diet; Pfkfb3, 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; WT, wild-type.
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F_ig.;._ Pfkfb3-disrupted macrophages increased hepatocyte fat deposition and proinflammatory
signaling.

B?)ne m%rrow cells were isolated from male Prkfb3-disrupted (Pfkfb3") mice and/or WT
littermates, at 10-12 weeks of age, and differentiated into macrophages (BMDMs). Primary
hepatocytes were isolated from male WT mice, at 10-12 weeks of age. After overnight
incubation, primary hepatocytes were co-cultured with BMDMs at a 10:1 ratio for 48 h. (A)
Hepatocyte fat deposition. Prior to harvest, the co-cultures were treated with palmitate (250
uM) for 24 h and stained with Oil Red O for the last 1 h. Bar graph, quantification of
hepatocyte fat content. (B) Hepatocyte proinflammatory signaling. Prior to harvest, the co-
cultures were treated with or without LPS (100 ng/mL) for the last 30 min. Bar graph,
quantification of blots. For A and B, numeric data are means £ SEM. NV =4 (hepatocytes co-
cultured with WT BMDMs) and 6 (hepatocytes co-cultured with P73~ BMDMSs). **, P
< 0.01 hepatocytes co-cultured with Pfkfb3"~ BMDMs vs. hepatocytes co-cultured with
Pfkfb3"* BMDMs (in An under palmitate-stimulated condition and in B under Basal or
LPS-stimulated condition). Abbreviations: AU, arbitrary unit; BMDMSs, bone marrow-
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derived macrophages; LPS, lipopolysaccharide; Pfkfb3, 6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase 3; WT, wild-type.
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Fig. 6.

Agoptive transfer of Pfkfb3-disrupted bone marrow cells to WT recipients impairs hepatic
insulin signaling. Chimeric mice were described in Fig. 4. WT/BMT-Pfkfb3"~ , WT mice
were transplanted with bone marrow cells from P73~ ; WT/BMT-WT, WT mice were
transplanted with WT bone marrow cells. Prior to harvest, HFD-fed mice were subjected to
a bolus injection of insulin (1 U/kg) into the portal vein for 5 min. Liver lysates were
examined for the total and phosphorylation states of Akt using Western blot analysis. (A)
Representative blots. Liver samples were prepared from 3 WT or Pfkfb3"~ mice in the
absence of insulin injection and 4 WT or Pfkfb3"'~ mice received insulin injection. (B)
Quantification of blots. Data are means + SEM. N/= 3 (without insulin) and 4 (with insulin).
** p<0.01 WT/BMT-Prkfb3"!~ vs. WT/BMT-WT under insulin-stimulated condition.
Abbreviations: AU, arbitrary unit; BMT, bone marrow transplantation; Pfkfb3, 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; WT, wild-type.
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