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Abstract

Obesity-associated inflammation in white adipose tissue (WAT) is a causal factor of systemic 

insulin resistance; however, precisely how immune cells regulate WAT inflammation in relation to 

systemic insulin resistance remains to be elucidated. The present study examined a role for 6-

phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) in hematopoietic cells in 

regulating WAT inflammation and systemic insulin sensitivity. Male C57BL/6J mice were fed a 

high-fat diet (HFD) or low-fat diet (LFD) for 12 weeks and examined for WAT inducible 6-

phosphofructo-2-kinase (iPFK2) content, while additional HFD-fed mice were treated with 

rosiglitazone and examined for PFKFB3 mRNAs in WAT stromal vascular cells (SVC). Also, 

chimeric mice in which PFKFB3 was disrupted only in hematopoietic cells and control chimeric 
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mice were also fed an HFD and examined for HFD-induced WAT inflammation and systemic 

insulin resistance. In vitro, adipocytes were co-cultured with bone marrow-derived macrophages 

and examined for adipocyte proinflammatory responses and insulin signaling. Compared with 

their respective levels in controls, WAT iPFK2 amount in HFD-fed mice and WAT SVC PFKFB3 

mRNAs in rosiglitazone-treated mice were significantly increased. When the inflammatory 

responses were analyzed, peritoneal macrophages from PFKFB3-disrputed mice revealed 

increased proinflammatory activation and decreased anti-inflammatory activation compared with 

control macrophages. At the whole animal level, hematopoietic cell-specific PFKFB3 disruption 

enhanced the effects of HFD feeding on promoting WAT inflammation, impairing WAT insulin 

signaling, and increasing systemic insulin resistance. In vitro, adipocytes co-cultured with 

PFKFB3-disrupted macrophages revealed increased proinflammatory responses and decreased 

insulin signaling compared with adipocytes co-cultured with control macrophages. These results 

suggest that PFKFB3 disruption in hematopoietic cells only exacerbates HFD-induced WAT 

inflammation and systemic insulin resistance.
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Introduction

Immune cells contribute to the pathogenesis of obesity-associated inflammation in white 

adipose tissue (WAT), thereby contributing to systemic insulin resistance. As supporting 

evidence, WAT in mice with diet-induced obesity (DIO) reveals increased macrophage 

infiltration. The latter is commonly associated with increased systemic insulin resistance 1–3. 

Moreover, a number of studies in mouse models involving myeloid cell-specific disruption 

or overexpression of genes in inflammatory signaling and/or metabolic pathways have 

demonstrated that myeloid cells, in particular macrophages, regulate systemic insulin 

sensitivity 4–6. This regulation is attributable to, in large part, altering macrophage 

proinflammatory activation and related paracrine effects of macrophage-derived factors on 

insulin sensitivity and metabolic responses of key metabolic cells including adipocytes 4–6. 

Given this, elucidating the mechanisms underlying the activation of immune cells is critical 

to a better understanding of how inflammation regulates the development and progression of 

obesity-related metabolic diseases.

Within macrophages, peroxisome proliferator-activated receptor gamma and delta (PPARγ/

δ) are key transcription factors that stimulate macrophage anti-inflammatory activation 7–9. 

This is significant because myeloid cell-specific disruption of PPARγ and/or PPARδ 
increases proinflammatory activation of adipose tissue macrophages and exacerbates 

obesity-associated insulin resistance 7, 10. In contrast, the effect of PPARγ activation on 

reversing high-fat diet (HFD)-induced insulin resistance is mediated, at least in part, by 

stimulation of anti-inflammatory activation of macrophages in adipose tissue 11. 

Macrophage activation status is also regulated by Toll-like receptor 4 (TLR4), c-Jun N-

terminal kinase (JNK), and stimulator of interferon genes, such that their myeloid cell-

specific disruption protects mice from diet-induced WAT and systemic insulin resistance 
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5, 12–14. Taken together, these findings demonstrate how the inflammatory status of 

macrophages governs the outcome of WAT inflammation and systemic insulin sensitivity. 

However, it remains to be elucidated exactly how nutritional stress induces proinflammatory 

macrophage activation, particularly in those found in adipose tissue where increased 

inflammation plays a causal role in the pathogenesis of insulin resistance and hyperglycemia 
1, 10, 15–17.

6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) is one of the four 

mammalian PFKFB genes that encode for different isoforms of 6-phosphofructo-2-kinase 

(PFK2) 18, 19. As a gene expressed at high abundance in macrophages, PFKFB3 encodes for 

the inducible isoform of PFK2 (iPFK2). In terms of regulating macrophage activation, 

PFKFB3 expression is stimulated by lipopolysaccharide (LPS) and associated with 

macrophage activation status 6, 20. However, LPS-stimulated PFKFB3 expression appears to 

be a defensive response that acts to prevent excessive macrophage proinflammatory 

responses; given that PFKFB3 disruption exacerbates macrophage activation 6. In contrast, 

PFKFB3 is needed for indole, a microbiota metabolite, to suppress macrophage 

proinflammatory activation 6. Additionally, PFKFB3 is also stimulated by activation of 

adenosine 2A receptor 21, whose activation or disruption respectively suppresses or 

enhances macrophage proinflammatory activation 4, 22. In the present study, we examined 

the expression of PFKFB3/iPFK2 in WAT and in WAT stromal vascular cells (SVC) and 

related it to WAT inflammation and systemic insulin resistance. We also examined the effect 

of PFKFB3 disruption in hematopoietic cells on altering diet-induced WAT inflammation 

and systemic insulin resistance.

Materials and Methods

Animal experiments

C57BL/6J mice were originally obtained from Jackson Laboratory (Bar Harbor, ME). 

Global heterozygous PFKFB3-disrupted (PFKFB3+/−) mice (homozygous PFKFB3 

disruption is embryonic lethal) and their wild-type (WT) littermates, as well as myeloid cell-

specific PFKFB3-disrupted (Mye-PFKFB3−/−) mice and control (Mye-PFKFB3+/+) mice, 

were generated and maintained, as described 1, 6, 23. In brief, mice containing two floxed-

PFKFB3 alleles were crossed with LysMCre mice in which a nuclear-localized Cre 

recombinase was inserted into the first coding ATG of the lysozyme 2 gene to generate 

LysMCre-PFKFB3F/+ or Mye-PFKFB3+/− mice. The latter were further bred to generate 

homozygous myeloid cell-specific PFKFB3-disrupted (Mye-PFKFB3−/−) mice and control 

(Mye-PFKFB3+/+) mice. The resultant mice were used for isolation of bone marrow cells, 

which were then differentiated into macrophages and used for single cell RNA sequencing 

analysis described below. All mice were maintained on a 12:12-h light-dark cycle (lights on 

at 06:00), and fed ad libitum except those that were used for dietary feeding studies. Study 1 
(PFKFB3/iPFK2 relevance to WAT inflammation): Male C57BL/6J mice, 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 previously described 1, 24, 25. Some HFD-

fed mice were also treated with rosiglitazone (10 mg/kg body weight per day, orally) for the 
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last 4 weeks. Study 2 (Hematopoietic cell-specific PFKFB3 disruption on WAT 

inflammation): Chimeric mice in which PFKFB3 was disrupted only in hematopoietic cells 

were generated using bone marrow transplantation (BMT). In brief, male WT mice, at 5 – 6 

weeks of age, were lethally irradiated and transplanted with bone marrow cells isolated from 

PFKFB3+/− mice and/or WT mice. After recovery for 4 weeks post-BMT, chimeric mice 

were fed an HFD for 12 weeks as described in Study 1. After the feeding/treatment period, 

mice in both studies were fasted for 4 h prior to collection of blood and tissue samples 5, 25. 

Epididymal, mesenteric, and perinephric fat depots were dissected and weighted as visceral 

fat content 26. After weighing, part of the WAT was 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 libitum and subjected to 

isolation of peritoneal macrophages or bone marrow cells as described below. All study 

protocols were reviewed and approved by the Institutional Animal Care and Use Committee 

of Texas A&M University.

Isolation of adipose tissue stromal vascular cells

Adipose tissue stromal vascular cells (SVCs) were isolated using the collagenase digestion 

method as described 27. After digestion and centrifugation, the pelleted cells were collected 

as SVCs.

Isolation of peritoneal macrophages or bone marrow cells

Both peritoneal macrophages and bone marrow cells were isolated from male PFKFB3+/− 

mice and its WT littermates, at 8 – 10 weeks of age as previously described 2, 5, 28. After 

erythrocyte lysis with ammonium chloride (StemCell Technologies, Vancouver, Canada), 

cells were subjected to treatment with LPS, IL-4, or pioglitazone followed by inflammatory 

assays described below or used for BMT. Some bone marrow cells were induced for 

differentiation with Iscove’s modified Dulbecco’s medium containing 10% fetal bovine 

serum and 15% L929 culture supernatant for 8 days. The bone marrow-derived macrophages 

(BMDMs) were used for the co-culture study.

Single cell RNA sequencing analysis

BMDMs also were prepared from Mye-PFKFB3−/− and Mye-PFKFB3+/+ mice as described 
6. Prior to harvest, BMDMs were treated with LPS (20 ng/mL) for 6 hr and further prepared 

using a 10x Genomics Chromium Controller with v3 Chemistry. The libraries were 

sequenced using the DNBseq NGS services provided by BGI Americas Corporation 

(Cambridge, MA). The scRNAseq data were then subjected to bioinformatic analysis of 

transcriptome: the differential expression analysis was conducted using MAST 29, and the 

functional enrichment analysis was performed using GSEA 30.

Bone Marrow Transplantation

BMT was performed as previously described 2, 5. At 5 – 6 weeks of age, male WT recipient 

mice were lethally irradiated and transplanted with bone marrow cells from PFKFB3+/− 

mice and/or WT littermates. PFKFB3+/− → WT mice, in which PFKFB3 was disrupted only 

in hematopoietic cells, and WT → WT mice, in which PFKFB3 was intact in all cells, were 
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allowed to recover for 4 weeks. After recovery, the chimeric mice were fed HFD 12 weeks 

and subjected to metabolic assays and tissue collections.

Glucose and Insulin Tolerance Tests

Glucose and insulin tolerance tests were performed as previously described 31. Mice were 

fasted for 4 h and intraperitoneally injected with D-glucose (2 g/kg of body weight) or 

insulin (1 unit/kg of body weight). For glucose tolerance tests, blood samples (5 ul) were 

collected from the tail vein before and at 30, 60, 90, and 120 min after the glucose bolus 

injection. Similarly, for insulin tolerance tests, blood samples were collected from the tail 

vein before and at 15, 30, 45, 60 min after the bolus insulin injection.

Measurement of plasma glucose and insulin

The levels of plasma glucose were measured using glucose assay kit (Sigma and BioVision, 

Mountain View, CA). The levels of plasma insulin were measured using ELISA kits (Crystal 

Chem Inc., Downers Grove, IL).

Adipose tissue insulin signaling

After the feeding period, randomly selected mice from Study 2 were fasted for 4 hr prior to a 

bolus injection of insulin (100 nM) into the portal vein for 5 min. Adipose tissue lysates 

were examined for the total amount and phosphorylation states of Akt1/2 using Western blot 

analysis.

Histological and immunohistochemical analyses

Paraffin-embedded mouse WAT blocks were cut into sections of 5 µm 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) 4, 6.

Cell culture and treatment

To analyze macrophage proinflammatory activation status, some peritoneal macrophages 

were treated with or without LPS (20 ng/mL) for 6 hr and analyzed for the expression of 

TNFα and IL-6. To analyze macrophage anti-inflammatory activation, some peritoneal 

macrophages were incubated with or without interleukin 4 (IL-4, 10 ng/mL) in the presence 

or absence of pioglitazone (1 µmol/L) for 48 hr and examined for the expression of IL-6 and 

arginase 1. Additional BMDM were subjected to adipocyte-macrophage co-cultures as 

described below.

BMDMs prepared from PFKFB3+/− or WT mice were subjected to co-cultures with 

differentiated 3T3-L1 adipocytes. After differentiation for 8 days, adipocytes were co-

cultured with BMDMs at a ratio of 10:1 based on the published method 32, 33. To determine 

changes in inflammatory signaling, some cells were treated with or without LPS (100 ng/ml) 

for 30 min before cell harvest. To examine changes in insulin signaling, some cells were 

treated with or without insulin (100 nmol/L) for 30 minutes before harvest. Cell lysates were 

measured for proinflammatory and insulin signaling using Western blot analysis.
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Biochemical and molecular assays

The amount of iPFK2 in WAT and the mRNA levels of PFKFB3 in WAT SVC were 

determined using Western blot analysis and real-time PCR, respectively, as previously 

described 6, 17. To determine WAT proinflammatory signaling, lysates of frozen WAT were 

subjected to Western blot analysis to measure total amount and/or phosphorylation states of 

NFκB p65 as described 4, 34. Similarly, to analyze WAT insulin signaling, WAT lysates were 

examined for the total amount and phosphorylation states of Akt using Western blot analysis 
4, 34. All primary antibodies were from Cell Signaling Technology (Danvers, MA, USA). 

The maximum intensity of each band was quantified using ImageJ software. To determine 

gene expression, the total RNA was isolated from cultured/isolated cells and WAT of 

chimeric mice 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, PBS-treated WT, or WT → WT, which was set as 1.

Statistical methods

Numeric data are presented as means ± standard error (SEM). Statistical significance was 

determined using unpaired, two-tailed ANOVA or Student’s t tests. Differences were 

considered significant at the two-tailed P < 0.05.

Results

PFKFB3/iPFK2 expression increases in WAT of DIO mice and in stromal vascular cells of 
rosiglitazone-treated DIO mice

We have previously shown that PFKFB3/iPFK2 plays a critical role in regulating HFD-

induced WAT inflammation in mice 1. However, the extent to which PFKFB3/iPFK2 

expression is altered in WAT, in particular immune cells within WAT, in relation to systemic 

insulin sensitivity remains to be examined. Initially, we examined the amount of iPFK2 in 

WAT of C57BL/6J mice with DIO. Compared with LFD-fed mice, HFD-fed mice displayed 

overt obesity (data not shown), which was accompanied with systemic insulin resistance and 

glucose intolerance (Figure 1A). Consistently, the area under curve (AUC) calculated from 

the data of glucose or insulin tolerance tests in HFD-fed mice was significantly greater than 

that in LFD-fed mice (Supplemental Figure S1). Meanwhile, HFD-fed mice revealed 

significant increases in accumulation of F4/80-positive cells in WAT sections and in the 

phosphorylation states of JNK p46 and NFκB p65 in WAT lysates compared with LFD-fed 

mice (Figure 1B,C), indicating increased severity of WAT inflammation. In addition, the 

amount of iPFK2 in WAT from HFD-fed mice was significantly increased compared with 

that in WAT from LFD-fed mice. To confirm the relevance of PFKFB3/iPFK2 to WAT 

inflammation and systemic insulin sensitivity, we examined PFKFB3 mRNAs in stromal 

vascular cells (SVC) of WAT from HFD-fed mice upon treatment with rosiglitazone which 

is shown to decrease WAT inflammation and improve systemic insulin sensitivity. Compared 

with those in HFD-fed and control-treated mice, PFKFB3 mRNAs in WAT SVC from HFD-

fed and rosiglitazone-treated mice were significantly increased, which was accompanied 

with a significant decrease in IL-6 mRNAs (Figure 1D). Together, these results suggest that 

increased PFKFB3 mRNAs in WAT SVC are associated with decreased WAT inflammation 
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in response to rosiglitazone treatment while iPFK2 amount in WAT is increased and 

accompanied with increased WAT inflammation.

PFKFB3 disruption enhances macrophage proinflammatory activation and decreases 
macrophage anti-inflammatory activation

In previous studies involving BMDMs, PFKFB3 is shown to critically regulate macrophage 

activation status 6. A similar finding was observed in the present study using peritoneal 

macrophages isolated from PFKFB3+/− mice and WT littermates (Figure 2A,B). 

Specifically, the mRNA levels of TNFα and/or IL-6 in peritoneal macrophages from 

PFKFB3+/− mice were significantly higher than their respective levels in peritoneal 

macrophages from WT mice under either basal or LPS-stimulated condition (Figure 2C). In 

addition, under both basal and anti-inflammatory conditions where IL-4, pioglitazone, or 

both was added, the mRNA levels of IL-6 in PFKFB3+/− macrophages were significantly 

higher than those in control macrophages (Figure 2D). In contrast, the mRNA levels of 

arginase 1 in PFKFB3+/− macrophages were significantly lower than those in control cells 

under conditions where IL-4, pioglitazone, or both was added (Figure 2D). Together, these 

results verify that PFKFB3 disruption increases macrophage proinflammatory activation and 

decreases macrophage anti-inflammatory activation.

PFKFB3 disruption increased macrophage expression of genes related to oxidative 
metabolism and proinflammatory responses

We showed previously that BMDMs from Mye-PFKFB3−/− mice revealed increased 

proinflammatory responses compared with BMDMs from Mye-PFKFB3+/+ mice 6. Using 

the same types of cells from Mye-PFKFB3−/− and Mye-PFKFB3+/+ mice (Supplemental 

Figure S2), in the present study we performed an scRNAseq analysis for macrophages to 

gain insight to how PFKFB3 might regulate macrophage activation. In BMDM samples, 

global expression profiles of cells from Mye-PFKFB3−/− and Mye-PFKFB3+/+ mice were 

comparable with each other – no batch effect was present (Figure 3A). The pooled cells 

formed two clusters, in which macrophages were identified using highly expressed marker 

genes including CD68 and Trem2 (Figure 3B). Among the analyzed cells, various genes 

were found to be differentially expressed between Mye-PFKFB3−/− and Mye-PFKFB3+/+ 

macrophages (Figure 3C). Further analysis by bioinformatics revealed that the expression of 

member genes in the gene sets related to oxidative phosphorylation (such as ATP5G3, 

NDUFA6, and ATP6V0D1) and cytokine-cytokine receptor interactions (such as CCL22, 

CCL7, and CCL2) were more likely to be upregulated in response to PFKFB3 disruption 

(Figure 3D). These results suggest that PFKFB3 disruption promotes the proinflammatory 

activation in macrophages at least through increasing metabolic dysregulation and through 

enhancing macrophage proinflammatory signaling.

Disruption of PFKFB3 in hematopoietic cells does not alter diet-induced adiposity in mice

Myeloid cell-specific PFKFB3 disruption in mice exacerbates diet-induced systemic insulin 

resistance without altering body weight and adiposity 6. In the current study, we used BMT 

as an alternative approach to verify the role of PFKFB3 in hematopoietic cells in regulating 

diet-induced phenotype in mice. During the feeding period, the body weight of PFKFB3+/− 

→ WT mice did not differ significantly from that of WT → WT mice (Figure 4A). Also, 
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PFKFB3+/− → WT mice and WT → WT mice consumed comparable amount of food 

(Figure 4B). When fat mass was quantified, the amount of epididymal fat mass, mesenteric 

fat mass, and perinephric fat mass, as well as their combination or abdominal fat mass in 

PFKFB3+/− → WT mice did not differ significantly from their respective amount in WT → 
WT mice (Figure 4C). These results validate that PFKFB3 disruption in hematopoietic cells 

does not significantly alter the effect of HFD feeding on inducing obesity and adiposity.

Disruption of PFKFB3 in hematopoietic cells exacerbates diet-induced metabolic 
dysregulation

Myeloid cell-specific PFKFB3 disruption in mice exacerbates diet-induced systemic insulin 

resistance 6. Using chimeric mice, the current study verified a role for the PFKFB3 in 

hematopoietic cells in regulating obesity-associated insulin resistance. Specifically, the 

severity of HFD-induced hyperglycemia and hyperinsulinemia in PFKFB3+/− → WT mice 

were significantly greater than that in WT → WT mice (Figure 5A,B). Consistently, the 

severity of HFD-induced systemic insulin resistance and glucose intolerance in PFKFB3+/− 

→ WT mice was significantly higher than that in WT → WT mice (Figure 5C,D). In 

addition, AUC calculated from the data of glucose or insulin tolerance tests in HFD-fed WT 

→ PFKFB3+/− mice was significantly greater than that in HFD-fed WT → WT mice 

(Supplemental Figure S3). These results indicate that PFKFB3 disruption in hematopoietic 

cells exacerbates the severity of diet-induced systemic metabolic dysregulation. Considering 

the importance of hematopoietic PFKFB3 in regulating diet-induced WAT inflammation and 

systemic insulin resistance, we also sought to address the extent to which reconstituting WT 

hematopoietic cells rescues or alleviates diet-induced phenotype in global PFKFB3-

disrupted mice. As demonstrated before1, PFKFB3+/− mice displayed increased severity of 

HFD-induced systemic insulin resistance (Supplemental Figure S4), along with increased 

WAT inflammation, compared with WT mice. However, after reconstituting WT 

hematopoietic cells, HFD-fed WT → PFKFB3+/− mice displayed comparable phenotype in 

WAT inflammation and systemic insulin resistance compared with HFD-fed WT → WT 

mice (Supplemental Figure S4). Therefore, hematopoietic PFKFB3 plays a critical role in 

protecting against HFD-induced WAT inflammation and systemic insulin resistance.

Disruption of PFKFB3 in hematopoietic cells exacerbates diet-induced WAT inflammation 
and decreases WAT insulin signaling

WAT inflammation is key to the development of systemic insulin resistance. We sought to 

analyze the effect of PFKFB3 disruption in hematopoietic cells on WAT inflammation. 

Compared with those in HFD-fed WT → WT mice, the sections of WAT in HFD-fed 

PFKFB3+/− → WT mice displayed significantly more F4/80-postive cells (Figure 6A), 

indicating increased WAT macrophage infiltration. Consistently, the phosphorylation states 

of NFκB p65 in WAT from HFD-fed PFKFB3+/− → WT mice were significantly greater 

than those in WAT from HFD-fed WT → WT mice (Figure 6B). Next, we analyzed WAT 

insulin signaling in HFD-fed chimeric mice. Compared with those in HFD-fed WT → WT 

mice, insulin-stimulated Akt phosphorylate states in WAT from HFD-fed PFKFB3+/− → 
WT mice were significantly decreased (Figure 6C). Therefore, PFKFB3 disruption in 

hematopoietic cells decreases WAT insulin sensitivity. To analyze adipose tissue bio-

physiology, we also examined the mRNA levels of WAT genes related to adipokines and 
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adipose tissue fat metabolism. The mRNA levels of genes for WAT fat mass such as 

hormone-sensitive lipase (HSL), glycerol kinase (Gyk), and PPARγ in PFKFB3+/− → WT 

mice were comparable with their respective levels in WT → WT mice (Figure 6D). In 

addition, the mRNA levels of adipokines such as leptin, visfatin, and lipocalin2 in WAT 

from PFKFB3+/− → WT mice did not differ significantly from those from WT → WT mice. 

However, the mRNA levels of adiponectin were decreased and the mRNA levels of 

monocyte chemoattractant protein 1 (MCP1), TNFα, and IL-1β were increased in WAT 

from PFKFB3+/− → WT mice compared with their respective levels from WT → WT mice 

(Figure 6D).

PFKFB3-disrupted macrophages enhance adipocyte proinflammatory responses and 
decrease adipocyte insulin signaling

To verify a role for the PFKFB3 in macrophages in regulating adipocyte responses in 

relation to WAT inflammation and insulin resistance, we performed macrophage-adipocyte 

co-cultures. Under LPS-stimulated conditions, adipocytes co-cultured with PFKFB3+/− 

BMDMs revealed significantly increased phosphorylation states of JNK p46 and NFκB p65 

compared with adipocytes co-cultured with control BMDMs (Figure 7A). Next, we 

examined insulin signaling in the co-cultures. Compared with adipocytes co-cultured with 

control BMDMs, adipocytes co-cultured with PFKFB3+/− BMDMs displayed a significant 

decrease in insulin-stimulated Akt phosphorylation states (Figure 7B). These results suggest 

that PFKFB3 disruption promotes macrophage generation of factors that act to enhance 

adipocyte proinflammatory responses and decrease adipocyte insulin signaling.

Discussion

WAT inflammation is a common characteristic of obesity and contributes to the development 

and progression of systemic insulin resistance. Within WAT, both adipocytes and immune 

cells are shown to critically determine the status of obesity-associated WAT inflammation, 

thereby systemic insulin resistance. As a regulatory gene of glycolysis, PFKFB3 is 

expressed at high abundance in both adipocytes and macrophages 20, 23 and acts to protect 

against the proinflammatory responses in both types of cells. In the present study, we 

demonstrated that PFKFB3 disruption only in hematopoietic cells exacerbated the severity 

of HFD-induced WAT inflammation and systemic insulin resistance. Consistently, co-

cultures of adipocytes with PFKFB3-disrupted macrophages revealed increased 

proinflammatory responses and decreased insulin sensitivity. Therefore, we obtained in vivo 
and in vitro evidence suggesting a role for PFKFB3 in hematopoietic cells, in particular 

macrophages, in protecting against obesity-associated WAT inflammation and systemic 

insulin resistance.

Previous studies have demonstrated that PFKFB3 links nutrient metabolism and the 

proinflammatory responses in adipocytes, intestinal epithelial cells, and macrophages 
6, 17, 35. Moreover, PFKFB3 is involved in the actions of PPARγ activation on decreasing 

obesity-associated WAT inflammation and systemic insulin resistance. However, the 

expression pattern of PFKFB3 in WAT, as well as WAT immune cells, remains not well 

studied. Here we showed that the amount of iPFK2 in WAT from HFD-WT mice was 
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significantly increased compared with that from LFD-WT mice, which was also 

accompanied with increased severity of WAT inflammation and systemic insulin resistance. 

This increase in WAT iPFK2 amount appeared to be a defensive response; as this is 

supported by two lines of evidence. Firstly, global PFKFB3 disruption in mice exacerbated 

HFD-induced WAT inflammation 1. Secondly, iPFK2 amount was increased in both WAT 

and cultured adipocytes in response to PPARγ activation, which is shown to decrease WAT 

inflammation and improve systemic insulin sensitivity 17. In the present study, we validated 

that PFKFB3 mRNAs in WAT SVC from rosiglitazone-treated mice were significantly 

increased compared with those from controls, and that the increase in SVC PFKFB3 

mRNAs was accompanied decreased IL-6 mRNAs. These findings not only extend the 

stimulatory effect of PPARγ activation on PFKFB3/iPFK2 expression from adipocytes to 

WAT immune cells, but more importantly suggest a role for the PFKFB3 in immune cells in 

protecting against obesity-associated WAT inflammation and systemic insulin resistance. 

The latter was substantiated by the evidence obtained from the chimeric mice (see below).

PFKFB3 critically regulates macrophage activation status. This has been validated by the 

findings from a previous study involving bone marrow-derived macrophages 6 and by the 

current study involving peritoneal macrophages. Specifically, PFKFB3 disruption increased 

LPS-induced macrophage proinflammatory activation and decreased PPARγ activation- 

and/or IL-4-induced macrophage anti-inflammatory activation. Because iPFK2 functions to 

promote glycolysis through generating fructose-2,6-bisphosphate as the most powerful 

activator of glycolytic enzyme 6-phosphofructokinase-1, PFKFB3 regulation of macrophage 

activation is tied to its property in enhancing glycolysis. Indeed, PFKFB3 disruption 

decreased macrophage glycolysis rates 6. As shown in adipocytes, PFKFB3 disruption 

brought about decreased glycolysis and a compensatory increase in fatty acid oxidation, 

which accounts for increased generation of reactive oxygen species and the proinflammatory 

responses 17. In contrast, iPFK2 overexpression caused significant increases in glycolysis 

and in the conversion of glucose to fat. This may also be case in macrophages; however, 

recent studies have increasingly shown that altered glycolysis in macrophages is also 

accompanied with changes in metabolic pathways other than glycolysis, e.g., TCA, pentose 

phosphate shunt, and aspartate-arginosuccinate shunt 36, 37. The changes are shown to 

critically regulate macrophage activation status. In the present study, we also validated that 

PFKFB3 disruption increased macrophage oxidative metabolism as this is suggested by the 

data upon landscape analysis of macrophage transcriptome. However, future studies are 

warranted to study the extent to which PFKFB3/iPFK2 is also involved in the regulation of 

pentose phosphate shunt and aspartate-arginosuccinate shunt in relation to macrophage 

activation.

PFKFB3 regulation of macrophage activation led us to address the relevance of PFKFB3 in 

myeloid cells with regards to the regulation of obesity-associated systemic insulin resistance. 

As reported previously, we validated that PFKFB3 disruption only in myeloid cells 

exacerbated the severity of HFD-induced systemic insulin resistance. However, the changes 

in WAT inflammation was not explored. In the present study, we used chimeric mice to 

analyze HFD-induced WAT inflammation in relation to systemic insulin resistance. 

Indicated by increases in infiltration of F4/80-positive cells and in the proinflammatory 

signaling (phosphorylation states of NFκB p65), the severity of diet-induced WAT 
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inflammation in chimeric mice whose PFKFB3 was disrupted in hematopoietic cells was 

significantly increased compared with that in control mice. Moreover, the increase in WAT 

inflammation was accompanied with increased severity of HFD-induced systemic insulin 

resistance. Based on these findings, we propose that the PFKFB3 in hematopoietic cells acts 

to protect against obesity-associated WAT inflammation, as well as local and systemic 

insulin resistance. More specifically, macrophage-specific PFKFB3 appeared to account for 

this role played by PFKFB3 itself. As substantial evidence obtained from adipocyte-

macrophage cocultures, we demonstrated that PFKFB3 disruption enabled macrophage 

generation of factors that function to increase adipocyte proinflammatory responses and 

decrease adipocyte insulin signaling.

Our finding that PFKFB3 disruption in hematopoietic cells did not alter HFD-induced 

weight gain and adiposity also suggests that the PFKFB3 found in immune cells and 

adipocytes functions similarly in terms of protecting against WAT inflammation, but 

distinctly in terms of regulating adiposity. This notion appears to be true when considering 

that global PFKFB3 disruption significantly decreased HFD-induced adiposity, but increased 

WAT inflammation. In contrast, selective overexpression of PFKFB3/iPFK2 in adipocytes 

significantly increased adiposity, but decreased WAT inflammation 38. Because of this, it is 

very likely that the PFKFB3 in immune cells acts to protect against WAT inflammation 

while having no effect on adiposity whereas the PFKFB3 in immune cells, i.e., 

hematopoietic cells, acts to protect against WAT inflammation while promoting adiposity. 

Consistently, adoptive transfer of PFKFB3-disrupted hematopoietic cells increased the 

expression of WAT genes related to inflammation and systemic insulin sensitivity MCP1, 

TNFα, IL-1β and adiponectin, but not the genes related to adiposity such as leptin, HSL, 

GyK, and PPARγ.

In summary, the present study provides evidence to support a critical role for hematopoietic 

PFKFB3 in protecting against obesity-associated WAT inflammation and systemic insulin 

resistance. The notable finding is that PFKFB3 disruption only in hematopoietic cells 

exacerbated the severity of HFD-induced WAT inflammation, as well as local and systemic 

insulin resistance. Because macrophage factors generated in response to PFKFB3 disruption 

acted to enhance adipocyte proinflammatory responses and decrease adipocyte insulin 

signaling, the PFKFB3 in macrophages is a key player that critically protects against diet-

induced metabolic phenotype. As such, the PFKFB3 in macrophages is a likely viable target 

for managing obesity-associated insulin resistance and human metabolic disease.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BMDM bone marrow-derived macrophages

BMT bone marrow transplantation

DIO diet-induced obesity

Dulbecco’s modified Eagle’s medium

FBS fetal bovine serum

GAPDH glyceraldehyde 3-phosphate dehydrogenase

GyK glycerol kinase

H&E hematoxylin and eosin

HFD high-fat diet

HSL hormone sensitive lipase

LFD low-fat diet

IL-1β interleukin 1 beta

IL-4 interleukin 4

IL-6 interleukin 6

iPFK2 inducible 6-phosphofructo-2-kinase

IMDM Iscove’s Modified Dulbecco’s medium

LPS lipopolysaccharide

MCP1 monocyte chemoattractant protein 1

NFκB nuclear factor kappa B

PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3

Pp65 phosphorylated p65 subunit of NFκB

PPARγ peroxisome proliferator-activated receptor gamma

TNFα tumor necrosis factor alpha

WAT white adipose tissue

WT wild-type
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Figure 1. PFKFB3 expression is relevant to adipose tissue inflammation in mice with diet-
induced obesity
Male C57BL/6J mice, at 5 – 6 weeks of age, were fed a high-fat diet (HFD, 60% of fat 

calories) or low-fat diet (LFD, 10% fat calories) for 12 weeks. Some HFD-fed mice were 

also treated with rosiglitazone (Rosi, 10 mg/kg/d) or control (phosphate-buffered saline 

(PBS)) for the last 4 weeks of HFD feeding period. (A) Glucose tolerance and insulin 

tolerance tests. After the feeding period, HFD- or LFD-fed mice were fasted for 4 hr and 

subjected to a bolus peritoneal injection of glucose (2 g/kg) or (1 U/kg). (B) Adipose tissue 

iPFK2 amount and proinflammatory signaling. After harvest, lysates of white adipose tissue 

(WAT) were measured for iPFK2 amount, as well as p46 and p65 amount and 

phosphorylation states using Western blot analysis. (C) WAT histology. WAT sections were 

stained with H&E or for F4/80 expression. (D) The expression of PFKFB3 and IL6 in WAT 

stromal vascular cells (SVC). After the feeding/treatment period, WAT of HFD-fed and 

rosiglitazone- or control-treated mice were digested for collection of SVC. The latter were 

subjected to measurement of PFKFB3 and IL-6 expression using real-time RT-PCR. For A, 

B, and D, numeric data are means ± SEM. n = 7 – 10. *, P < 0.05 and **, P < 0.01 HFD vs. 

LFD in A for the same point and in B for the same protein; †, P < 0.05 and ††, P < 0.01 LPS 

vs PBS for the same cocultures (in A). †, P < 0.05 and ††, P < 0.01 Rosi vs. PBS for the 

same gene in D.
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Figure 2. Disruption of PFKFB3 enhances macrophage proinflammatory activation and impairs 
macrophage anti-inflammatory activation
(A,B) Validation of macrophage PFKFB3 disruption. (C,D) Macrophage activation. For A - 

D, peritoneal macrophages were isolated from LFD-fed male PFKFB3+/− mice and wild-

type (WT) littermates and measured for the expression of PFKFB3 (A and B) and 

proinflammatory cytokines (TNFα and IL-6) and/or arginase 1 (C and D) using real-time 

RT-PCR. For A, representative PCR production of PFKFB3. For B, quantification of 

PFKFB3 mRNAs. For C, macrophage proinflammatory activation. Prior to harvest, 

macrophages were treated with or without lipopolysaccharide (LPS, 20 ng/mL) for the last 6 

hr. For D, macrophage anti-inflammatory activation. Prior to harvest, macrophages were 

treated with or without interleukin 4 (IL-4, 10 ng/mL) in the presence or absence of 

pioglitazone (1 µM) for 48 hr. For B - D, data are means ± SEM. n = 4 – 6. *, P < 0.05 and 

**, P < 0.01 PFKFB3+/− vs. WT in B, under the same condition in C, and with these same 

treatment (IL-4 or IL-4 + Pio) in D; †, P < 0.05 and ††, P < 0.01 LPS vs PBS within the same 

genotype in C or treatment with IL-4 + Pio vs. Pio alone.
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Figure 3. PFKFB3 regulation of macrophage activation at the level of transcriptome
Bone marrow cells from myeloid cell-specific PFKFB3 disrupted (Mye-PFKFB3−/−) mice 

and control (Mye-PFKFB3+/+) mice were differentiated into macrophages (BMDMs). Prior 

to harvest, BMDMs were treated with LPS (20 ng/mL) for 6 hr and subjected to scRNAseq 

analysis. (A) t-SNE representation of cells showing the sample origin: Mye-PFKFB3−/− and 

Mye-PFKFB3+/+ (WT). (B) t-SNE representation showing clusters of cells: CD68high-

Trem2high and CD68low-Trem2low. (C) Volcano plot of differentially expressed (DE) genes 

(fold-changes (FC=log2 transformed Mye-PFKFB3−/− to Mye-PFKFB3+/+ expression 

ratios) vs. log10-transformed p-values) in macrophages. Macrophages with high expression 

of markers such as CD68 and Trem2 were included in the differential expression analysis. 

Genes in oval are example genes with expression is upregulated in macrophages from Mye-

PFKFB3−/− mice. (D) Results of GSEA analysis using the ranked list of DE genes, 

suggesting that the expression of genes related to metabolic and proinflammatory responses 

is up regulated by PFKFB3 disruption.
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Figure 4. Disruption of PFKFB3 in hematopoietic cells does not alter diet-induced adiposity in 
mice
Bone marrow cells from PFKFB3+/− mice and/or wild-type (WT) littermates were 

transplanted into lethally irradiated wild-type mice. After recovery for 4 weeks, chimeric 

mice were fed an HFD for 12 weeks. PFKFB3+/− → WT mice, WT mice were transplanted 

with bone marrow cells from PFKFB3+/− mice; WT → WT mice, WT mice were 

transplanted with WT bone marrow cells. (A) Body weight of chimeric mice. (B) Food 

intake of the chimeric mice. For A and B, body weight was recorded weekly during the 

feeding period. Also, food amount was monitored weekly and used to calculate food intake. 

(C) Visceral fat mass. After the feeding period, mice were fasted for 4 hr and subjected to 

collection of fat pads. Abdominal fat mass was calculated as the sum of epididymal fat, 

mesenteric fat, and perinephric fat. For A - B, data are means ± SEM. n = 7 – 10.
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Figure 5. Disruption of PFKFB3 in hematopoietic cells exacerbates diet-induced insulin 
resistance and glucose intolerance
Chimeric (PFKFB3+/− → WT mice and WT → WT) mice, described in Figure 3, were fed 

an HFD for 12 weeks. (A,B) Plasma levels of glucose (A) and insulin (B). Prior to collection 

of blood samples, HFD-fed mice were fasted for 4 hr. (C,D) Glucose (C) and insulin (D) 

tolerance tests. After the feeding period, chimeric mice were fasted for 4 hr and given a 

bolus intraperitoneal injection of glucose (2 g/kg) (C) or insulin (1 U/kg) (D) and subjected 

to the tests. For A - D, data are means ± SEM. n = 10. *, P < 0.05 and **, P < 0.01 

PFKFB3+/− → WT vs. WT → WT in A and B and for the same time point in C and D.
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Figure 6. Disruption of PFKFB3 in hematopoietic cells exacerbates diet-induced WAT 
inflammation and decreases WAT insulin signaling
Chimeric (PFKFB3+/− → WT mice and WT → WT) mice, described in Figure 3, were fed 

an HFD for 12 weeks. (A,B) WAT inflammation. After harvest, WAT sections were stained 

with H&E or for F4/80 expression (A). Also, WAT lysates were examined for the 

phosphorylation states of NFκB p65 (B). (C) WAT insulin signaling. Prior to harvest, HFD-

fed chimeric mice were given a bolus injection of insulin into the portal vein for 5 min. WAT 

lysates were examined for the total amount and phosphorylation states of Akt. (D) WAT 

mRNA levels. For B and C, blots were quantified using densitometry. For D, WAT mRNA 

levels were quantified using real-time RT-PCR. For bar graphs in B - D, data are means ± 

SEM. n = 4 (B and C) or 6 (D). *, P < 0.05 and **, P < 0.01 PFKFB3+/− → WT vs. WT → 
WT in B and in C under the same condition (insulin) and in D for the same gene.
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Figure 7. PFKFB3-disrupted macrophages enhance adipocyte proinflammatory responses and 
decrease adipocyte insulin signaling
Adipocytes, differentiated from 3T3-L1 cells, were co-cultured with BMDMs from 

PFKFB3+/− mice or WT mice. (A) Proinflammatory signaling. Prior to harvest, the co-

cultures were treated with or without LPS (100 ng/mL) or PBS for the last 30 min. (B) 

Insulin signaling. Prior to harvest, the co-cultures were treated with insulin (100 nM) or PBS 

for the last 30 min. For A and B, cell lysates were subjected to Western blot analysis. Bar 

graphs, quantification of blots. Data are means ± SEM. n = 4 – 6. *, P < 0.05 and **, P < 

0.01 cocultures with PFKFB3+/− BMDMs vs. cocultures with WT BMDMs under LPS-

stimulated condition in A or insulin-stimulated condition in B; †, P < 0.05 and ††, P < 0.01 

LPS vs PBS for the same cocultures in A.
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