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ABSTRACT

CONCLUSIONS

 Aging elevates cardiovascular disease risk, including atherosclerosis. Macrophages play 
crucial role vascular aging by promoting inflammation and atherosclerosis progression. 
Age-related increase in NOX4 NADPH oxidase expression correlates with mitochondrial 
dysfunction, inflammation, and atherosclerosis severity. We hypothesized that 
NOX4-dependent mitochondrial oxidative stress induces macrophage metabolic 
dysfunction and an inflammatory phenotype in aging-associated atherosclerotic disease.
 Aortic and brachiocephalic artery lesion areas were comparable in 5-month-old (young) 
Nox4-/-/Apoe-/- and Apoe-/- mice, increased significantly in 16-month-old (aged) mice, but 
were significantly lower in Nox4-/-/Apoe-/- versus Apoe-/- mice. In aged Nox4-/-/Apoe-/- mice, 
atherosclerotic lesions had reduced CD11b+ area, lower expression of CCL2, IL1β, and IL6, 
and fewer classically activated pro-inflammatory macrophages (CD38+CD80+). Notably, 
there was also an increased proportion of alternatively activated pro-resolving macrophages 
(CD163+CD206+). Spectral flow cytometry and t-SNE analysis revealed a significantly 
lower proportion of activated inflammatory macrophages and macrophage-like cells in 
atherosclerotic lesions of aged Nox4-/-/Apoe-/- compared to Apoe-/- mice. Macrophages from 
aged Apoe-/- mice had altered metabolic function. In contrast, macrophages from 
Nox4-/-/Apoe-/- mice were less glycolytic, more aerobic, and had preserved basal and 
maximal respiration and mitochondrial ATP production. Nox4-/-/Apoe-/- macrophages had 
lower mitochondrial ROS and reduced IL1β secretion, compared with Apoe-/- mice. In aged 
Apoe-/- mice, inhibition of NOX4 using GKT137831 significantly reduced macrophage 
ROS and improved mitochondrial function. This resulted in a decreased CD68+CD80+ and 
increased CD163+CD206+ lesion macrophages and attenuated atherosclerosis.
 Our results imply that NOX4-dependent mitochondrial oxidative stress in aging 
contributes to macrophage mitochondrial dysfunction, glycolytic metabolic switch, and 
pro-inflammatory phenotype, advancing atherosclerosis. Inhibition of NOX4 could 
alleviate vascular inflammation and atherosclerosis by improving mitochondrial function in 
macrophages.

Figure 1. Aging-associated atherosclerosis burden is attenuated in Nox4-deficient Apoe-/- mice. (A) 
Representative images of oil red O-stained aortas and quantification of atherosclerotic lesion area in 
young (5-month-old) and aged (16-month old) Apoe-/- and Nox4-/-/Apoe-/- mice fed Western diet for 3 
months (mean±SEM, n=8). (B) Representative images of oil red O-stained brachiocephalic artery 
sections and quantification of atherosclerotic lesion area (mean±SEM, n=5). (C) Representative 
fluorescence microscopy images and fluorescence quantification in brachiocephalic artery sections 
stained with MitoSOX. Data are mean±SEM, n=7.

Figure 3. Nox4 deficiency induces pro-resolving phenotype in atherosclerotic lesion macrophages in 
aged Apoe-/- mice. (A) Flow cytometry analysis and quantification of atherosclerotic lesion single cell 
suspension from young and aged Apoe-/- and Nox4-/-/Apoe-/- mice for CD11b+F4/80+ macrophages. Data are 
macrophage fraction of aorta cells (mean±SEM, n=6). (B-E) Flow cytometry analysis and quantification of 
CD38+ (B) and EGR2+ (C) or CD86+ (D) and CD206+ (E) cell fraction of CD11b+F4/80+ aorta macrophages 
(mean±SEM, n=6). (F-G) Representative fluorescence microscopy images and quantification of 
CD80+CD68+ (F) and CD206+CD163+ (G) macrophages in brachiocephalic artery sections from young and 
aged Apoe-/- and Nox4-/-/Apoe-/- mice. Data are fluorescence colocalization integrated density per lesion cell 
number (mean±SEM, n=6). (H) t-SNE clustering of spectral flow cytometry data from aortic atherosclerotic 
lesions. (I) Heat-map representation of macrophage markers relative expression for each distinct cluster.

Figure 4. Mitochondrial function and metabolic profiling of macrophages from young and aged 
Apoe-/- and Nox4-/-/Apoe-/- mice. (A-C) Oxygen consumption rate (OCR) measurements and 
mitochondria bioenergetic parameters were determined in control M0 (A), M[IFNγ+LPS] (B), and 
M[IL4] (C) cultured macrophages (mean±SEM, n=6). (D-E) Metabolic profiling showing basal 
respiration and glycolysis relations in control M0 (D), M[IFNγ+LPS] (E), and M[IL4] (F) cultured 
macrophages (mean±SEM, n=6). (G-I) Mitochondrial and glycolytic contribution to ATP production in 
control M0 (G), M[IFNγ+LPS] (H), and M[IL4] (I) cultured macrophages (mean±SEM, n=6).

  Aging-associated increase in NOX4 expression/activity leads to mitochondrial dysfunction in 
macrophages, a metabolic shift towards glycolysis, and a proinflammatory phenotype
  An inflammatory plaque microenvironment causes lesion expansion in aging
  Reducing the expression/activity of NOX4 or improving mitochondrial function may help 
alleviate vascular inflammation and atherosclerosis
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Figure 2. Increased NOX4 expression in aging is associated with vascular inflammation. (A) 
Representative fluorescence microscopy images and quantification of immunoreactive CD11b expression 
(red) in brachiocephalic artery sections stained for ACTA2 (green) and DAPI (blue). Data are fluorescence 
integrated density of CD11b expression per lesion area (mean±SEM, n=4). (B-D) Representative 
fluorescence microscopy images and quantification of immunoreactive CCL2 (B), IL1b (C), and IL6 (D) 
expression in brachiocephalic artery sections stained for ACTA2 (B&D) or CD68 (C) and DAPI (B-D). 
Data are fluorescence integrated density of expression/colocalization per lesion cell number (mean±SEM, 
n=6).

Figure 6. Inhibition of NOX4 improves mitochondrial function inducing pro-resolving phenotype 
in atherosclerotic lesion macrophages in aged Apoe-/- mice. (A) Quantification of MitoSOX 
fluorescence in control M0, M[IFNγ+LPS]- and M[IL4] macrophages isolated from young and aged 
Apoe-/- and Nox4-/-/Apoe-/- mice (mean±SEM, n=4). (B) Concentration of IL1β in conditional media 
from M[IFNγ+LPS] macrophages (mean±SEM, n=4). (C) Quantification of MitoSOX fluorescence in 
cultured control M0, M[IFNγ+LPS] or M[IL4] macrophages pre-treated with vehicle or GKT137831 
(mean±SEM, n=6). (D) Mitochondrial bioenergetic parameters were derived from OCR in aged Apoe-/- 
M[IFNγ+LPS] macrophages pre-treated with vehicle or GKT137831 (mean±SEM, n=12). (E-F) 
Representative fluorescence microscopy images and quantification of CD80+CD68+ (E) and 
CD206+CD163+ (F) macrophages in brachiocephalic artery sections counterstained with DAPI from 
aged Apoe-/- mice treated with GKT137831 (mean±SEM, n=6).

RESULTS
A

Nox4-/-/Apoe-/- 5mo

Apoe-/- 5mo

Nox4-/-/Apoe-/- 16mo

Apoe-/- 16mo

Apoe-/- 5mo
Nox4-/-/Apoe-/- 5mo
Apoe-/- 16mo
Nox4-/-/Apoe-/- 16mo

0

20

40

60

80

At
he

ro
sc

le
ro

tic
 le

si
on

 a
re

a
(%

 to
ta

l a
or

ta
 a

re
a)

<0.0001

0.6928
<0.0001

0.0259

Apoe-/- Nox4-/-/Apoe-/-

5 
m

o
16

 m
o

At
he

ro
sc

le
ro

tic
 le

si
on

 a
re

a 
(m

m
2 )

0.0

0.1

0.2

0.3

0.4 0.8116

0.0432

0.8422

0.0383

B C
Apoe-/- Nox4-/-/Apoe-/-

5 
m

o
16

 m
o

M
ito

SO
X 

flu
or

es
ce

nc
e 

(x
10

7  I
nt

D
en

)

MitoSOX

0

0.5

1

1.5

2
0.7480

0.0013

0.5271

0.0009

Apoe-/- 5mo
Nox4-/-/Apoe-/- 5mo
Apoe-/- 16mo
Nox4-/-/Apoe-/- 16mo

A Apoe-/- Nox4-/-/Apoe-/-

5 
m

o
16

 m
o

0

5

10

15

20

25
0.8517

0.0355

0.7845

0.0451

C
D

11
b 

ex
pr

es
si

on
(In

tD
en

/le
si

on
 a

re
a 

x 
10

7 )

CD11b
ACTA2

DAPI

B
Apoe-/- Nox4-/-/Apoe-/-

CCL2
ACTA2
DAPI

4 
m

o
16

 m
o

0

50

100

150
0.9996

0.0067

0.9816

0.0194

C
C

L2
 e

xp
re

ss
io

n
(In

tD
en

/R
O

I c
el

ls
 x

 1
03 )

Apoe-/- Nox4-/-/Apoe-/-

IL6
ACTA2
DAPI

5 
m

o
16

 m
o

Apoe-/- Nox4-/-/Apoe-/-

5 
m

o
16

 m
o

IL1b
CD68
DAPI

IL
1B

-C
D

68
 c

ol
oc

al
iz

at
io

n
(In

tD
en

/R
O

I c
el

ls
 x

 1
03 )

IL
6 

ex
pr

es
si

on
(In

tD
en

/R
O

I c
el

ls
 x

 1
03 )

0

50

100

150 0.9542

0.0127

0.9929

0.0073

0

20

40

60

80

100 0.6496

0.0043

0.7614

0.0028

C D

C
D

38
+  c

el
ls

(%
 o

f C
D

11
b+ F

4/
80

+  c
el

ls
)

A B D E

Apoe-/- 5mo
Nox4-/-/Apoe-/- 5mo
Apoe-/- 16mo
Nox4-/-/Apoe-/- 16moCD80

CD68
DAPI

Apoe-/- Nox4-/-/Apoe-/-

5 
m

o
16

 m
o

Apoe-/- Nox4-/-/Apoe-/-
5 

m
o

16
 m

o

CD206
CD163
DAPI

C
D

80
+ C

D
68

+  c
el

ls
(In

tD
en

/R
O

I c
el

ls
 x

 1
03 )

C
D

20
6+ C

D
16

3+  c
el

ls
(In

tD
en

/R
O

I c
el

ls
 x

 1
03 )

F G
100 101 102 103 104 105  C

D
11

b+ F
4/

80
+  c

el
ls

(%
 o

f a
or

ta
 c

el
ls

)

Apoe-/- 5mo
Nox4-/-/Apoe-/- 5mo
Apoe-/- 16mo
Nox4-/-/Apoe-/- 16mo

100 101 102 103 104 105
100

101

102

103

104

105

CD11b-PE

F4
/8

0-
AP

C
-C

y7

100

101

102

103

104

105

Apoe-/- Nox4-/-/Apoe-/-

5 
m

o
16

 m
o

CD11b+F4/80+

0

5

10

15 0.7798
<0.0001

0.1693

0.0007

C

0
20
40
60
80

100
0.5002

0.0069
0.0186

0.2857

0

20

40

60

80
0.9995

0.5542
0.0003

0.0065

EG
R

2+  c
el

ls
(%

 o
f C

D
11

b+ F
4/

80
+  c

el
ls

)

0

20

40

60

80
0.9567

0.0152
0.0233

0.9146

C
D

86
+  c

el
ls

(%
 o

f C
D

11
b+ F

4/
80

+  c
el

ls
)

0

50

100

150
0.7698

0.7278
0.0370

0.0313

C
D

20
6+  c

el
ls

(%
 o

f C
D

11
b+ F

4/
80

+  c
el

ls
)

0

20

40

60

80 >0.9999

0.0065
0.9945

0.0144

0

50

100

150
0.9920

0.9466
0.0003

0.0006

tSNE X

tS
N

E
Y

-59.98 -29.70 0.57 30.85 61.12
-62.19

-32.50

-2.80

26.89

56.59
Gate 2

Gate 1

Gate 3

Gate 4

Gate 5

Gate 6
Gate 7

Gate 8

Gate 9

Gate 10Gate 11

tSNE X

tS
N

E
Y

-59.98 -29.70 0.57 30.85 61.12
-62.19

-32.50

-2.80

26.89

56.59

tSNE X

tS
N

E
Y

-59.98 -29.70 0.57 30.85 61.12
-62.19

-32.50

-2.80

26.89

56.59

tSNE X

tS
N

E
Y

-59.98 -29.70 0.57 30.85 61.12
-62.19

-32.50

-2.80

26.89

56.59

tSNE X

tS
N

E
Y

-59.98 -29.70 0.57 30.85 61.12
-62.19

-32.50

-2.80

26.89

56.59

Count

<0.04 0.16 >0.41

MKI67

IL6
IL1B

IFNG
TNF

MYH11
ACTA2
TREM2
LYVE1
MHCII
CD206
EGR2
CD86
CD38

CX3CR1
CCR2
LY6C

Gate 1

Min Max Min Max

Apoe-/- Nox4-/-/Apoe-/-

5 
m

o
16

 m
o

H I

Apoe-/- 5mo
Nox4-/-/Apoe-/- 5mo
Apoe-/- 16mo
Nox4-/-/Apoe-/- 16mo

A B C

0.00 0.15 0.30 0.45 0.60
0.0

0.5

1.0

1.5

2.0

0.00 0.15 0.30 0.45 0.60
0.0

0.5

1.0

1.5

2.0

0.00 0.15 0.30 0.45 0.60
0.0

0.5

1.0

1.5

2.0 Aerobic Energetic

Quiescent Glycolytic

Apoe-/- 5mo
Nox4-/-/Apoe-/- 5mo
Apoe-/- 16mo
Nox4-/-/Apoe-/- 16mo

Aerobic Energetic

Quiescent Glycolytic

Aerobic Energetic

Quiescent Glycolytic

Ba
sa

l R
es

pi
ra

tio
n

O
C

R
(p

m
ol

/m
in

/µ
g 

pr
ot

ei
n)

Glycolysis
ECAR(mpH/min/µg protein)

Ba
sa

l R
es

pi
ra

tio
n

O
C

R
(p

m
ol

/m
in

/µ
g 

pr
ot

ei
n)

Ba
sa

l R
es

pi
ra

tio
n

O
C

R
(p

m
ol

/m
in

/µ
g 

pr
ot

ei
n)

Glycolysis
ECAR(mpH/min/µg protein)

Glycolysis
ECAR(mpH/min/µg protein)

D

AT
P 

pr
od

uc
tio

n
(p

m
ol

 A
TP

/m
in

/µ
g 

pr
ot

ei
n)

0

5

10

15

20

0

5

10

15

20

AT
P 

pr
od

uc
tio

n
(p

m
ol

 A
TP

/m
in

/µ
g 

pr
ot

ei
n)

0

5

10

15

20

AT
P 

pr
od

uc
tio

n
(p

m
ol

 A
TP

/m
in

/µ
g 

pr
ot

ei
n)0.0002 0.006 0.0002

0.0143

*

Mitochondrial ATP
Glycolytic ATP

Apoe-/- 5mo
Nox4-/-/Apoe-/- 5mo
Apoe-/- 16mo
Nox4-/-/Apoe-/- 16mo

0.0

0.5

1.0

1.5

2.0

O
C

R
 (p

m
ol

/m
in

/µ
g 

pr
ot

ei
n)

0.0339

0.0004
0.0044

0

2

4

6

O
C

R
 (p

m
ol

/m
in

/µ
g 

pr
ot

ei
n)

Basal ATP-linked Maximal Reserve

0.0009
0.0041

0.0139

0.0016

0

2

4

6

O
C

R
 (p

m
ol

/m
in

/µ
g 

pr
ot

ei
n)

0.0043

0.0477

0.0465

0.0474

Basal ATP-linked Maximal Reserve Basal ATP-linked Maximal Reserve

E F

G H I

M[IFNγ+LPS]M0 M[IL4]

M0 M[IFNγ+LPS] M[IL4]

M0 M[IFNγ+LPS] M[IL4]

0

2

4

6

0.0184
0.0038 0.0020

0.0223

0.0245

M[IFNγ+LPS]M0 M[IL4]M
ito

SO
X 

flu
or

es
ce

nc
e

(In
tD

en
 x

10
6 /c

el
l)

A B C

M[IFNγ+LPS]
0
10
20
30
40
50

0.0379
0.0011

IL
1β

 (p
g/

10
7  c

el
ls

)

Apoe-/- 16 mo

C
on

tro
l

G
KT

13
78

31

Apoe-/- 16 mo

C
on

tro
l

G
KT

13
78

31

CD80
CD68
DAPI

CD206
CD163
DAPI

0

2

4

6
<0.0001

<0.0001
<0.0001

M
ito

SO
X 

flu
or

es
ce

nc
e

(In
tD

en
 x

10
6 /c

el
l)

M[IFNγ+LPS]M0 M[IL4]

Apoe-/- 16mo
Apoe-/- 16mo
+GKT137831

0.0

0.5

1.0

1.5

2.0

O
C

R
 (p

m
ol

/m
in

/µ
g 

pr
ot

ei
n)

0.0792 <0.0001

Basal ATP-linked MaximalReserve 0

50

100

150

200 0.0146

0

50

100

150

200
0.0390

C
D

80
+ C

D
68

+  c
el

ls
(In

tD
en

/R
O

I c
el

ls
 x

 1
03 )

C
D

20
6+ C

D
16

3+  c
el

ls
(In

tD
en

/R
O

I c
el

ls
 x

 1
03 )

D Apoe-/- 16mo
Apoe-/- 16mo
+GKT137831

FApoe-/- 16mo
M[IFNγ+LPS]
Apoe-/- 16mo
M[IFNγ+LPS]
+GKT137831

E

LGALS3
MKI67

IL6
IL1B

IFNG
TNF

MYH11
ACTA2
TREM2
LYVE1
MHCII
CD206
EGR2
CD86
CD38

CX3CR1
CCR2
LY6C

LGALS3

Gate 2 Gate 3 Gate 4 Gate 5 Gate 6 Gate 7 Gate 8 Gate 9 Gate 10 Gate 11

Apoe-/- 5mo
Nox4-/-/Apoe-/- 5mo
Apoe-/- 16mo
Nox4-/-/Apoe-/- 16mo


