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Abstract The P2X7 receptor is an ATP-gated cation channel

expressed by a number of cell types. We have shown previ-

ously that disruption of P2X7 receptor function results in

downregulation of osteogenic markers and upregulation of

adipogenic markers in calvarial cell cultures. In the present

study, we assessed whether loss of P2X7 receptor function

results in changes to adipocyte distribution and lipid accumu-

lation in vivo. Male P2X7 loss-of-function (KO) mice

exhibited significantly greater body weight and epididymal

fat pad mass than wild-type (WT) mice at 9 months of age. Fat

pad adipocytes did not differ in size, consistent with adipocyte

hyperplasia rather than hypertrophy. Histological examination

revealed ectopic lipid accumulation in the form of adipocytes

and/or lipid droplets in several non-adipose tissues of older

male KO mice (9–12 months of age). Ectopic lipid was

observed in kidney, extraorbital lacrimal gland and pancreas,

but not in liver, heart or skeletal muscle. Specifically, lacrimal

gland and pancreas from 12-month-old male KO mice had

greater numbers of adipocytes in perivascular, periductal and

acinar regions. As well, lipid droplets accumulated in the renal

tubular epithelium and lacrimal acinar cells. Blood plasma

analyses revealed diminished total cholesterol levels in

9- and 12-month-old male KO mice compared with WT

controls. Interestingly, no differences were observed in female

mice. Moreover, there were no significant differences in food

consumption betweenmale KO andWTmice. Taken together,

these data establish novel in vivo roles for the P2X7 receptor

in regulating adipogenesis and lipid metabolism in an age- and

sex-dependent manner.
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Introduction

Global epidemics of metabolic syndrome diseases represent

major health and economic burdens, with incidences on the

rise [1, 2]. Obesity (central adiposity), dyslipidemia, hyper-

tension, type 2 diabetes mellitus and cardiovascular diseases

are hallmarks of metabolic syndrome [3]. Recent studies have

shown that, in addition to lipid storage, adipose tissue regu-

lates other tissues and systems throughout the body. In partic-

ular, adipose is an active endocrine organ [2, 4] that is in-

volved in cross-talk with other tissue types such as bone [5, 6].

Moreover, it plays important roles in local and systemic in-

flammation [7, 8] and energy metabolism [9–11].

Extracellular nucleotides, such as ATP, signal through

purinergic (P2) receptors on the membrane of most cell types.

Two subfamilies of P2 receptors exist: P2X (ATP-gated

nonselective cation channels) and P2Y (G protein-coupled

receptors) [12]. There are seven subtypes of P2X receptors,

P2X1–7. P2X7 is of emerging interest as a potential
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therapeutic target in a number of diseases. This receptor is

unique in that it is activated by relatively high concentrations

of ATP. Moreover, P2X7 signaling can cause the formation of

large nonselective membrane pores and induce dynamic

membrane blebbing [12, 13]. This receptor plays important

roles in chronic pain [14, 15], apoptosis [16–18], bone remod-

eling [19–21], immune responses [22–25] and the function of

exocrine and endocrine organs [26, 27].

Genetically modified mice that lack functional P2X7 re-

ceptors (KO mice) present with an osteopenic phenotype

owing to diminished periosteal bone formation and excessive

trabecular bone resorption [19]. Moreover, these mice exhibit

an impaired skeletal response to mechanical loading [20].

In vitro evidence has since demonstrated that activation of

P2X7 receptors in bone-forming osteoblasts results in cell-

autonomous enhancement of differentiation and matrix

mineralisation [13]. In addition, cultures of bone cells from

P2X7 KO mice, which include mesenchymal progenitors,

display greater expression of adipogenic markers compared

with cultures from wild-type (WT) mice. This upregulation of

adipogenic markers was accompanied by downregulation of

osteogenic markers and suppression of osteoblastic differen-

tiation [13]. Osteoblasts and adipocytes both arise from mes-

enchymal stem cells and become terminally differentiated

through expression of master transcription factors such as

Runx2 and peroxisome proliferator-activated receptor γ

[28–30]. Therefore, evidence points to P2X7 playing a critical

role in directing differentiation toward the osteoblast lineage

and away from the adipocyte lineage.

The P2X7 receptor has also been shown to regulate cellular

metabolism. Activation of P2X7 on osteoblast-like cells dra-

matically increases the production of metabolic acid [31]. This

P2X7-induced increase in proton efflux is dependent on the

activity of phosphatidylinositol 3-kinase and the presence of

glucose. It has also been shown that heterologous expression

of P2X7 in HEK293 cells promotes aerobic glycolysis and

increases levels of glycolytic enzymes and glycogen stores

[32]. Therefore, P2X7 activation enhances cellular energy

metabolism, suggesting a role for this receptor in energy

homeostasis.

Expression of functional P2X7 receptors has been reported

in adipocytes purified from murine white adipose tissue [33],

as well as cultured adipocytes from human visceral and sub-

cutaneous adipose tissues [34]. However, little is known about

the role of P2X7 receptors in adipose tissue. Recent studies

have reported that ablation of P2rx7 , the gene encoding

P2X7, does not affect body and gonadal fat pad weights in

mice up to 4 months of age [33]. In the present study, we

report that loss of P2X7 function leads to increased adiposity

and lipid accumulation in older male mice. P2X7 KO mice

were found to have increased body and epididymal fat pad

weights and reduced total plasma cholesterol levels compared

with WT mice at 9 months of age. Ectopic lipid deposits were

observed in the kidneys, pancreas and extraorbital lacrimal

glands. There were no significant differences in food con-

sumption by KO and WT mice at any age. These results point

to heretofore unrecognised roles for the P2X7 receptor in

adipogenesis and lipid metabolism.

Materials and methods

Animals

The P2X7 KO mouse was obtained from Pfizer [25]. To

generate this mouse, the P2rx7 gene was modified by a

deletion followed by insertion of a neomycin cassette in exon

13, leading to disruption of the carboxyl-terminal coding

region [25, 35]. Several studies have confirmed that there is

no detectable P2X7 function in cells isolated from this KO

mouse. For example, in contrast to WT cells, peritoneal mac-

rophages from the KOmouse do not exhibit pore formation in

response to high concentrations of ATP [25, 36]. Similarly,

calvarial osteoblasts from WT, but not KO mice, exhibit pore

formation [19] and membrane blebbing [37] in response to the

P2X7 agonist 2′(3′)-O -(4-benzoylbenzoyl)ATP (BzATP).

Moreover, BzATP and high concentrations of ATP induce a

slowly deactivating inward current in osteoclasts fromWT but

not KO mice [19]. The current–voltage relationship of this

conductance is consistent with that reported for P2X7 current

in rabbit osteoclasts [38]. Although a splice variant (with

C-terminal truncation) has been detected in some tissues of

the Pfizer KO mouse, it is inefficiently trafficked to the cell

surface and displays greatly diminished receptor function

[39]. Thus, there appears to be global loss of P2X7 function

in the Pfizer KO mouse model.

In the present study, mice were maintained on a mixed

genetic background (129/Ola × C57BL/6 × DBA/2) by cross-

breeding of heterozygous mice. Genotypes were identified by

polymerase chain reaction (PCR). Mice were housed in stan-

dard cages and maintained on a 12-h light/dark cycle, with

water and standard mouse chow (2018 Teklad Global 18 %

protein rodent diet, Harlan Laboratories, Indianapolis, IN,

USA) available ad libitum. All aspects of this study were

conducted in accordance with the policies and guidelines of

the Canadian Council on Animal Care and were approved by

the Animal Use Subcommittee of the University of Western

Ontario, London, ON, Canada.

Food intake and body composition of 2-, 6-, 9- and 12-

month-old WT and KO mice were assessed. For these

studies, mice were housed individually. Mice and food

were weighed using a portable electronic scale (Acculab

VICON VIC-511; Sartorius Group, Goettingen, Germany).

Food intake was determined by subtracting the weight of

food remaining after each week from the initial amount of

food provided.
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Micro-computed tomography (micro-CT)

Mice were anesthetised with isoflurane (Forane, catalog #

CA2L9100, Baxter Corporation, Mississauga, ON, Canada)

and imaged using an eXplore Locus Ultra Micro-computed

tomography (micro-CT) scanner or an eXplore speCZT scan-

ner (GE Healthcare Biosciences, London, ON, Canada).

Scans were analysed as described previously [40]. Briefly, a

calibrating phantom composed of air, water and cortical bone-

mimicking epoxy (SB3; Gammex, Middleton WI, USA) [41]

was scanned together with the animals. On the eXplore Locus

Ultra, 1,000 projection images were obtained over a single 16-

s rotation (80 kVp, 55 mA tube current, 16 ms exposure). On

the speCZT scanner, 900 projection images were obtained

over a single 5-min rotation (90 kVp, 40 mA tube current,

16 ms exposure). Each of the eXplore Locus Ultra and

speCZT data sets were reconstructed into 3D volumes with

an isotropic voxel spacing of 154 and 150 μm, respectively,

and scaled into Hounsfield units (HU). Using MicroView

software (GE Healthcare Biosciences), three signal-intensity

thresholds (−200, −30 and 190 HU) were used to classify each

voxel as adipose, lean or skeletal tissue, respectively. Custom

software was used to calculate tissue masses from assumed

tissue densities of 0.95 (adipose), 1.05 (lean) and 1.92

(skeletal) g/cm3. The computed total mass corresponded well

with the measured weight of each mouse (within 3 %). In

addition, the software was used to calculate bone mineral

density (BMD) and bone mineral content (BMC). Briefly,

BMD was obtained as the ratio of the average HU value of

the skeletal region of interest to the measured HU value of the

SB3 calibrator, multiplied by the known hydroxyapatite-

equivalent density of the SB3 (1.1 g/cm3). Thereafter, the

program automatically computed BMC as the product of the

BMD and the total volume of the skeletal region of interest

used in the BMD calculation.

Histology and histomorphometry

Mice were fasted 6 h prior to euthanasia by CO2 (100 %)

asphyxiation. Mice were weighed and organs harvested,

weighed and prepared for histological analyses using standard

protocols. The following organs/tissues were examined:

epididymal/retroperitoneal fat pads, heart, liver, spleen, pan-

creas, kidneys, salivary glands (submandibular and sublin-

gual), extraorbital lacrimal glands, Harderian glands and

skeletal muscle (quadriceps). All tissues were fixed in

10 % neutral buffered formalin (pH 7.0). Some samples

were then processed, paraffin-embedded and blocks were

sectioned at 5μm thickness using a Leica RM2255microtome

(Leica Microsystems, Wetzlar, Germany). Sections were

mounted on positively charged glass slides (Superfrost

plus microslides; VWR International, Mississauga, ON,

Canada) and stained with haematoxylin and eosin

(H&E, Harris hematoxylin and eosin; Surgipath, Leica

Microsystems).

Adipocyte number and diameter in fat pads were deter-

mined using Image Master software (Photon Technology In-

ternational Inc., London, ON, Canada). Adipocyte density

was calculated as the number of adipocytes within the field

of view (FOV) divided by the area of the FOV (1.30 mm2).

Adipocyte diameter was obtained bymeasuring the maximum

diameter of each adipocyte within the same FOV.

After harvest, other samples were manually cut into small

(2×2×2 mm) portions in preparation for staining with osmi-

um tetroxide (modified from [42]) to reveal lipid deposits.

Briefly, tissue samples were fixed in 10 % neutral buffered

formalin (pH 7.0) overnight, washed and stained with osmium

tetroxide (VWR International) 1 % in water for 2 h with

intermittent agitation. Samples were then washed with water

for 15min×2, differentiated with 5 % periodic acid solution in

water (Alfa Aesar, Ward Hill, MA, USA) for 30 min, agitating

periodically and washed twice more with running water for

30 min each. Samples were then processed, paraffin-

embedded, sectioned and stained with H&E.

Osmium tetroxide staining was quantified using a Leica

DM1000 microscope coupled to a DFC295 digital camera

and Leica Application Suite software (version 3.8.0). Bright-

ness and contrast were adjusted by the same amounts for all

images of each tissue type (both WT and KO). A blinded

observer then quantified the area of tissue stained with os-

mium tetroxide using Image Master software. For all images

of each tissue, brightness and threshold values for the RGB

channels were adjusted to select for osmium tetroxide stain-

ing (black), but not haematoxylin or eosin staining. To quan-

tify total tissue area, brightness and RGB thresholds were

adjusted to select for the total area of stained tissue (including

osmium tetroxide, haematoxylin and eosin). The area of

osmium-positive staining was reported as a percentage of

total tissue area.

Blood plasma chemistry and tissue lipid analyses

Mice were fasted for 6 h prior to euthanasia by CO2 asphyx-

iation. Cardiac puncture was performed immediately post-

mortem to obtain plasma samples for analysis of glucose,

triglyceride and total cholesterol levels. Blood, treated

with EDTA anticoagulant, was sedimented for 10 min at

10,000 rpm. Plasma was stored frozen at −20 °C, and contents

were analyzed using a Cobas Mira S autoanalyser (Metabolic

Phenotyping Laboratory, Robarts Research Institute, London,

ON, Canada). In addition, immediately following cardiac

puncture, some tissues were harvested, snap-frozen in liquid

nitrogen and stored at −20 °C. Tissues were homogenised and

lipids extracted using the Folch technique [43]. Total choles-

terol and triglycerides were then quantified using enzymatic,

colorimetric assays described previously [44].
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Statistical analyses

Data are presented as means ± SEM or as medians and ranges.

Differences between two groups were assessed using t tests.

Differences among three or more groups were evaluated by

two-way analysis of variance followed by a Bonferroni mul-

tiple comparisons test. For variables with non-normal distri-

bution, comparisons were performed using a nonparametric

Mann–Whitney U test. Differences were accepted as statisti-

cally significant at p <0.05. All n values represent the number

of mice used in each group. For histological studies, at least

two sections were examined of each tissue from each mouse.

Results

Age- and sex-dependent effects of loss of P2X7 receptor

function on body mass and composition

At 9 months of age, male P2X7 KOmice appeared larger than

male WT mice (Fig. 1a). WT and KO mice were sacrificed

and weighed at 2, 6, 9 and 12 months of age. Interestingly, the

total body weight of male KO mice was significantly greater

than WT at 9 months of age (Fig. 1b, Supplementary

Table S1). In contrast, there were no significant differences

in the total body weight of female mice in any age group

(Supplementary Table S2). The significant difference in body

weight of male mice at 9 months of age was confirmed

independently in a second cohort of mice (11 WT and 12

KO mice). When both cohorts were combined, the body

weights of WT and KO mice were 39.5±1.7 and 48.9±1.3 g,

respectively (means ± SEM, n =21 and 22 mice, respectively,

p <0.05, t test).

To determine tissue changes underlying the greater body

weight of KO mice, whole-body composition was analysed

using micro-CT. Live mice were anaesthetised and scanned.

Images were reconstructed at an isotropic voxel size of 150 or

154 μm and masses of adipose, lean and skeletal tissues

determined using MicroView software and an in-house

designed analysis program (Fig. 2a). Micro-CT confirmed

greater total body mass in a third cohort of KO mice at

9 months of age and revealed significantly greater adipose

tissue mass in these mice compared with WT controls

(Fig. 2b, c). Using this approach, no significant differences

in lean tissue mass, skeletal tissue mass, bone mineral content

or bone mineral density were detected at any age (Fig. 2d–g).

Morphometric analysis of adipocytes from fat pads of WT

and P2X7 KO mice

Since P2X7 is expressed in adipocytes [34] and the difference

in total bodymass was associatedwith a significant increase in

adipose tissue, we examined the fat pads inWTand KOmice.

Epididymal fat pads of WT and KO male mice (9 and

12 months of age) were isolated and weighed post-mortem.

Fat pad mass was significantly greater in KO than inWTmale

mice at 9 months of age (Fig. 3a, b), with no significant

difference observed at 12 months of age (Supplementary

Table S1). In addition, no significant differences were ob-

served in the mass of female parametrial fat pads (analogous

to the epididymal fat pads in male mice) at either 9 or

12 months of age (Supplementary Table S2). Thus, these data

show the same age- and sex-dependence as the differences in

body weight and composition described above.

Histological assessments of epididymal fat pads in 9- and

12-month-old male mice revealed similar adipocyte morphol-

ogy inWTand KOmice (Fig. 3c). Adipocyte size and density

were determined by quantifying the largest diameter and

counting the number of adipocytes per field of view (five

fields of view analysed for two sections from each mouse fat

pad). These parameters did not differ significantly in WT and

KO mice of either age group (Fig. 3d, e). The similar size and

Fig. 1 Body weight of male wild-type (WT) and P2X7 knockout (KO)

mice. a Image depicting the greater body size of a P2X7 KOmale mouse

in comparison to aWTmalemouse at 9 months of age. b Two-, 6-, 9- and

12-month-old WTand KOmice were sacrificed and weighed to compare

total body mass. Greater body weight was seen only at 9 months of age in

KO mice compared with WT controls. Data are means ± SEM, n =10

mice of each genotype and age. *Indicates significant difference between

KO and WT (p <0.05), determined by two-way analysis of variance and

Bonferroni post hoc test
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density of adipocytes in WT and KO mice, together with the

greater fat pad mass in 9-month-old male KO mice indicate

that the difference in fat pad mass is due to adipocyte hyper-

plasia, rather than hypertrophy.

Histological differences in the kidneys of WT and KO mice

In addition to fat pads, several tissues from 2-, 9- and

12-month-old male and female mice were isolated post-

mortem, weighed and assessed histologically. Histological

differences were noted in specific tissues of older male

mice using H&E staining. No differences were apparent in

2-month-old male mice or female mice at any age.

P2X7 is expressed in the collecting ducts of adult mouse

kidney [45]. We found that, at both 9 and 12 months of age,

kidney tissue exhibited spherical vacuole-like spaces

(∼3–12 μm in diameter; yellow arrowheads), which did not

stain with H&E (Fig. 4a). There were markedly greater num-

bers of these spaces in male KO than in WT mice. We next

examined tissues stained with osmium tetroxide, which spe-

cifically labels lipids and lipid-rich structures for optical mi-

croscopy [46]. A population of spherical structures stained

positively with osmium tetroxide in kidney tissues only from

KOmice (Fig. 4b, black stain), consistent with the presence of

lipid droplets in some renal tubular epithelial cells. Image

analysis revealed that osmium tetroxide staining was signifi-

cantly greater in kidneys from KO than from WT mice

(Fig. 4c). Based on size and shape, these osmium-stained

structures appear to correspond to a subset of the spherical

vacuole-like spaces identified in sections stained with H&E.

Despite these histological alterations, there was no significant

difference in the mass of the kidneys at any age in both males

and females (Supplementary Tables S1 and S2).

Histological differences in the pancreases ofWTand KOmice

In exocrine pancreas, P2X7 is expressed in ducts and may

regulate secretion [27]. Pancreases were isolated from 2-, 9-

and 12-month-old WT and KO mice. Striking histological

differences were observed in male mice at 12 months of age;

no differences were observed in younger mice or in female

mice. Pancreatic tissues from 12-month-old male KO mice

exhibited multiple large, membrane-bound structures (∼10–

30 μm in diameter), resembling adipocytes (Fig. 5a, b). The

intracellular vacuole in these cells failed to stain with H&E.

Staining with osmium tetroxide confirmed the presence of

lipids (arrowheads) (Fig. 5c, d). These adipocytes were locat-

ed in the exocrine pancreas predominantly among ducts and

vasculature, as well as in boundaries between pancreatic lobes

and sporadically among acini. No adipocytes were observed

Fig. 2 Micro-CT analysis of whole-body composition of male WT and

P2X7 KOmice. a Top left panel (Total) is a reconstructed micro-CTmid-

coronal image of a livemale 6-month-oldWTmouse. Imagewas overlaid

with the identified skeletal tissue (shown in white as a surface-rendered

image in the top right panel). Lower panels are images of the same slice

showing lean tissue in red and adipose tissue in blue. b-g Data are means ±

SEM of the indicated parameters. Nine-month-old KO mice exhibited

significantly greater total body mass and adipose tissue mass than WT

controls. In contrast, lean tissue mass, skeletal mass, bone mineral content

(BMC) and bonemineral density (BMD)were not significantly different at

any age. *Indicates significant difference between KO and WT (p<0.05)

at the same age, determined by two-way analysis of variance and

Bonferroni post hoc test (n=6–8 mice of each genotype at each age)
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associated with pancreatic islets. By comparison, few adipo-

cytes were seen in pancreatic tissues from age- and sex-

matched WT mice. Quantification confirmed that osmium

tetroxide staining was significantly greater in the pancreatic

tissues of KO compared with WT mice (Fig. 5e). No differ-

ences were noted in the appearance of acini in WT and KO

pancreases. There were also no significant differences be-

tween WT and KO in the mass of the pancreas at any age in

male and female mice (Supplementary Tables S1 and S2).

Histological differences in the extraorbital lacrimal glands

of WT and KO mice

Exocrine pancreas and extraorbital lacrimal glands are serous

glands that exhibit similar histological appearances. P2X7 has

been reported in both the acinar and ductal cells of rat lacrimal

gland [47]. As observed for pancreas, we found a greater

number of adipocytes in the extraorbital lacrimal glands of

male mice at 12 months of age (Fig. 6), with no differences in

younger or in female mice. These adipocytes were observed

among the ducts and vasculature, as well as at the boundaries

between lobes. In addition, small lipid droplets (∼1 μm in

diameter) accumulated in the basal aspect of lacrimal acinar

cells to a much greater extent in KO than in WT mice

(Fig. 6d, e). As in kidney and pancreas, osmium tetroxide

staining was significantly greater in the extraorbital lac-

rimal glands of KO compared with WT mice (Fig. 6f). In

males, the mass of the extraorbital lacrimal glands was

significantly greater in KO than in WT mice at 2 months

of age (Supplementary Table S1). However, there were

no significant differences in older males or in females

(Supplementary Table S2).

Fig. 3 Morphometric analysis of

adipocytes in fat pads of maleWT

and P2X7 KO mice. Epididymal

fat pads were isolated post-

mortem. a Image depicting

epididymal fat pads from a

9-month-old WT and KO mouse.

Scale bar represents 1 cm.

b Mass of epididymal fat pads

was significantly greater in P2X7

KO than in WT male mice at

9months of age. Data are means ±

SEM, n=10 mice of each

genotype. Combined mass

of right and left fat pads is

reported. *Indicates significant

difference between KO and WT

(p <0.05), determined by t test.

c Representative histological

sections of epididymal fat pads

from 9-month-old male WT and

P2X7 KO mice stained with

H&E, with no marked differences

in appearance. d , e Sections of fat

pads from 9- and 12-month-old

mice were analysed for adipocyte

density and size. The number of

adipocytes and largest diameter of

each adipocyte in each field of

view were measured. Data for

9-month-old mice are shown.

For both 9- and 12-month-old

mice, there was no significant

difference between WT and

KO in adipocyte density or size

(p >0.05, t test). Data are means ±

SEM, n =5 mice of each genotype

and age with two sections and

five fields of view per section

analysed for each mouse
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Histological differences in the salivary glands of WT and KO

mice

P2X7 expression has been reported previously in both ductal

and acinar cells of mouse submandibular gland [48, 49].

Interestingly, in our study, the submandibular salivary gland

displayed multiple spherical structures that did not stain with

H&E (Fig. 7a). Like the kidney tissues, a greater number of

these structures were observed in glandular tissue from older

male KO mice than from WT mice. However, in contrast to

the tissues described above, these spherical structures in the

submandibular gland did not stain with osmium tetroxide

(Fig. 7b), revealing the absence of lipid. In addition, these

structures appeared to be located centrally within acini of the

submandibular gland but were absent in the adjacent sublin-

gual gland. Moreover, there were no significant differences in

the mass of the salivary glands at any age in both males and

females (Supplementary Tables S1 and S2).

Histology of spleen and other tissues of interest inWTand KO

mice

P2X7 is highly expressed in cells of the immune system and

therefore in organs such as the spleen [33]. Spleens were

isolated post-mortem, weighed and assessed histologically at

9 and 12 months of age. H&E revealed greater basophilic

staining coupled with megakaryocyte hyperplasia in male KO

compared with WT mice at 12 months of age (Fig. 8a). These

histological differences were accompanied by significantly

greater mass of the spleen (Fig. 8b). Osmium tetroxide did

not reveal lipid staining in the spleen (not shown).

Several other tissues were isolated post-mortem and

assessed by histology. Livers and hearts from male KO mice

had significantly larger masses than WT at 9 months of age, a

difference not seen at 12 months of age. No histological

differences between WT and KO were apparent in these

tissues or in skeletal muscle at either age. No other histological

or weight differences were seen in males (Supplementary

Table S1). In females, no significant differences were seen in

the mass of any of the tissues examined (Supplementary

Table S2). Furthermore, no histological differences were seen

in any female tissues at any age (data not shown).

Food consumption, blood plasma chemistry and tissue lipid

analyses

To assess whether the phenotype seen in older male mice was

the result of differences in diet, food consumption was mea-

sured by weighing food once weekly. No significant differ-

ences in average daily food consumption were seen between

Fig. 4 Histology of kidneys in male WT and P2X7 KO mice. a Repre-

sentative histological sections of cortico-medullary region of the kidney

from 12-month-old male WT and P2X7 KO mice stained with H&E. At

both 9 and 12 months of age, KO kidney exhibited multiple spherical

structures (∼3–12 μm in diameter, yellow arrowheads), which failed to

stain with H&E. b Staining with osmium tetroxide revealed that these

spherical structures were filled with lipid (black). Images shown are from

12-month-old male mice; similar results were found in 9-month-old male

mice (not shown). Scale bar represents 50 μm for all images. Images are

representative of 8–11 male mice of each genotype and age (9 and

12 months). c For 12-month-old mice, the area that stained positively

with osmium tetroxide was determined using image analysis and

expressed as a percentage of the total tissue area. Data are medians and

interquartile ranges (IQR, boxes) withwhiskers representing the 10th and

90th percentiles; n =5 mice of each genotype with two sections per

mouse. At least two fields of view per section were analysed. *Indicates

a significant difference between KO and WT (p <0.05), determined by

one-tailed Mann–Whitney U test
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male WTand KOmice at any age (Fig. 9), suggesting that the

phenotype may be due to metabolic differences.

To investigate the metabolic phenotype, blood plasma sam-

ples were obtained by cardiac puncture and assayed for glu-

cose, triglyceride and total cholesterol. In comparison to WT,

male KO mice had significantly reduced plasma cholesterol

levels at both 9 and 12 months of age. No significant differ-

ences in plasma triglyceride or glucose levels were seen at

either age for WT and KO mice (Table 1). Furthermore, no

significant differences in any plasma parameters were seen

in female WT and KO mice at 9 and 12 months of age

(Supplementary Table S3). Selected tissues were isolated post-

mortem to determine whether histological changes were accom-

panied by changes in tissue levels of triglycerides or total cho-

lesterol. KO mouse heart tissue had significantly reduced tissue

cholesterol levels in comparison to WT controls at 9 months of

Fig. 5 Histology of pancreas in male WT and P2X7 KO mice. Images

are representative histological sections at low magnification (a and c),

with higher magnification images from the same fields shown in b and d .

a , b Representative histological sections of pancreas from 12-month-old

male WT and P2X7 KO mice stained with H&E. KO pancreas exhibited

multiple large membrane-bound spherical structures (∼10–30 μm in

diameter, yellow arrowheads), which failed to stain with H&E, resem-

bling adipocytes. These structures were located predominantly among

ducts and vasculature, as well as in boundaries between pancreatic lobes.

c , d Staining with osmium tetroxide confirmed the identity of these cells

as adipocytes (yellow arrowheads). Images are representative of ten male

mice of each genotype. e The area that stained positively with osmium

tetroxide was determined using image analysis and expressed as a per-

centage of the total tissue area. Data are medians and IQR (boxes) with

whiskers representing the 10th and 90th percentiles; n =5 mice of each

genotype with two sections per mouse. At least two fields of view per

section were analysed. *Indicates a significant difference between KO

and WT (p <0.05), determined by one-tailed Mann–Whitney U test
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Fig. 6 Histology of extraorbital lacrimal glands in male WT and P2X7

KO mice. Images are representative histological sections at low magnifi-

cation (a and c), with higher magnification images from the same fields

shown in b , d and e . a , b Representative histological sections of

extraorbital lacrimal glands from 12-month-old male WT and P2X7 KO

mice stained with H&E. Similar to pancreas, adipocyte-like cells (yellow

arrowheads) were observed among ducts and vasculature, as well as in

boundaries between lobes in glands from KO mice. c , d Osmium

tetroxide staining confirmed the presence of adipocytes in the KO tissues.

e Higher magnification images of regions outlined by yellow rectangles

in d . These images reveal markedly greater accumulation of small lipid

droplets in the basal cytoplasm of acinar cells in the KOmice. Images are

representative of ten male mice of each genotype. f The area that stained

positively with osmium tetroxide was determined using image analysis

and expressed as a percentage of the total tissue area. Data are medians

and IQR (boxes) with whiskers representing the 10th and 90th percen-

tiles; n =5 mice of each genotype with two sections per mouse. At least

two fields of view per section were analysed. *Indicates a significant

difference between KO and WT (p <0.05), determined by one-tailed

Mann–Whitney U test
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age whereas there were no significant differences in triglyceride

or cholesterol levels in other tissues (Supplementary Table S4).

Discussion

The P2X7 receptor serves a number of important functions in

multiple tissues throughout the body. Previous in vitro studies

have shown that P2X7 suppresses expression of adipocyte

differentiation markers [13] and acts through phospholipases

and sphingomyelinases to generate bioactive lipid signalling

molecules [50]. Here, we report abnormal adipocyte and lipid

accumulation in mice lacking functional P2X7, pointing to a

generalised role for P2X7 in regulating lipid storage and

metabolism in vivo.

We used the Pfizer KO mouse in which there is global

disruption of P2X7 function [25, 39]. This mouse model has

been studied extensively; however, most studies have focused

on the phenotype of younger animals. It has previously been

reported that the Pfizer KO mouse displays no gross pheno-

typic differences at early ages [19, 33, 51]. In the present

study, we allowed these mice to age, which revealed an

unexpected increase in body mass due to greater lipid accu-

mulation in older male KO mice. Previous characterisation of

the femurs and tibias of older Pfizer KO mice revealed dimin-

ished periosteal bone formation and excessive trabecular bone

resorption [19]. In the present study, we did not detect any

difference in skeletal mass at the whole-body level, perhaps

indicating regional effects of P2X7 disruption.

We observed that fat pad mass was greater in KO than in

WTmalemice at 9months of age. An increase in adipose tissue

mass can result from greater adipocyte size (hypertrophy),

greater adipocyte cell number (hyperplasia), or both [52]. Pre-

vious studies have shown that both visceral and subcutaneous

adipocytes express P2X7 receptors [34, 53]. Adipocyte size

and density were similar in WT and KO, indicating that the

increase in mass was due to adipocyte hyperplasia. Adipocyte

number is determined both by the recruitment and

Fig. 7 Histology of salivary

glands in male WT and P2X7

KO mice. a Representative

histological sections of salivary

glands from 12-month-old male

WT and P2X7 KO mice stained

with H&E (SM: submandibular

gland, SL: sublingual gland).

At both 9 and 12 months of age,

multiple spherical structures,

which failed to stain with H&E

(yellow arrowheads), were

observed in the submandibular

but not sublingual gland.

b Staining with osmium tetroxide

revealed that these spherical

structures did not contain lipid

(images shown are from 12-

month-old male mice). Scale bar

represents 50 μm for all images.

Images are representative of 8–11

male mice of each genotype and

age (9 and 12 months)

Fig. 8 Histology of spleen in male WT and P2X7 KO mice. a Repre-

sentative histological sections of spleen from 12-month-old male WTand

P2X7 KO mice stained with H&E. Images revealed greater basophilic

staining coupled with megakaryocyte hyperplasia in the KO compared

with the WT spleen. No differences between WT and KO were observed

in spleen sections stained with osmium tetroxide (not shown). b Themass

of the spleen was significantly greater in KO than in WT at 12 months of

age only. Data are means ± SEM, n =10mice of each genotype (*p <0.05,

t test)
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differentiation of stem cells into mature adipocytes and by

adipocyte apoptosis [54]. Therefore, our results suggest that

loss of P2X7 may decrease apoptosis of mature adipocytes or

increase adipogenesis from mesenchymal stem cells.

Mesenchymal stem cells are widely distributed in connec-

tive tissues such as bone marrow, as well as in the perivascular

niche [55]. These cells are capable of differentiating into

multiple lineages including fibroblasts, chondrocytes, osteo-

blasts and adipocytes. Moreover, human mesenchymal stem

cells have been shown to express several P2 receptors includ-

ing P2X7 by both RT-PCR and immunoblotting [56]. In

addition, we have shown previously that cultures of bone cells

from Pfizer P2X7 KO mice display greater expression of

adipogenic markers compared to WT cells [13]. Thus, P2X7

may suppress adipocyte differentiation from mesenchymal

stem cells. In this regard, when mesenchymal stem cells are

induced to differentiate into adipocytes, exogenous ATP re-

duces the formation of lipid droplets and suppresses

adipogenic differentiation [56]. Taken together, these in vitro

results support our in vivo findings of greater numbers of

adipocytes in P2X7 KO mice.

In the present study, the observed distribution of adipocytes

in adipose tissues and ectopically in perivascular regions of

the KO mice corresponds to locations where mesenchymal

stem cells are known to reside. Previous studies have shown

that mesenchymal stem cells exist in both lacrimal glands [57]

and pancreas, specifically in ductal regions [58]. Thus, it is

possible that loss of P2X7 enhances the differentiation of

mesenchymal progenitor cells toward the adipocyte lineage,

resulting in increased adipocyte numbers in periductal regions

of the pancreas and lacrimal glands. In future studies, lineage

tracing could be used to determine the commitment of mes-

enchymal progenitors to adipocytes, shedding light on the role

of P2X7 in adipogenesis.

Recent work has shown that P2X7 regulates cellular me-

tabolism. Grol and coworkers showed that activation of P2X7

leads to a dramatic, glucose-dependent increase in metabolic

acid production by osteoblasts [31]. In addition, work from

another lab has shown that heterologous expression of P2X7

in vitro leads to upregulation of glycolytic enzymes and an

increase in lactate production [32]. Thus, overall energy ex-

penditure may be less in mice lacking functional P2X7 recep-

tors, resulting in increased accumulation of fat as the animals

age. It is also possible that P2X7 receptors have direct effects

on lipid metabolism. In this regard, several studies have

shown that P2X7 couples to activation of phospholipases in

various cell types [13, 37, 50, 59]. Thus, loss of P2X7 function

in cells that normally express this receptor may disrupt lipid

metabolism leading to the eventual accumulation of lipid

droplets in the cytosol.

Novak and coworkers have shown previously that

Pfizer KO mice display abnormal exocrine secretion from

the pancreas and lacrimal glands [60]. Pancreatic secretion

was significantly reduced in KO mice, whereas tear pro-

duction was increased. Interestingly, the secretory pheno-

type was affected by the sex of the animal, with males

more dependent on P2X7 expression, as observed for

ectopic lipid deposition in the present study and skeletal

remodeling in a previous study [19]. This sexual dimor-

phism may reflect interactions between estrogen and P2X7

signaling. In this regard, it has been shown previously that

17β-estradiol inhibits P2X7-mediated currents through a

non-genomic mechanism [61].

In the present study, accumulation of lipid droplets was

also observed in the renal tubular epithelium. Previous reports

have shown that, in healthy mice, P2X7 is expressed in the

renal collecting duct but not in the glomeruli or other tubules

[62]. The function of P2X7 in collecting duct remains poorly

understood. A previous study reported no abnormalities in

renal morphology or histology in a different P2X7 KOmouse

model (6- to 8-week-old female mice) [51]. In the present

Fig. 9 Food consumption by male WT and P2X7 KO mice. Food

consumption was measured by weighing food once weekly. No signifi-

cant differences were seen at any age between theWTand KOmice. Data

are the mean consumption per day and are expressed as means ± SEM,

p >0.05, determined by two-way analysis of variance and Bonferroni post

hoc test, n ≥6 mice of each genotype and age

Table 1 Blood plasma cholesterol, triglyceride and glucose levels (in

millimoles per litre) in male wild-type (WT) and P2X7 knockout (KO) mice

Parameter 9 months 12 months

WT KO WT KO

Cholesterol 3.83±0.27 2.91±0.10* 3.34±0.10 2.77±0.21*

Triglycerides 0.72±0.05 1.03±0.15 0.89±0.12 0.70±0.07

Glucose 11.42±0.77 10.69±0.82 11.36±0.73 12.31±0.56

Glucose, triglycerides and total cholesterol (millimoles per litre) were

measured in blood plasma samples obtained by cardiac puncture. In

comparison toWT,KOmice had significantly reduced plasma cholesterol

levels both at 9 and 12 months of age. No significant differences in

plasma triglyceride or glucose levels were seen between WT and KO

mice at either age. Data are means ± SEM, *p <0.05 compared with

correspondingWT based on unpaired two-tailed t test, n =9 mice of each

genotype and age
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study, lipid droplets were observed only in older male mice,

perhaps explaining the lack of phenotype in the earlier study.

In our study, no histological differences were observed in

liver, heart, skeletal muscle or Harderian glands. Although it

has been reported that P2X7 is expressed in hepatocytes, and

cardiac and skeletal myocytes [53, 63, 64], there was no

apparent accumulation of lipid in these cells. Therefore, ab-

sence of P2X7 alone is not sufficient to trigger lipid abnor-

malities in all tissues.

Analysis of blood plasma revealed significantly reduced

levels of total cholesterol in the male KO mice in older age

groups. In contrast to humans, mice carry cholesterol mainly

in the form of high-density lipoprotein (HDL) [65–67]. On the

other hand, fasting blood glucose concentrations were not

significantly different between WT and KO mice of all age

groups and sexes. Therefore, it was unlikely that the heavier

KO males were diabetic. Furthermore, assessment of food

intake in our study revealed no significant differences between

WT and KO mice at any age. Additionally, others have report-

ed no differences in spontaneous locomotor activity of P2X7

WT and KO mice [68]. Therefore, the changes in adiposity in

older males are likely due to metabolic dysregulation. The

present study reveals that P2X7 KO mice exhibit some of the

characteristics of metabolic syndrome, including increased

central adiposity, reduced levels of HDL and the deposition

of ectopic lipids in lean tissues.

We found that loss of P2X7 had noticeable effects on body

weight and adiposity only in older animals. These findings are

consistent with other studies showing no differences in body

weight between P2X7 KO and WT mice at younger ages,

evenwhen fed a high-fat diet [33, 69]. Aging itself is known to

be associated with metabolic dysfunction including alterations

in glucose and fatty acid metabolism, and redox homeostasis

[70]. Thus, it is possible that the additional metabolic impair-

ment arising from loss of P2X7 results in a phenotype only

when combined with age-related changes in metabolism. Al-

ternatively, it is conceivable that loss of P2X7 affects younger

mice but results in such gradual lipid accumulation that it

manifests only in older animals. Interestingly, total mass and

fat padmass were significantly greater in KO than inWTmice

at 9 months of age, but there were no significant differences in

12-month-old animals. Thus, it is possible that loss of P2X7

function accelerates age-related changes in body composition.

In summary, we have shown that male mice lacking

functional P2X7 receptors develop ectopic lipid accu-

mulations as they age. Our study reveals that P2X7

receptors play a generalised role in regulating lipid

storage and metabolism in vivo. Further research is

required to elucidate the role of P2X7 in regulating

the differentiation of adipocytes from mesenchymal stem

cells. As well, our findings provide additional impetus

to probe the emerging roles of P2X7 in the control of

energy and lipid metabolism.
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