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Abstract

Our previous studies demonstrated that mice with global CD47 deficiency are lean and resistant
to diet or aging-associated obesity and metabolic complications. This protective effect is partially
through modulating brown fat function. To definitively determine the role of brown fat CD47 in
age-related metabolic homeostasis, inducible brown adipocyte-specific cd47 deficient mice were
generated by crossbreeding ca47 floxed mice with UCP1-CreERT2 mice and characterized in this
study. Efficient knockdown of CD47 in brown fat was achieved in both male and female mice
through tamoxifen administration. Intriguingly, our findings indicated that male mice lacking
CDA47 in brown fat displayed a notable reduction in body weight starting at 23 weeks of age
when housed at a temperature of 22 °C, in comparison to control mice. This reduction in weight
was accompanied by improved glucose tolerance. Remarkably, this phenotype persisted even
when the male mice were housed under thermoneutral conditions (30 °C). Conversely, female
knockout mice did not exhibit significant changes in weight throughout the study. In addition

to the enhanced glucose homeostasis, brown fat CD47 deficiency in male mice also prevented
age-related hypertriglyceridemia and non-alcoholic fatty liver disease. Furthermore, the brown
fat tissue of male knockout mice exhibited reduced whitening, while maintaining comparable
levels of thermogenic markers. This suggests the involvement of a thermogenesis-independent
mechanism. Altogether, these findings highlight a sex difference in the impact of brown adipocyte
CDA47 deficiency on age-related weight changes and glucose homeostasis.
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Introduction

CDA47, an integral glycoprotein cell receptor, is typically expressed at low levels on most
healthy cells but becomes upregulated in aging or obese conditions [1-9]. Besides its
well-established roles in immunity and self-recognition [2—4], recent research conducted

in our lab has revealed a novel function of CD47 in regulating white and brown fat and

its involvement in aging and diet-induced obesity, utilizing a global CD47 deficient mouse
model [10-13]. Our findings indicate that young adult mice lacking CD47 globally exhibited
remarkable lipid turnover in white adipose tissue and significantly increased UCP1 activity
in brown fat, resulting in elevated energy expenditure and resistance to diet-induced obesity
[10, 13]. In addition, aged mice lacking CD47 globally also demonstrated a lean phenotype,
accompanied by increased browning of white adipose tissue and activated thermogenic
activity in brown fat, thereby improving age-related metabolic disorders [11]. While these
studies support the emerging role of CD47 in regulating brown fat function and energy
balance, potential contributions of CD47 deletion in other organs such as the brain, muscle,
or liver cells cannot be completely disregarded. Therefore, to definitively establish the
impact of CD47 in brown fat on energy balance, we generated and characterized inducible
brown adipocyte-specific CD47-deficient mice in this study.

Both male and female inducible brown adipocyte-specific CD47-deficient mice and control
mice were characterized in this study. These mice were fed with normal low-fat diet and
housed at 22 °C or 30 °C for certain time periods. The results demonstrated that only male
brown adipocyte specific CD47 deficient mice exhibited an age-related weight reduction
and metabolic improvement, highlighting a sex difference in the impact of brown adipocyte
CDA7 on age-related metabolic homeostasis.

Materials and Methods

Animal Studies

All animal procedures were approved by the University of Kentucky Institutional Animal
Care and Use Committee. CD47 floxed mice (CD47/fl on C57BL6 background) were
obtained from KOMP (knockout mouse project) repository at UC Davis. Mice were
genotyped by PCR analysis of genomic DNA from tail of wild-type (WT, 445 bp) or
D47 mice for the presence of LoxP sites (658 bp) using the primers listed in the
Supplementary table 1. In order to generate brown adipocyte-specific CD47 knockout mice
(CD47 AUCPL) D47/ mice were bred with UCP1-CreERT2 (generously provided by Dr.
Christian Wolfrum in Switzerland [14]) for two generations. Tamoxifen induction of Cre
activity was performed in 6 -week-old mice by daily intraperitoneal injection of 75 mg
tamoxifen (TAM)/kg body weight for 5 consecutive days. After 2-3 weeks of final TAM
injection, one set of mice (both male and female) were sacrificed to determine the gene
recombination and characterization. Another set of mice were maintained on normal low-fat
diet (10% kcal from fat, D12450J, Research Diets) and housed in standard cages at 22 °C in
12-hour light/ dark cycle. Body weight was monitored weekly. Glucose tolerance test (GTT)
was performed in 28-week-old mice. Then mice were housed in 30 °C temperature chamber
for additional 6-10 weeks.
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Metabolic analysis

Echo MRI was utilized to measure mice lean mass and fat mass [10]. For mice indirect
calorimetry (e.g. food intake, energy expenditure et al) analysis, Sable Promethion system
was used. To collect data, mice were put in this system individually for 5 days.

Glucose tolerance test (GTT)

A glucose tolerance test was conducted on mice that were fasted for 6 hours. The test
involved intraperitoneal injection of glucose (1 g/kg body weight), followed by glucose
measurements using a glucometer at different time periods after the injection.

Real-time quantitative PCR

Adipose tissue or other tissues were processed to extract total RNA using the RNeasy Mini
Kit (Qiagen, USA). Subsequently, the extracted RNA was reverse transcribed to cDNA
using the High Capacity cDNA Reverse Transcription Kit (Invitrogen, Carlsband, CA).
MyiQ Real-time PCR Thermal Cycler (Bio-Rad) and the SYBR Green PCR Master Kit
(Qiagen, Valencia, CA) were utilized for performing quantitative PCR. To determine relative
MRNA expression, the MyiQ system software, as previously reported [15], was employed,
and the results were normalized to B-actin levels. The primer sequences used in this study
can be found in Supplemental Table 1.

Blood parameter analysis

At the conclusion of the study, blood samples were collected via cardiac puncture. Plasma
levels of alanine aminotransferase (ALT) were measured using an ALT assay kit from
Connecticut, USA. The determination of plasma total triglyceride levels was performed
enzymatically using Wako kits from Richmond, USA.

Western blotting

Brown fat tissue was homogenized and 30~50 g of total protein was loaded onto an
SDS-PAGE gel under reducing conditions and subsequently transferred onto a nitrocellulose
membrane. The membrane was blocked with 3% BSA media and incubated overnight at 4°C
with anti-CD47 (1:1000 dilution; Abcam, Cambridge, MA, USA) or anti-p-actin antibody
(1:5000 dilution; Santa Cruz, Dallas, TX, USA), followed by incubation with horseradish
peroxidase-conjugated secondary antibodies (Jackson Labs, Bar Harbor, ME, USA) and
visualization using an enhanced chemiluminescence system (Pierce, Waltham, MA, USA).

Tissue Histology

Formalin fixed mice tissues (fat and liver) were embedded in paraffin, sectioned at 5 um
thickness, and subjected to standard hematoxylin and eosin-stain staining (H&E) using the
service provided by COBRE Pathology Core at University of Kentucky. Additionally, liver
cryo-sections were stained with Oil red O. All images were captured using a Nikon Eclipse
55i microscope.
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Statistical Analysis

Prism 9 software (GraphPad Software, San Diego, CA) was utilized for statistical analysis.
All data are presented as mean + SEM. Two-tailed Student’s t-test was employed to assess
statistical significance between two groups. For comparisons involving multiple groups,
one-way ANOVA followed by Bonferroni’s multiple comparisons test or 2-way ANOVA
followed by Tukey’s multiple comparisons test was applied. A significance level of p < 0.05
was considered statistically significant.

Results and Discussion

Generation of brown adipocyte-specific CD47 deficient mice (CD47AUCPY)

Previous work from our lab suggests that CD47 is an important regulator of brown fat
function and contributes to age-related obesity and metabolic disorder in a global CD47
deficient mouse model [11]. To definitively establish the impact of CD47 in brown fat

on age-related metabolic disorder, we generated inducible brown adipocyte-specific CD47-
deficient mice (CD47AYCPL). As shown in Fig. 1A, exons 2 and 3 of the murine CD47
gene were floxed in CD47 T/l mice. In order to generate CD472UCPL mice, CD47 I/l mice
were crossbred with UCP1-CreERT2 mice for two generations. Mice genotyping results of
loxP band and cre band were shown in Fig. 1B. After tamoxifen administration, CD47 was
efficiently deleted in brown fat from both male and female mice as demonstrated by qPCR
and western blotting (Fig. 1C-D). These mice were further characterized in the following
studies.

Male CD472UCPImice but not female mice displayed an age-related reduction in body
weight and fat mass, accompanied with improved glucose homeostasis and attenuated
fatty liver.

Brown adipocytes are known to play a crucial role in metabolism by utilizing energy sources
such as glucose and fat to generate heat. To investigate the impact of CD47 deficiency in
brown adipocytes on age-related basal body weight and glucose homeostasis, we conducted
experiments using male and female CD472UCP1 and CD47 /Tl mice, following tamoxifen
administration, and housed them at a temperature of 22°C while being fed a low-fat diet.
Body weight monitoring was initiated after a period of 2—-3 weeks following the final
tamoxifen injection. As shown in Fig. 2, female CD47AYCP1 and CD47 f/fl mice exhibited
similar age-related changes in body weight and glucose tolerance when housed at 22°C until
28 weeks of age. Subsequently, these mice were transferred to a temperature chamber set

at 30°C. Notably, there were no significant differences in body weight changes, glucose
tolerance, plasma triglyceride levels, or ALT levels between the knockout and control mice.
These findings suggest that the deletion of CD47 in brown adipocytes does not impact
age-related alterations in body weight, glucose regulation, or lipid homeostasis in female
mice.

In contrast to the female mice, male CD472UCP1 mice displayed a significant reduction in
body weight starting at 23 weeks of age when housed at 22°C, compared to control mice.
This decrease in body weight and fat mass was accompanied by improved glucose tolerance,
as depicted in Fig. 3 A—C. Importantly, this phenotype persisted even when the male
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mice were housed under thermoneutral conditions (30°C), where brown fat thermogenic
activity is negligible (Fig. 3D-E). These results suggest that the reduced body weight
observed in CD47AUCP1 male mice may be independent of brown fat thermogenic function.
Furthermore, indirect calorimetry data indicated that food intake, energy expenditure,

and total activity were comparable between CD472UCP1 and control mice (data not
shown). Additionally, apart from the enhanced glucose homeostasis (Fig. 3F), brown fat
CDA47 deficiency in male mice also prevented age-related hypertriglyceridemia and the
development of non-alcoholic fatty liver disease (Fig. 3G-I).

Collectively, our findings demonstrate a sexual dimorphism in the effects of CD47
deficiency in brown adipocytes on age-related body weight regulation and metabolic
homeostasis. While female mice were largely unaffected by CD47 deletion, male mice
exhibited improved body weight control, glucose tolerance, and lipid metabolism. These
results highlight the importance of considering sex-specific differences in brown adipocyte
biology and its implications for metabolic regulation. Further studies are warranted to
investigate the underlying mechanisms contributing to these differences such as potential sex
hormone-mediated effects, differences in gene regulation or other factors that may modulate
CD47 function in a sex-specific manner.

Brown fat tissue from male CD472YCP1 mice had reduced whitening

To elucidate the potential mechanisms underlying the observed improvements in metabolic
health observed in male CD47AYCP1 mice, we conducted further analysis of brown fat tissue
(BAT). A slight reduction in BAT mass was observed in CD47AYCP1 mice compared to
control CD47%/f mice (Fig. 4A). This suggests that CD47 deficiency may impact the overall
size or composition of BAT. Furthermore, histological examination using H&E imaging
revealed that brown adipocytes from CD472UCP1 mice exhibited smaller size (Fig. 4B),
indicating reduced whitening. This reduction in whitening suggests a potential alteration

in lipid accumulation or metabolism within the brown adipocytes of CD472UCP1 mice,
Interestingly, the gPCR analysis demonstrated that the expression levels of key thermogenic
markers such as UCP1 and PGC-1a, as well as fatty acid beta oxidation-related genes
(ACOX1 or CPT1p), were comparable between CD472UCP1 mice and control mice (Fig.
4C). These findings suggest that the improved metabolic health observed in CD47AYCP1
mice is not likely due to significant changes in BAT-mediated fatty acid metabolism and
thermogenesis. Additionally, the expression of genes associated with brown fat endocrine
function was found to be comparable between knockout and control mice (Fig. 4D).
However, we did observe an upregulation in the expression of FGF21 in liver from male
CD47AYUCPL mice (Fig. 4E). This suggests that potential alterations in glucose utilization and
energy balance in CD472YCP1 mice may contribute to their improved metabolic health [15-
19]. The involved molecular mechanisms of increased FGF21 expression in liver warrant
further investigation in the future.

In summary, in this study, a sexual dimorphism in the effects of CD47 deficiency in
brown adipocytes on age-related metabolic homeostasis was revealed. We found that female
mice were largely unaffected by CD47 deletion in brown adipocytes. However, male mice
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exhibited improved body weight control, glucose tolerance, and attenuated fatty liver disease
in a UCP1-independent mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

Funding: This work was supported by the Department of Veterans Affairs Merit Review Award (BX004252, to
SW), the National Institutes of Health (NIH) Grant (DK131786, to SW), and an Institutional Development Award
(IDeA) (P30 GM127211).

We would like to thank Dr. Arnab Banerjee for helping to process some samples.

References

[1]. Kaur S, Kuznetsova SA, Pendrak ML, Sipes JM, Romeo MJ, Li Z, Zhang L, Roberts DD, Heparan
sulfate modification of the transmembrane receptor CD47 is necessary for inhibition of T cell
receptor signaling by thrombospondin-1, J Biol Chem, 286 (2011) 14991-15002. [PubMed:
21343308]

[2]. Soto-Pantoja DR, Kaur S, Roberts DD, CD47 signaling pathways controlling cellular
differentiation and responses to stress, Critical reviews in biochemistry and molecular biology, 50
(2015) 212-230. [PubMed: 25708195]

[3]. Oldenborg PA, CDA47: A Cell Surface Glycoprotein Which Regulates Multiple Functions of
Hematopoietic Cells in Health and Disease, ISRN hematology, 2013 (2013) 614619.

[4]. Brown EJ, Frazier WA, Integrin-associated protein (CD47) and its ligands, Trends Cell Biol, 11
(2001) 130-135. [PubMed: 11306274]

[5]. Matozaki T, Murata Y, Okazawa H, Ohnishi H, Functions and molecular mechanisms of the
CDA47-SIRPalpha signalling pathway, Trends Cell Biol, 19 (2009) 72-80. [PubMed: 19144521]

[6]. Mawby WJ, Holmes CH, Anstee DJ, Spring FA, Tanner MJ, Isolation and characterization of
CDA47 glycoprotein: a multispanning membrane protein which is the same as integrin-associated
protein (IAP) and the ovarian tumour marker OA3, The Biochemical journal, 304 ( Pt 2) (1994)
525-530. [PubMed: 7998989]

[7]. Murata Y, Kotani T, Ohnishi H, Matozaki T, The CD47-SIRPalpha signalling system: its
physiological roles and therapeutic application, Journal of biochemistry, 155 (2014) 335-344.
[PubMed: 24627525]

[8]. Jaiswal S, Jamieson CH, Pang WW, Park CY, Chao MP, Majeti R, Traver D, van Rooijen N,
Weissman IL, CDA47 is upregulated on circulating hematopoietic stem cells and leukemia cells to
avoid phagocytosis, Cell, 138 (2009) 271-285. [PubMed: 19632178]

[9]. Ghimire K, Li Y, Chiba T, Julovi SM, Li J, Ross MA, Straub AC, O’Connell PJ, Riiegg C, Pagano
PJ, Isenberg JS, Rogers NM, CD47 Promotes Age-Associated Deterioration in Angiogenesis,
Blood Flow and Glucose Homeostasis, Cells, 9 (2020).

[10]. Maimaitiyiming H, Norman H, Zhou Q, Wang S, CD47 deficiency protects mice from diet-
induced obesity and improves whole body glucose tolerance and insulin sensitivity, Sci Rep, 5
(2015) 8846. [PubMed: 25747123]

[11]. Li D, Gwag T, Wang S, Absence of CD47 maintains brown fat thermogenic capacity and protects
mice from aging-related obesity and metabolic disorder, Biochem Biophys Res Commun, 575
(2021) 14-19. [PubMed: 34454175]

[12]. Gwag T, Li D, Ma E, Guo Z, Liang Y, Wang S, CD47 antisense oligonucleotide treatment
attenuates obesity and its-associated metabolic dysfunction, Sci Rep, 13 (2023) 2748. [PubMed:
36797364]

[13]. Norman-Burgdolf H, Li D, Sullivan P, Wang S, CD47 differentially regulates white and brown fat
function, Biol Open, 9 (2020).

Biochem Biophys Res Commun. Author manuscript; available in PMC 2024 January 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Lietal.

Page 7

[14]. Rosenwald M, Perdikari A, Rulicke T, Wolfrum C, Bi-directional interconversion of brite and
white adipocytes, Nat Cell Biol, 15 (2013) 659-667. [PubMed: 23624403]

[15]. Abu-Odeh M, Zhang Y, Reilly SM, Ebadat N, Keinan O, Valentine JM, Hafezi-Bakhtiari M,
Ashayer H, Mamoun L, Zhou X, Zhang J, Yu RT, Dai Y, Liddle C, Downes M, Evans RM,
Kliewer SA, Mangelsdorf DJ, Saltiel AR, FGF21 promotes thermogenic gene expression as an
autocrine factor in adipocytes, Cell reports, 35 (2021) 109331.

[16]. Fisher FM, Kleiner S, Douris N, Fox EC, Mepani RJ, Verdeguer F, Wu J, Kharitonenkov A,
Flier JS, Maratos-Flier E, Spiegelman BM, FGF21 regulates PGC-1a and browning of white
adipose tissues in adaptive thermogenesis, Genes & development, 26 (2012) 271-281. [PubMed:
22302939]

[17]. Szczepanska E, Gietka-Czernel M, FGF21: A Novel Regulator of Glucose and Lipid Metabolism
and Whole-Body Energy Balance, Horm Metab Res, 54 (2022) 203-211. [PubMed: 35413740]

[18]. Picatoste B, Yammine L, Leahey RA, Soares D, Johnson EF, Cohen P, McGraw TE,

Defective insulin-stimulated GLUT4 translocation in brown adipocytes induces systemic glucose
homeostasis dysregulation independent of thermogenesis in female mice, Molecular metabolism,
53 (2021) 101305.

[19]. Konrad D, Bilan PJ, Nawaz Z, Sweeney G, Niu W, Liu Z, Antonescu CN, Rudich A, Klip
A, Need for GLUT4 activation to reach maximum effect of insulin-mediated glucose uptake in
brown adipocytes isolated from GLUT4myc-expressing mice, Diabetes, 51 (2002) 2719-2726.
[PubMed: 12196464]

Biochem Biophys Res Commun. Author manuscript; available in PMC 2024 January 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Lietal. Page 8
N
A) B) &
v JEEHESEHE o o
P P
o — S~ IEER - IE o [ <=, ==
LoxP“ // LoxP 400 bp- WT (445bp)
+ UCP1-CreERT2 \ /
. .
+ TAM (tamoxifen) “ / i - < UCP1-CreERT2 (320 bp)
Tissue \; boonl <+ Myogenin control band (250bp)
Specific KO H
C) D) o = cpa7™f
BAT in male mice CDaz "] " coaren
—_—— 3 E CD47 2UCP1 BAT in female mice < .
CD47 fift cpg7 sucPt S 2 <
—_— 8 % CD47 fifi  CDA47 AUCP1 ':c_: .
CcD47 = B ' — 5
L1 E 3
gk BEe
B-ACHN | e e e B-Actin (EeeeEsem——
N N R e ¥
F o @B
Q B B \,\4 *..\b(‘ Q&

Figure 1. Generation and characterization of brown adipocyte specific CD47 knockout mice
(CD47AUCP1).

A). Brown adipocyte specific CD47 gene knockout strategy; B). PCR analysis of genomic
DNA from tail; To induce CD47 deletion, tamoxifen (75 mg/kg body) was intraperitoneally
injected into male (C) or female (D) 6-week-old mice once a day for consecutive 5 days.
After 2 weeks of tamoxifen treatment, tissues were harvested. CD47 gene expression in
various tissues was determined by gPCR. CDA47 protein levels in BAT were determined by
immunoblotting. Data are presented as mean + SE (n=3 mice /group), ***p<0.001.
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Figure 2. Brown adipocyte specific CD47 deficiency did not affect female mice body weight,
glucose homeostasis, plasma triglyceride levels or ALT levels.

A-B). Female CD472YCPL or control CD47 f/fl mice were housed at 22°C under normal
low-fat diet. Body weight or body weight changes and glucose tolerance test (at 28-week-
old) was determined. Then the mice were housed at 30°C (B-F). Body weight change,
glucose tolerance test, plasma triglyceride level or plasma ALT levels were determined. Data

are presented as mean + SE (n=5-7 mice /group).
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Figure 3. Male CD472YCP1 mice displayed an age-related reduction in body weight and fat
mass, accompanied with improved glucose homeostasis, attenuated plasma triglyceride levels

and fatty liver disease.

A-C). Male CD472YCPL o control CD47 f/fl mice were housed at 22°C under normal
low-fat diet. Body weight, fat mass, glucose tolerance test (at 28-week-old) was determined.
Then the mice were housed at 30°C (D-1). Body weight, fat mass, glucose tolerance test,
plasma and liver triglyceride level, liver weight and plasma ALT levels were determined.
Representative images of liver H&E staining and oil red O staining were shown. Data are
presented as mean + SE (n=5-7 mice /group). *p<0.05
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Figure 4. Brown fat tissue from male CD472YCP1 mice had reduced whitening
A). Brown adipose tissue (BAT) mass from CD472UCP1 and control CD47 f/fl male mice

(at 48-week-old); B). Representative H&E images from BAT. Scale bar represents 100 um;
C-D). gPCR of gene expression in BAT; E). gPCR of FGF21 gene expression in liver. Data
are presented as mean + SE (n=5-7 mice /group). *p<0.05
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