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Abstract

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

insulin resistance. To better understand how adipocytes regulate WAT inflammation, the present 

study generated chimeric mice in which inducible 6-phosphofructo-2-kinase was low, normal, 

or high in WAT while the expression of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 

(Pfkfb3) was normal in hematopoietic cells, and analyzed changes in high-fat diet (HFD)-induced 

WAT inflammation and systemic insulin resistance in the mice. Indicated by proinflammatory 

signaling and cytokine expression, the severity of HFD-induced WAT inflammation in WT → 
Pfkfb3+/− mice, whose Pfkfb3 was disrupted in WAT adipocytes but not hematopoietic cells, was 

comparable with that in WT → WT mice, whose Pfkfb3 was normal in all cells. In contrast, 

the severity of HFD-induced WAT inflammation in WT → Adi-Tg mice, whose Pfkfb3 was 

over-expressed in WAT adipocytes but not hematopoietic cells, remained much lower than that in 

WT → WT mice. Additionally, HFD-induced insulin resistance was correlated with the status of 
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WAT inflammation and comparable between WT → Pfkfb3+/− mice and WT → WT mice, but 

was significantly lower in WT → Adi-Tg mice than in WT → WT mice. In vitro, palmitoleate 

decreased macrophage phosphorylation states of Jnk p46 and Nfkb p65 and potentiated the effect 

of interleukin 4 on suppressing macrophage proinflammatory activation. Taken together, these 

results suggest that the Pfkfb3 in adipocytes functions to suppress WAT inflammation. Moreover, 

the role played by adipocyte Pfkfb3 is attributable to, at least in part, palmitoleate promotion of 

macrophage anti-inflammatory activation.
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1. Introduction

Obesity is a causal factor of a wide variety of chronic diseases including type 2 diabetes, 

non-alcoholic fatty liver diseases, cardiovascular disease, and certain forms of cancer [1–

5]. Over the past several decades, compelling evidence has demonstrated the interplays 

among fat deposition (e.g., adiposity and hepatic steatosis), chronic low-grade inflammation, 

and insulin resistance as the mechanisms underlying how obesity causes chronic diseases. 

In particular, nutritional stress, such nutrient overload and unhealthy diet composition, 

is shown to trigger or exacerbate white adipose tissue (WAT) inflammation, which in 

turn critically contributes to the development of insulin resistance and insulin resistance

associated metabolic dysregulation [6–10].

Within WAT, both adipocytes and macrophages are essential for regulating the development 

and progression of inflammation. For example, nutritional stress triggers oxidative stress 

and/or endoplasmic reticulum stress in adipocytes [11–13]. This process increases adipocyte 

production of proinflammatory mediators including cytokines and chemokines and leads 

to inappropriate adipocyte-macrophage crosstalk, thereby exacerbating WAT inflammatory 

responses and metabolic dysfunctions [8,14]. In contrast, adipocytes also are capable of 

producing Th2 cytokines that function to promote macrophage alternative activation. The 

latter is anti-inflammatory and acts to protect against obesity-related insulin resistance and 

metabolic dysregulation [9]. More importantly, upon activation of peroxisome proliferator

activated receptor gamma (Pparg), adipocytes reveal decreased proinflammatory responses 

[15,16]. This likely explains decreased WAT inflammation that may or may not be 

accompanied with increased WAT macrophage accumulation [17,18] and accounts for 

the insulin-sensitizing effect of thiazolidinediones that have been used as anti-diabetic 

medicines to reverse insulin resistance [19–22]. Similar to its actions on adipocytes, 

nutritional stress causes hyperactivation of immune cells, in particular those in WAT. The 

latter contributes to the pathogenesis of WAT inflammation. For instance, feeding a high

fat diet (HFD) to C57BL/6 mice induces increased WAT macrophage accumulation and 

proinflammatory activation that are commonly accompanied with systemic insulin resistance 

[23–25], However, it remains to be elucidated precisely how, within WAT, adipocytes act 

through a paracrine manner to regulate macrophage activation status, and thereby WAT 

inflammation.
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As a master regulatory gene whose product inducible 6-phosphofructo-2-kinase (iPfk2) 

functions to stimulate glycolysis, Pfkfb3 is expressed at high abundance in adipocytes 

and acts to link adipocyte metabolic and inflammatory responses. For instance, Pfkfb3 
knockdown decreased adipocyte glycolysis, resulting in a compensatory increase in 

adipocyte fatty acid oxidation that contributed to increased production of reactive oxygen 

species and proinflammatory responses [15,23]. In contrast, overexpression of iPfk2 in 

adipocytes increased glycolysis and glycolysis-derived lipogenesis, resulting in decreased 

adipocyte production of reactive oxygen species and proinflammatory responses [26]. These 

findings explained, to a large extent, that Pfkfb3 disruption increased and adipocyte-specific 

Pfkfb3 overexpression decreased the severity of HFD-induced WAT inflammation and 

systemic insulin resistance [23,26]. However, in global Pfkfb3-disrupted mice, Pfkfb3 was 

also disrupted in macrophages, whose activation status tightly regulates WAT inflammation. 

In contrast, in adipocyte-selective overexpressing mice, aP2-driven Pfkfb3 overexpression 

likely also occurred in WAT immune cells, in particular macrophages. To more specifically 

determine a role for the Pfkfb3 in adipocytes in regulating WAT inflammation, the present 

study analyzed WAT inflammation in relation to systemic insulin resistance using chimeric 

mice in which Pfkfb3/iPfk2 was low, normal, or high in WAT adipocytes, but normal 

in WAT immune cells. The results suggest that adipocyte Pfkfb3 plays a critical role in 

suppressing WAT inflammation. Also, this role of adipocyte Pfkfb3 involves palmitoleate.

2. Materials and methods

2.1. Animal experiments

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

Global heterozygous Pfkfb3-disrupted (Pfkfb3+/−) mice and adipocyte-specific Pfkfb3

overexpressing (Adi-Tg) mice, as well as their wild-type (WT) littermates were generated 

and maintained as described [23,26]. 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. Some Pfkfb3+/− mice and Adi-Tg mice were used for generation of chimeric mice as 

described below to create WAT environment where Pfkfb3 was disrupted or over-expressed 

in adipocytes but unchanged in hematopoietic cells. Study 1 (Effect of Pfkfb3 disruption on 

WAT inflammation): Since homozygous Pfkfb3 disruption is embryonic lethal [27], male 

Pfkfb3+/− mice and their WT littermates, at 5–6 wk of age, were fed an HFD (60% fat 

calories, 20% carbohydrate calories, and 20% protein calories; Research Diets, Inc.) for 

12 wk as described [23]. Study 2 (Effect of adipocyte-specific Pfkfb3 overexpression on 

WAT inflammation): Male Adi-Tg mice and their WT littermates, at 5–6 wk of age, were 

fed an HFD for 12 wk as described [26]. Most outcomes from Studies 1 and 2 have been 

previously reported [23,26]. Study 3 (Effect of decreased or increased adipocyte iPfk2 in 

the presence of WT Pfkfb3 in hematopoietic cells on WAT inflammation): Within WAT of 

Pfkfb3+/− mice, Pfkfb3 was also decreased in WAT immune cells, in particular macrophages 

that critically determine the inflammatory status of WAT. In contrast, within WAT of Adi-Tg 

mice, Pfkfb3 expression was likely also increased in WAT macrophages in response to 

aP2 promoter-driven gene expression. Considering this, the present study generated WT → 
Pfkfb3+/− mice and WT → Adi-Tg mice, as well as WT → WT mice, using bone marrow 

transplantation (BMT) as described [24,28]. In these three types of chimeric mice, WAT 
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contained low, normal, or high amount of iPfk2 in adipocytes, but normal (WT) Pfkfb3 
in hematopoietic cells. These chimeric mice, after recovery from BMT, were fed an HFD 

for 12 wk identical to the mice in Studies 1 and 2. During feeding period, body weight 

was recorded weekly and food consumption was documented and used to calculate food 

intake. After the feeding period, the mice in Studies 1 through 3 were fasted for 4 h prior to 

collection of blood and tissue samples [15,28]. Epididymal, mesenteric, and perinephric fat 

depots were dissected and weighed as visceral fat content [23,25]. 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 WT 

mice were fed ad libitum and subjected to isolation of bone marrow cells for BMT or 

differentiation into macrophages for further analyses as described below. All study protocols 

were reviewed and approved by the Institutional Animal Care and Use Committee of Texas 

A&M University.

2.2. Isolation of bone marrow cells and differentiation of macrophages

Bone marrow cells were isolated from the tibias and femurs of WT C57BL/6J mice, at 

10–12 wk of age as described [24,28]. After erythrocyte lysis with ammonium chloride 

(Stem Cell Technologies), the remaining cells were either used for BMT or induced for 

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

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

(BMDMs) were further analyzed for its activation status.

2.3. Bone marrow transplantation

At 5–6 wk of age, male recipients (Pfkfb3+/− mice, Adi-Tg mice, and WT littermates) 

were subjected to x-ray irradiation at a lethal dose. Immediately after irradiation, the 

recipients were transplanted with freshly isolated bone marrow cells from WT mice as 

described above. In WT → Pfkfb3+/− mice, Pfkfb3 was disrupted in WAT adipocytes, but 

normal in hematopoietic cells. In WT → Adi-Tg mice, Pfkfb3 was over-expressed in WAT 

adipocytes, but normal in hematopoietic cells. In WT → WT mice, Pfkfb3 was normal in 

both adipocytes and hematopoietic cells.

2.4. Glucose and insulin tolerance tests

Glucose and insulin tolerance tests (GTT and ITT) were performed as described [29]. After 

the feeding period, mice were fasted for 4 h and received an intraperitoneal injection of 

D-glucose (2 g/kg of body weight) or insulin (1 unit/kg of body weight). For GTT, blood 

samples (5 μL) were collected from the tail vein before and at 30, 60, 90, and 120 min post 

the glucose bolus injection. Similarly, for ITT, blood samples were collected from the tail 

vein before and at 15, 30, 45, 60 min post the bolus insulin injection. Area under curve 

(AUC) was calculated based on the data from GTT and ITT [30].

2.5. Measurement of plasma levels of glucose and insulin

The levels of plasma glucose were measured using a glucose assay kit (Sigma-Aldrich, St 

Louis, MO). The levels of plasma insulin were measured using an ELISA kit (Crystal Chem 

Inc., Downers Grove, IL).
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2.6. 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 (1:1,000) (AbD Serotec, Raleigh, NC) [29,31].

2.7. Analysis of adipocyte size and number

Images of H&E stained adipose tissue sections were analyzed using Adiposoft of Image J 

software. Three fields of view for slides of WAT from seven mice per group were quantified. 

The quantification unit of pixels were converted to microns using the following formula: 1 

pixel=0.645 μm at × 10 objective. Adipocyte number per field was calculated for adipocytes 

with a diameter ranging from 20–2000 μm during automated analysis. The size distribution 

(frequency) of adipocytes was calculated based on adipocyte size and number obtained, and 

plotted using the Excel Software.

2.8. Adipose tissue insulin signaling

After the feeding period, some mice from Studies 1 through 3 were fasted for 4 h and 

received a bolus injection of insulin (1 unit/kg body weight) into the portal vein for 5 min 

prior to harvest. WAT lysates were examined for the total amount and phosphorylation states 

of Akt1/2 using Western blot analysis.

2.9. Isolation of WAT adipocytes and stromal cells

Adipocytes and stromal cells were isolated from WAT in chimeric mice using the 

collagenase digestion method as previously described [24,28]. After digestion and 

centrifugation, the floating cells and pelleted cells were collected as adipocytes and stromal 

cells, respectively. The isolated cells were examined for Pfkfb3 mRNAs as described in 

cellular and molecular assays. Additional stromal cells were subjected to FACS analyses 

using flowcytometry described [24,28].

2.10. Cell culture and treatment

Stable iPfk2-overexpressing adipocytes and green fluorescent protein-expressing adipocytes 

(control) were established and maintained as described [15]. Adipocyte-conditioned media 

were collected at 8 d post differentiation and subjected to determination of the abundance 

of palmitoleate as described [26,30]. Next, the effect of palmitoleate on macrophage 

activation was analyzed. After differentiation, BMDMs were treated with palmitoleate (50 

μM, conjugated with 10% bovine serum albumin (BSA)), palmitate (250 μM), or BSA for 

24 h prior to harvest. Additional BMDMs were treated with Pal (250 μM) or PO (50 or 250 

μM) for 24 h in the presence of LPS for the last 30 min. Cell lysates were examined for the 

total amount and phosphorylation states of c-Jun kinase (Jnk) p46 and nuclear factor kappa 

B (Nfkb) p65 using Western blot analysis while some cells were harvested for RNA samples 

and examined for the expression of inflammatory mediators using real-time RT-PCR. To 

analyze the effect of PO on macrophage alternative activation, portions of BMDMs were 

incubated with or without interleukin 4 (Il4, 10 ng/mL) for 48 h in the presence or absence 

of PO (50 μM) for the last 24 h. Prior to harvest, the cells were also treated with or without 

LPS (100 ng/mL) for the last 30 min. Cell lysates were examined for the total amount and 
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phosphorylation states of Jnk p46 and Nfkb p65 using Western blot analysis. Additional 

BMDMs were treated with Il4 and/or PO identically and examined for the expression of 

proinflammatory cytokines and anti-inflammatory mediators (Tnfa, Il1b, Il6, arginase 1 
(Arg1), Il10, and Pparg).

2.11. Biochemical and molecular assays

The amount of iPfk2 in WAT and/or the mRNA levels of Pfkfb3 in BMDMs or isolated WAT 

cells from the mice of Studies 1 through 3 were determined using Western blot analysis 

and real-time PCR, respectively, as described [15,29]. To determine WAT and BMDM 

proinflammatory signaling and WAT insulin signaling, lysates of frozen WAT or cultured 

cells were subjected to Western blot analysis as described [31,32]. 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 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, basal WT, or WT → WT, which was set as 1.

2.12. 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 < .05.

3. Results

3.1. Adoptive transfer of WT hematopoietic cells to Pfkfb3-disrupted or selective Pfkfb3
overexpressing mice does not alter adipose tissue amount of iPfk2

Pfkfb3-disrupted (Pfkfb3+/−) mice revealed decreased WAT amount of iPfk2, due to Pfkfb3 
disruption in both adipocytes and WAT immune cells [23,27]. In contrast, selective Pfkfb3

overexpressing mice (Adi-Tg) mice revealed increased WAT amount of iPfk2 [26]. Using 

these two lines of mice (Fig. 1A), we generated chimeric mice in which immunes cells 

contained WT Pfkfb3. These resultant chimeric mice were expected to have decreased or 

increased iPfk2 in adipocytes, but not WAT immune cells, and were used for studying 

obesity-related WAT inflammation and systemic insulin resistance. After harvesting of 

chimeric mice, we verified that WAT iPfk2 amount was lower in WT → Pfkfb3+/− mice 

and higher in WT → Adi-Tg mice than that in WT → WT mice whereas Pfkfb3 mRNA 

levels in BMDMs from all chimeric mice were comparable (Fig. 1B, C). Among the 

isolated cells, WAT adipocytes from WT → Adi-Tg mice revealed markedly higher Pfkfb3 
mRNAs whereas adipocytes from WT → Pfkfb3+/− mice revealed significantly decreased 

Pfkfb3 mRNAs compared with those from WT → WT mice; although stromal cells from 

WT → Adi-Tg mice displayed slightly increased Pfkfb3 mRNAs (Fig. 1D). Therefore, 

adoptive transfer of WT hematopoietic cells to recipients did not alter WAT iPfk2 amount, 

which enabled us to study the role of altering adipocyte iPfk2 in the regulation of WAT 

inflammation and systemic insulin resistance.
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3.2. The iPfk2 in adipocytes, but not hematopoietic cells, determines body weight and 
adiposity

Pfkfb3/iPfk2 plays a critical role in regulating diet-induced adiposity and adipocyte size 

[23,26]. Consistently, the size of adipocytes in HFD-fed Pfkfb3+/− mice was significantly 

smaller than that in WT mice (Supplemental Figure S1). In contrast, the size of adipocytes in 

HFD-Adi-Tg mice was significantly larger than that in HFD-WT (Supplemental Figure S1). 

These features were not significantly altered by adoptive transfer of WT hematopoietic cells 

to Pfkfb3+/− mice and/or Adi-Tg mice. Specifically, upon HFD feeding, WT → Pfkfb3+/− 

mice revealed a smaller gain of body weight compared with WT → WT mice whereas 

WT → Adi-Tg mice displayed a significantly more gain of body weight (Fig. 2A). In 

addition, HFD-fed WT → Pfkfb3+/− mice displayed significantly decreased and HFD-fed 

WT → Adi-Tg displayed significantly increased visceral fat mass and adiposity compared 

with HFD-fed WT → WT mice (Fig. 2B). When compared with Pfkfb3+/− mice, WT → 
Pfkfb3+/− mice did not reveal significant differences in body weight before and after HFD 

feeding, and displayed nearly similar patterns of visceral fat mass and adiposity in response 

to HFD feeding (Supplemental Figure S2A, B, C). When compared with Adi-Tg mice, WT 

→ Adi-Tg mice also did not reveal significant differences in body weight before and after 

HFD feeding, and displayed nearly similar patterns of visceral fat mass and adiposity upon 

HFD feeding (Supplemental Figure S2D, E, F). Consistently, the size of WAT adipocytes 

was smaller in HFD-fed WT → Pfkfb3+/− mice and larger in HFD-fed WT → Adi-Tg mice 

than that in HFD-fed WT → WT mice (Fig. 2C, D). In addition, the average numbers of 

adipocyte per field of WAT sections were much greater in HFD-fed WT → Pfkfb3+/− mice 

and much smaller in HFD-fed WT → Adi-Tg mice than those in HFD-fed WT → WT 

mice (Fig. 2D). Changes in adipocyte size also were reflected by distribution of adipocyte 

size (frequency) (Fig. 2E), indicating that there were more small adipocytes and fewer large 

adipocytes of WAT in HFD-fed WT → Pfkfb3+/− mice whereas there were fewer small 

adipocytes and more large adipocytes of WAT in HFD-fed WT → Adi-Tg mice than those, 

respectively, in HFD-fed WT → WT mice (Fig. 2C,D). During the feeding period, all 

chimeric mice consumed a comparable amount of food intake (data not shown). Together, 

these results validated that the Pfkfb3/iPfk2 in adipocytes, but not hematopoietic cells, 

critically regulates adipose tissue mass or adiposity.

3.3. Adoptive transfer of wild-type hematopoietic cells to recipients does not weaken the 
effect of aP2-driven Pfkfb3 overexpression on ameliorating the severity of HFD-induced 
WAT inflammation

Pfkfb3 disruption exacerbated whereas aP2-driven Pfkfb3 overexpression ameliorated the 

severity of HFD-induced WAT inflammation [23,26]. To verify a role for iPfk2 in adipocytes 

and rule out roles for iPfk2 in immune cells in regulating WAT inflammation, we examined 

WAT inflammation in the chimeric mice. Indicated by F4/80-positive cells in WAT sections, 

the degree of macrophage accumulation in WT → Pfkfb3+/− mice was comparable with that 

in WT → WT mice (Fig. 3A). In contrast, the degree of WAT macrophage accumulation 

in WT → Adi-Tg mice was greater than that in WT → WT mice; however, this was 

accompanied with decreased WAT proinflammatory signaling and cytokine expression, as 

well as increased percentages of alternative (M2) macrophages among WAT stromal cells 

(below).
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Next, the present study examined WAT inflammatory signaling and cytokine expression. 

HFD-induced phosphorylation states of Nfkb p65 and mRNA levels of proinflammatory 

cytokines and inflammatory mediators (Tnfa, Il1b, Il6, Mcp1, and Il10) in WT → Pfkfb3+/− 

mice were comparable with their respective levels in WT → WT mice; although the 

phosphorylation states of Jnk p46 in WT → Pfkfb3+/− mice were higher than those in 

WT → WT mice (Fig. 3B, C). In contrast, the phosphorylation states of Jnk p46 and Nfkb 

p65 and the mRNA levels of Tnfa, Il1b, and Mcp1 in HFD-fed WT → Adi-Tg mice were 

significantly lower than their respective levels in WT → WT mice (Fig. 3B, C). When 

macrophage activation status was analyzed, the percentages of alternative (M2) macrophages 

among stromal cells from WAT in WT → Adi-Tg mice were significantly higher than those 

in WT → WT mice (Fig. 3D). Taken together, these results indicate that adoptive transfer of 

WT hematopoietic cells to Adi-Tg mice did not significantly alter the effect of aP2-driven 

Pfkfb3 overexpression on ameliorating the severity of HFD-induced WAT inflammation 

while the same transfer alleviated the effect of Pfkfb3 disruption on increasing the severity 

of HFD-induced WAT inflammation.

3.4. Palmitoleate functions as a Pfkfb3-driven adipocyte bioactive lipid to promote 
macrophage anti-inflammatory activation

Pfkfb3 overexpression increased the levels of palmitoleate in WAT and in adipocyte

conditioned media (Supplemental Figure S3) as reported previously [26]. Next, the present 

study examined the direct effects of palmitoleate on macrophage activation. In cultured 

BMDMs, treatment with palmitate caused a significant increase in the phosphorylation 

states of Jnk p46 and Nfkb p65. In contrast, treatment of BMDMs with palmitoleate 

nearly abolished the phosphorylation states of Jnk p46 and significantly decreased 

the phosphorylation states of Nfkb p65 (Fig. 4A). Under LPS-stimulated conditions, 

palmitoleate also significantly decreased the phosphorylation states of Jnk p46; although 

revealing limited effect on decreasing the phosphorylation states of Nfkb p65. Importantly, 

treatment of BMDMs with palmitoleate potentiated the effect of Il4, a key stimulator of 

macrophage alternative activation, on decreasing the phosphorylation states of Jnk p46 

and Nfkb p65 (Fig. 4B). When macrophage gene expression was examined, treatment 

with palmitoleate significantly decreased or potentiated the effect of Il4 on decreasing 

macrophage mRNA levels of Tnfa, Il1b, and Il6 while revealing marginal effect on 

increasing the mRNA levels of Il10 or Arg1 (Fig. 4C). Since PO and Pal displayed the 

opposite effects on macrophage proinflammatory signaling under die basal condition (in the 

absence of LPS), we next examined the effects of PO vs. Pal (at a dose of 250 μM) on 

altering LPS-stimulated macrophage proinflammatory responses. As expected, treatment of 

BMDMs with PO caused significant decreases in LPS-stimulated phosphorylation states in 

Jnk p46 and Nfkb p65 compared with treatment of BMDMs with Pal (Fig. 4D, quantitative 

data not shown). At a same dose, PO also significantly decreased the mRNAs of Tnfa 
and Il1b while increased the mRNAs of Arg1 and Pparg compared with palmitate (Fig. 

4E). Together, these results suggest that PO, as a Pfkfb3-driven adipocyte bioactive lipid, 

functions to promote macrophage anti-inflammatory activation.
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3.5. Adoptive transfer of wild-type hematopoietic cells to recipients does not weaken the 
effect of aP2-driven Pfkfb3 overexpression on ameliorating the severity of HFD-induced 
systemic insulin resistance and glucose intolerance

Pfkfb3 disruption exacerbated whereas aP2-driven Pfkfb3 overexpression ameliorated the 

severity of HFD-induced systemic insulin resistance and glucose intolerance [23,26]. 

These phenotype differences were further confirmed by quantitative data presented as area 

under curve (AUC) (Supplemental Figure S4). Next, we sought to examine whether these 

phenotypes were altered by adoptive transfer of WT hematopoietic cells. The severity of 

HFD-induced systemic insulin resistance and glucose intolerance in WT → Pfkfb3+/− mice 

was comparable with that in WT → WT mice. In contrast, the improvement of systemic 

insulin sensitivity and glucose tolerance in HFD-fed WT → Adi-Tg mice relative to WT → 
WT mice was comparable to that in HFD-fed Ad-Tg mice relative to HFD-fed WT mice 

(Fig. 5A, B; Supplemental Figure S4). Among three groups of chimeric mice, the levels of 

plasma glucose were comparable (Fig. 5C). However, the levels of plasma insulin in HFD

fed WT → Adi-Tg mice were significantly lower than those in HFD-fed WT → WT mice, 

as well as HFD-fed WT → Pfkfb3+/− mice (Fig. 5D). Together, these results indicated that 

adoptive transfer of WT hematopoietic cells to Ad-Tg mice in gain-of-function study did not 

alter the effect of aP2-driven Pfkfb3 overexpression on ameliorating the severity of HFD

induced systemic insulin resistance and glucose intolerance while the same transfer in loss

of-function study weakened the effect of Pfkfb3 disruption on exacerbating HFD-induced 

metabolic phenotype. In addition, when compared with Pfkfb3+/− mice, WT → Pfkfb3+/− 

mice revealed significantly decreased (improved) severity of HFD-induced systemic insulin 

resistance and glucose intolerance (Supplemental Figure S5A,B). In contrast, WT → 
Adi-Tg mice displayed comparable degrees in systemic insulin sensitivity and glucose 

tolerance relative to Ad-Tg mice (Supplemental Figure S5C,D). These results suggest that 

replacement of Pfkfb3-disrupted hematopoietic cells, but not hematopoietic cells from aP2-

Pfkfb3-overexpressing mice, with WT hematopoietic cells altered HFD-induced insulin 

resistance, validating the importance of the intact Pfkfb3 in hematopoietic cells in regulating 

metabolic homeostasis [29].

3.6. Adoptive transfer of wild-type hematopoietic cells to recipients does not weaken the 
effect of aP2-driven Pfkfb3 overexpression on increasing WAT insulin signaling

HFD-induced WAT inflammation is commonly accompanied with decreased WAT insulin 

signaling. In HFD-fed Pfkfb3+/− mice, insulin-stimulated phosphorylation states of Akt 

were significantly lower than those in HFD-fed WT mice (Supplemental Figure S6A, 

quantitative data were based on blots in a previously published study [23]). In contrast, 

insulin-stimulated phosphorylation states of Akt in HFD-fed Adi-Tg mice were significantly 

higher than those in HFD-fed WT mice (Supplemental Figure S6B, quantitative data were 

based on blots in a previously published study [26]). When WAT insulin signaling was 

analyzed in chimeric mice, insulin-stimulated phosphorylation states of Akt in HFD-fed 

WT → Pfkfb3+/− mice did not differ significantly from those in HFD-fed WT → WT 

mice. However, insulin-stimulated Akt phosphorylation states in HFD-fed WT → Adi-Tg 

remained significantly higher than those in HFD-fed WT → WT mice (Fig. 6). These results 

indicate that adoptive transfer of WT hematopoietic cells to Adi-Tg mice did not weaken 

the effect of aP2-driven Pfkfb3 overexpression on increasing WAT insulin signaling while 
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the same transfer blunted the effect of Pfkfb3 disruption on exacerbating HFD-induced WAT 

insulin resistance.

4. Discussion

While stimulating adipocyte glycolysis and glycolysis-derived lipogenesis, Pfkfb3 critically 

determines the severity of HFD-induced adiposity [23,26]. This role appears to be 

attributable to the Pfkfb3 in adipocytes, but not immune cells. In support of this, adoptive 

transfer of WT hematopoietic cells to Pfkfb3+/− mice did not significantly influence the 

effect of Pfkfb3 disruption on decreasing HFD-induced weight gain and adiposity. As 

complementary evidence, adoptive transfer of WT hematopoietic cells to Adi-Tg mice also 

did not significantly influence the effect of aP2-driven Pfkfb3 overexpression on increasing 

the degrees of HFD-induced weight gain and adiposity. These findings strongly suggest that 

the Pfkfb3 in hematopoietic cells has a limited role in regulating HFD-induced adiposity, 

which is consistent with the finding in a study involving myeloid-specific Pfkfb3-deficient 

mice whose body weight and adiposity were comparable with those in control mice upon 

HFD feeding [29]. However, the presence of WT Pfkfb3 in WAT immune cells in the 

chimeric mice where Pfkfb3 was disrupted or over-expressed in adipocytes had enabled us 

to better examine the role of adipocyte Pfkfb3 in regulating WAT inflammation, as well as 

local and systemic insulin sensitivity (see below).

In terms of regulating WAT inflammation, we reported before that Pfkfb3 disruption 

exacerbated HFD-induced WAT inflammation [23]. Since Pfkfb3 is expressed at high 

abundance in both adipocytes and macrophages, we postulated that Pfkfb3 disruption

driven increases in proinflammatory responses in both adipocytes and WAT macrophages 

contributed to increased severity of HFD-induced WAT inflammation in Pfkfb3+/− mice. 

According to this postulation, adoptive transfer of WT hematopoietic cells to global Pfkfb3

disrupted mice would alleviate the severity of HFD-induced WAT inflammation due to 

replacement of Pfkfb3-disrupted hematopoietic cells with WT cells and this was verified to 

be true. More specifically, the severity of HFD-induced WAT inflammation, indicated by 

the phosphorylation states of Nfkb p65 and the mRNA levels of Il1b, Il6, Il10, Tnfa, and 

Mcp1, was comparable between WT → Pfkfb3+/− mice and WT → WT mice. Because 

of this, the Pfkfb3 in hematopoietic cells appears to play a more important role than 

that in adipocytes in protecting against HFD-induced WAT inflammation. As a logical 

step, we also performed adoptive transfer of WT hematopoietic cells to Adi-Tg mice with 

hope to rule out the extent to which, in the gain-of-function study, aP2-driven Pfkfb3 
expression in the cells other than adipocytes, in particular WAT immune cells, contributed to 

decreased severity of HFD-induced WAT inflammation. In other words, we also postulated 

that adoptive transfer of WT hematopoietic cells to Adi-Tg mice would weaken the effect 

of aP2-driven Pfkfb3 overexpression on decreasing the severity of HFD-induced WAT 

inflammation. However, this was not the case; given that the degree of HFD-induced WAT 

inflammation in WT → Adi-Tg mice was much smaller than that in WT → WT mice. 

Why adoptive transfer of WT bone marrow cells did not weaken the effect of aP2-driven 

Pfkfb3 overexpression on decreasing WAT inflammation was likely due to that aP2-driven 

Pfkfb3 overexpression in macrophages, if existing, was at low levels and not sufficient 

enough to further decrease HFD-induced severity of WAT inflammation that was already 
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low due to Pfkfb3 overexpression in adipocytes. Alternatively, within WAT of WT → 
Adi-Tg mice, WT hematopoietic cells, in particular macrophages, responded to Pfkfb3 
overexpression-driven adipocyte factors and produced anti-inflammatory effects comparable 

with those caused by aP2-driven Pfkfb3 overexpression in WAT macrophages. Regardless, 

decreased phenotype in HFD-induced WAT inflammation in WT → Adi-Tg mice relative to 

WT → WT mice strongly suggests a critical role for adipocyte Pfkfb3, at increased levels or 

activities, in suppressing WAT inflammation.

Suppression of WAT inflammation by adipocyte Pfkfb3 involves palmitoleate. As it has 

been illustrated before, Pfkfb3 stimulates adipocyte glycolysis and increases the conversion 

of glucose to lipids [26]. This property enables Pfkfb3 to promote adipocyte production 

of palmitoleate, which functions as a bioactive lipid to exhibit anti-inflammatory effects. 

In fact, several previous studies have validated that treatment of macrophages (RAW264.7 

cells) with palmitoleate decreased the phosphorylation states of Nfkb p65 and the mRNA 

levels of Tnfa and Il6 [30]. Similarly, treatment of BMDMs with palmitoleate decreased the 

effect of LPS on stimulating the expression of proinflammatory cytokines at both mRNA 

and protein levels [33]. While exploring nutrition stress-related macrophage polarization, 

the study by Chan et al. revealed that treatment of BMDMs with palmitoleate increased anti

inflammatory genes (Mrc1, Tgfb1, Il10, and Mgl2) and oxidative metabolism, suggesting 

increased macrophage M2 activation [34]. In the present study, we validated that treatment 

with palmitoleate significantly decreased macrophage phosphorylation states of Jnk p46 

and Nfkb p65. Moreover, palmitoleate appeared to potentiate the effects of Il4, an 

essential stimulator needed for macrophage M2 activation, on decreasing macrophage 

phosphorylation states of Jnk p46 and Nfkb p65, as well as expression of Il1b. Based 

on these findings, we argue in favor that palmitoleate, as a Pfkfb3-dnven adipocyte factor, 

functions to suppress macrophage proinflammatory activation. This effect of palmitoleate is 

expected to contribute to decreased WAT inflammation in WT → Adi-Tg mice relative to 

WT → WT mice.

Pfkfb3 also regulates systemic insulin sensitivity while controlling adiposity and WAT 

inflammation. Of note, Pfkfb3 dissociates obesity-associated insulin resistance from 

adiposity [23,26]. In contrast, Pfkfb3 regulation of insulin sensitivity is closely associated 

with its control of WAT inflammation. Specifically, Pfkfb3 disruption increased WAT 

inflammation and insulin resistance whereas selective Pfkfb3 overexpression decreased 

WAT inflammation and insulin resistance. This role played by Pfkfb3 is attributable to 

cell-specific roles for Pfkfb3 in regulating different events related to obesity. As discussed 

above, HFD-induced adiposity was closely regulated by the Pfkfb3 in adipocytes, but not 

hematopoietic cells. In terms of regulating systemic and local (WAT) insulin sensitivity, 

however, the Pfkfb3 in both adipocytes and hematopoietic cells accounts for suppressing the 

effect of nutrition stress, e.g., HFD feeding, on inducing insulin resistance. As supporting 

evidence, the degrees of local and systemic insulin sensitivity in HFD-fed WT → Pfkfb3+/− 

mice were comparable with those in HFD-fed WT → WT mice. This suggests that adoptive 

transfer of WT hematopoietic cells to Pfkfb3+/− mice was sufficient to weaken or even 

blunt the effect of (heterozygous) Pfkfb3 disruption on increasing HFD-induced local and 

systemic insulin resistance. In contrast, in the gain-of-function study involving Adi-Tg mice, 

the degrees of HFD-induced local and systemic insulin resistance in WT → Adi-Tg mice 

Xu et al. Page 11

J Nutr Biochem. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



remained much smaller than those in WT → WT mice, supporting that selective Pfkfb3 
overexpression in adipocytes was sufficient to alleviate or blunt the effect of HFD feeding 

on inducing local and systemic insulin resistance. Taken together, these findings validate 

that the Pfkfb3 in both adipocytes and hematopoietic cells reveals a role in protecting 

against HFD-induced insulin resistance. Interestingly, in WT → Pfkfb3+/− mice, why Pfkfb3 
disruption in cells other hematopoietic cells, e.g., adipocytes, was not sufficient to counter 

the insulin-sensitizing effect brought about adoptive transfer of WT hematopoietic cells 

remains to be investigated.

In summary, the present study provides evidence to support a critical role for Pfkfb3 in 

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

resistance. The notable finding is that maintaining Pfkfb3 overexpression only in adipocytes 

by adoptive transfer of WT hematopoietic cells to Adi-Tg mice did not significantly weaken 

the effects of aP2-driven Pfkfb3 overexpression on decreasing or preventing HFD-induced 

WAT inflammation, as well as local and systemic insulin resistance. As a Pfkfb3-driven 

adipocyte factor, palmitoleate acted to promote macrophage anti-inflammatory activation, 

which likely accounted for decreased WAT inflammation and local and systemic insulin 

resistance in chimeric mice where Pfkfb3 overexpression occurred only in adipocytes. 

As such, the Pfkfb3 in adipocytes plays a unique role in regulating obesity-associated 

pathophysiological events.
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Abbreviations:

BMDM bone marrow-derived macrophages

BMT bone marrow transplantation

Dulbecco’s modified Eagle’s medium

FBS fetal bovine serum

Gapdh glyceraldehyde 3-phosphate dehydrogenase

H&E hematoxylin and eosin

HFD high-fat diet

Jnk c-Jun N-terminal kinase
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Il1b interleukin 1 beta

Il4 interleukin 4

Il6 interleukin 6

iPfk2 inducible 6-phosphofructo-2-kinase

IMDM Iscove’s Modified Dulbecco’s medium

LPS lipopolysaccharide

Nfkb nuclear factor kappa B

Pfkfb3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3

Pp46 phosphorylated p46 of c-Jun N-terminal kinase

Pp65 phosphorylated p65 subunit of Nfkb

Pparg peroxisome proliferator-activated receptor gamma

ROS reactive oxygen species

Tfna tumor necrosis factor alpha

WAT white adipose tissue

WT wild-type
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Fig. 1. 
Adoptive transfer of wild-type hematopoietic cells to recipients does not alter adipose tissue 

amount of iPk2. (A) White adipose tissue iPfk2 amount. Pfkfb3-disrupted (Pfkfb3+/−) mice 

and wild-type (WT) littermates, as well as adipocyte-specific Pfkfb3-overexpressing (Adi

Tg) mice and WT littermates, were maintained on a chow diet. At 10–12 wk of age, male 

mice were harvested to examine iPfk2 amount in white adipose tissue (WAT) using Western 

blot analysis. Top panels, representative blots from WAT of 2 mice per group. Bottom panel, 

quantification of blots. n=4 (wild type) or 6 (Pfkfb3+/− or Adi-Tg). (B) Pfkfb3 mRNA 

levels in bone marrow-derived macrophages (BMDMs) from chimeric mice. Representative 

images. (C) The iPfk2 amount in WAT from chimeric mice. (D) Pfkfb3 expression in 

WAT adipocytes and stromal cells. For B–D, male WT, Pfkfb3+/−, and Adi-Tg mice, at 

5–6 wk of age, were lethally irradiated and transplanted with bone marrow cells from WT 

C57BL/6J mice. After bone marrow transplantation, chimeric mice were fed a high-fat diet 

(HFD, 60% of fat calories) for 12 wk. After harvest, BMDMs (B) and lysates of WAT (C) 

were examined for Pfkfb3 mRNA levels and iPfk2 amount, respectively. Also, adipocytes 

and stromal cells were isolated from WAT in chimeric mice and subjected to analysis 

of Pfkfb3 mRNA levels (D). n=5–7. WT → WT mice, WT mice transplanted with WT 

hematopoietic cells; WT → Pfkfb3+/− mice, global Pfkfb3-disrupted mice transplanted with 

WT hematopoietic cells; WT → Adi-Tg mice, adipocyte-specific Pfkfb3-overexpressing 

mice transplanted with WT hematopoietic cells. For C, top panels, representative blots for 

WAT lysates from 4 individual mice per group. Bottom panel, quantification of blots. n=7. 

For bar graphs in A, C, and D, data are means ± SEM. *, P < 0.05 and **, P < 0.01 

Pfkfb3+/− vs. WT in A or WT → Pfkfb3+/− vs. WT → WT in C; †, P < 0.05 and ††, P < 0.01 

Adi-Tg vs. WT in A or WT → Adi-Tg vs. WT → WT in C and D.
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Fig. 2. 
The iPfk2 in adipocytes, but not hematopoietic cells, determines body weight and adiposity. 

(A) Body weight of chimeric mice before and after HFD feeding. (B) Abdominal fat mass 

and adiposity of chimeric mice after the feeding period. (C) WAT histology of chimeric mice 

after HFD feeding. (D) WAT adipocyte size and number. A total of 8–10 randomized fields 

of histology images for WAT from a subtotal of 5–7 mice per group were analyzed. (E) WAT 

adipocyte distribution. Adipocyte frequency was plotted based on the numbers of adipocytes 

within a given diameter range of size. For A–E, chimeric mice were generated as described 

in Fig. 1. After recovery from BMT for 4 wk, the mice were fed an HFD for 12 wk. For 

A, B, and D, data are means ± SEM. For A and B, n=7 (adipose mass and adiposity) or 10 

(body weight). *, P < .05 and **, P < .01 WT → Pfkfb3+/− vs. WT → WT in A after HFD 

feeding, in B for the same type of fat or adiposity, and in D for adipocyte size or number. †, 

P < .05 WT → Adi-Tg vs. WT → WT in A before or after HFD feeding, in B for the same 

type of fat or adiposity, and in D for adipocyte size or number.
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Fig. 3. 
Adoptive transfer of wild-type hematopoietic cells to recipients does not weaken the effect 

of aP2-driven Pfkfb3 overexpression on ameliorating the severity of HFD-induced WAT 

inflammation. (A) WAT macrophage infiltration. (B) WAT proinflammatory signaling. (C) 

WAT expression of genes for cytokines and inflammatory mediators. (D) WAT macrophage 

alternative (M2) activation. For A–D, chimeric mice were generated as described in Fig. 1 

and fed an HFD for 12 wk. For A, WAT sections were stained for F4/80 expression. For 

B, WAT lysates were subjected to Western blot analysis. Left panels, representative blots 

from 3–4 WAT per group. Bar graphs, quantification of blots for all WAT samples. n=7. For 

C, WAT RNA was subjected to reverse transcription and real-time PCR. n=7. For D, WAT 

macrophage alternative activation was examined using FACS analysis. Stromal cells isolated 

from WAT in chimeric mice were analyzed for mature macrophages (F480+ CD11b+ cells), 

which were further analyzed for M2 macrophages (CD206+ CD11c− cells). n=5–7. For bar 

graphs in B,C, and D, data are means ± SEM. *, P < .05 WT → Pfkfb3+/− vs. WT → WT 

for the same protein (B) or gene (C); †, P < .05 WT → Adi-Tg vs. WT → WT for the same 

protein (B), gene (C), or macrophage type (D).
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Fig. 4. 
Palmitoleate, a Pfkfb3-driven adipocyte bioactive lipid, promotes macrophage anti

inflammatory activation. (A,B,C,D,E) Palmitoleate regulates macrophage activation status. 

For A, WT BMDMs were supplemented with palmitoleate (PO, 50 μM) or palmitate (Pal, 

250 μM) for 24 hr. For B and C, WT BMDMs were treated with interleukin 4 (Il4, 10 

ng/mL) for 48 h and supplemented with or without PO (50 μM) for the last 24 hr. For D, 

WT BMDMs were supplemented with PO (50 or 250 μM) or Pal (250 μM) for 24 h in the 

presence or absence of LPS (100 ng/mL) for the last 30 min. For E, WT BMDMs were 

supplemented with PO (250 μM) or Pal (250 μM) for 24 hr. For A,B, and D, cell lysates 

were subjected to Western blot analysis. For C and E, the expression of genes for cytokines 

and inflammatory mediators in BMDMs were analyzed using real-time POL For C and E, 

data are means ± SEM. n=6–8. *, P < 0.05, **, P < .01, and ***, P < .001 PO vs. BSA or Il4 

+ PO vs. Il4 in C or PO vs. Pal in E for the same gene; ††, P < .01 Il4 + PO vs. PO in C for 

the same gene.
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Fig. 5. 
Adoptive transfer of wild-type hematopoietic cells to recipients does not weaken the effect 

of aP2-driven Pfkfb3 overexpression on ameliorating the severity of HFD-induced insulin 

resistance and glucose intolerance. (A,B) Insulin sensitivity and glucose tolerance tests in 

chimeric mice. Bar graphs, AUC based on insulin and glucose tolerance tests. (C) Plasma 

levels of glucose. (D) Plasma levels of insulin. For A–D, chimeric mice were generated as 

described in Fig. 1 and fed an HFD for 12 wk. After the feeding period, the mice were 

fasted for 4 h and subjected to an intraperitoneal injection of insulin (1 U/kg body weight) 

or glucose (2 g/kg body weight). For C and D, chimeric mice were fasted for 4 h prior to 

harvest of blood samples. For A–D, data are means ± SEM. n=10. †, P < .05 WT → Adi-Tg 

vs. WT → WT in line graphs of A and B for the same time point or in bar graphs of A, B, 

and D.
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Fig. 6. 
Adoptive transfer of wild-type hematopoietic cells to recipients maintains the effect of aP2

driven Pfkfb3 overexpression on increasing WAT insulin signaling. WAT insulin signaling in 

chimeric mice. After the feeding period, chimeric mice (described in Fig. 1) were fasted for 

4 h and subjected to a bolus injection of insulin (1 U/kg body weight) into the portal vein for 

5 min. WAT lysates were examined for the total amount and phosphorylation states of Akt 

using Western blot analysis. Top panels, representative blots. Bottom panel, quantification of 

blots. Data are means ± SEM. n=4 (without insulin) or 6 (with insulin). †, P < .05 WT → 
Adi-Tg vs. WT → WT under insulin-stimulated condition.
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