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ABSTRACT

PM. s is a well-known air pollutant threatening public health, andlong-term exposureto PM, s increaseghe risk
of cardiovasculadiseasesNrf2 playsa pivotal role in the amelioration of PM. s-inducedlung injury. However
if Nrf2 is involved in PM.s-induced heart injury, and the underlying molecular mechanismshave not been
explored. In this study, wild type (Nrf2"*) and Nrf2 knockout (Nrf2’) mice were exposedto PM, s for 6 months.
After PM..s exposure,Nrf2’- mice develbped severephysiologicalchanges)ung injury and cardiacdysfunction
In the PM:s-exposedhearts, Nrf2 deficiency causedsignificant collagenaccumulationthrough promoting the
expressionof fibrosis-associatedsignals.Additionally, Nrf2’- mice exhibited greater oxidative stressin cardiac
tissuesafter PM; s exposure.Furthermore, PM. s-induced inflammation in heart sampleswere acceleratedin
Nrf2’- mice through promoting inhibitor of M k y dz®efct&F MIL € . § kdig@alingpathways.We alsofound
that Nrf2’- aggravatedautophagy initiation and glucose metabolism disorder in hearts of mice with PMs
challenge. Cardiacreceptor-interacting protein kinase 3 (RIPK3)expressiontriggered by PM; s was further
enhancedin mice with the lossof Nrf2. Qollectively, theseresults suggestedhat strategiesfor enhancingNrf2
couldbe usedto treat PM. s-inducedcardiovasculadiseases.

INTRODUCTION animal experiments have showed that JBMould
induce cardiovascular dysregulation 153.
Fine particulate matter 2.5 (RM is a collective term Accumulating evidences demorste that the

referring to atmospheric fine particles, which is production of ROS, inflammatory responses, calcium
regarded as one of the most essential air pollutants in homeostasis imbalance and fibrosis are involved in

many cities of China [12]. Epidemiological studies PM-associated  cardiovascular  disease 18]6
have reported that Ign term exposure to high Nevertheless, there has been only limited data on the
concentrations of airborne fine BM increases the detailed molecular mechanisms of P#nduced
risk of respiratory and cardiovasculardiseasesand cardiac injury.
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Nuclear factor erythroid -2elated factor 2 (Nrf2), a
redoxsensitive transcription factor, promotes a
battery of antioxidant genes and cytoprotective
enzymes that constitute the defense against oxidative
stress [9]. Nrf2 activation edd protect the heart
against ischemia reperfusion injury and diabetic
cardiomyopathy [10,11]. Under normal conditions,
Nrf2 is bound to KelcHike ECH-associated protein 1
(Keapl) in the cytoplasm. However, upon exposure to
stressors or inducers, the eake of Nrf2 from Keapl
translocates into the nuclear to promote the expression
of multiple cytoprotective genes, such as HOL,
NAD(P)H: quinone oxidoreductase 1 (NQO1) and
glutamatecysteine ligase modifier (GCLM) [12.3].

In addition, Nrf2 could modulat¢he expression of
numerous antinflammatory and prdibrotic genes by
antioxidant response elements in their promoters to
neutralize free radicals and enhance removal of
environmental toxins [14]. Our previous studies
indicated that PMsinduced hypothiamus inflam
mation and renal injury were associated with the
deregulation of Nrf2 signaling, which subsequently
influenced inflammatory response badthvivo andin
vitro [15, 16]. In addition, prolonged Ph exposure
elevates risk of oxidative stresisiven nonalcoholic
fatty liver disease partly through the irregular
modulation of Nrf2 [17]. Recently, therapeutic
strategy to induce Nrf2 expression was effective for
the prevention of PMsinduced lung injury [18].
Considering the critical role of Nrf2ni regulating
cardiovascular disease and PMnduced tissue
injuries, we hypothesized that Nrf2 might also be
involved in PMs-induced heart dysfunction and
injury.

The mitochondrion is a sensitive target of both
oxidative stress and environmental taamts stimulus
like PMs [19, 20]. The abnormal condition of
mitochondrial fission and fusion may lead to the
irregular alterations of mitochondrial structure and
function, which could contribute to respiratory
diseases [21]. PMt may result in mitochormigl
injury in exposed individuals, which in turn at least
partly modulates PMnduced cardiovascular injury
[22]. The receptointeracting protein kinasa
(RIPK3) is a cardinal regulator of necroptosis, and has
recently been involved in the pathogenesishuman
disease [2324]. Recent studies have indicated the
increased expression of RIPK3 in murine models of
cardiac ischemia/reperfusion injury [25]. We also
found that suppressing RIPK3 could alleviate high fat
dietinduced hepatic injury partially tbugh the
regulation of Nrf2 signaling [26]. Recently, RIPK3
was reported to promote sepsiggered acute kidney
injury by enhancing mitochondrial dysfunction [27].
Along with the weldocumented role of RIPK3

mediated mitophagy in tissue injury, we ask#éd
RIPK3-regulated mitochondrial function could be
regulated by Nrf2 in the setting of BMinduced
cardiomyopathy.

In this study, the wild type (Nrf2) and Nrf2 knockout
(Nrf2”) mice were exposed to either ambient RMr
filtered air (FA) for 6 months, and then the oxidative
stress, fibrosis, inflammation, autophagy, glucose
metabolism, RIPK3 expression and mitochondrial
function in the hearts were investigated.

RESULTS

Effects of Nrf2 deficiency on physiological changes,
lung and heart injuri es in PMe s-exposed mice

In order to investigate the effects of Nrf2 on P
induced cardiomyopathy, Nrf2 and Nrf2" mice
were used in our present study. Nrf2 was hardly
detected in heart and lung tissue samples of Nrf2
mice (Supplementarffigure 1A). As shown inFigure
1A, no significant difference was observed in the
change of body weight between the NffZFA and
Nrf2*"*/PM,.5s groups, or the NrfZ*/PM.s and Nrf2"
/IPM2s groups. Significant enhancements of blood
glucose were observed in NH2PM.s mice
compared to Nrf2*/FA group. Higher blood glucose
levels were detected in Nrf2PM,.s group of mice
than that in the Nrf2*/PM. s group Figure1B). Long
term exposure of Phk led to significant increases in
the mean blood pressuréMBP) of Nrf2** mice
compared with Nrf2*/FA mice, which was further
accelerated in Pik-exposed mice with Nrf2 (Figure
1C). Subsequently, H&E staining revealed that Nrf2
lungs and hearts developed significantly more severe
injury than Nrf2’* lungs inresponse to P (Figure
1D). Moreover, PM;s exposure led to markedly more
levels of total cell and higher protein concentration in
bronchoalveolar lavage fluid (BALF)rom Nrf2’”
mice compared with that from Nrf2 mice (Figure
1E and1F). PMps-expasure resulted in higheserum
creatine kinase (CK)and lactate dehydrogenase
(LDH) levels however, these increases were
obviously stronger in serum of Nrf2mice (Figure
1G and 1H). Together, Nrf2 deficiency accelerated
PM: s-induced physiological chaeg, pulmonary and
cardiac injuries.

Nrf2 deletion accelerates cardiac dysfunction and
fibrosis in PM, s-exposed mice

In this regard, the effects of Nrf2 deletion on 2M
induced cardiomyopathy were further investigated. As
shown in Figure 2A and 2B, hg term exposure of
PM; 5 led to significant increases in the heart weight and
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the ratio of heart weight to body weight compared to FA  markers for cardiac hypertrophy that indicates heart
mice from Nrf2™* group. Though Nrf2 promoted these injury [28], were significantly ugregulated by Pis in
increases, no significant difference was detected after Nrf2** mice, and these effects were further accelerated
PMzs stimulation in both genotypes (Figure 2A and in Nrf2” mice after PMs exposure (Figure 2C).
2B). The mRNA levels of atrial natriuretic peptide Furthermore, echocardiography analysis demonstrated
(ANP) and brain natriuretic peptide (BNP), as essential that PMsinduced cardiac  dysfunction was
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Figure 1. Effects of Nrf2 deficiency on physigical changes, lung and heart injuries in Piexposed mice(A) The change of

body weight of mice during treatment. n = 15 in each gro&@p.Galculation of blood glucose. n = 15 in each grapMBP of mice from

week 1 to week 24. n = 15 in each goo(D) H&E staining of lung tissue (up panel) and heart tissue (down panel) sections. n = 6 in each
goup.{ O tS o6FNJ 6lF& wnn >Y FT2N (§KS XBTotE $al nuiner aindi( Brotaialcbnéshtriidres in BAF  dzy
were measured. n = 8 in each grou@) Serum CK andHl LDH levels were determined. n = 8 in each group. Data were esgrasshe

mean + SEMP< 0.05 and"P< 0.01.
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significantly greater in Nrf2 mice, as evidenced by the after PMbs exposure Kigure4A and4B). We next found

further increasedleft ventricular internal diameter that Nrf2 mice developed higher expression ef p B U
during diastole (LVIDd)and LV internal diameter and pNF-aB in hearts compared to the N#f2mice in
during systole (LVIDs),as well as thedecreaed LV response to P (Figure 4C). According to previous

fractional shortening (LVFS%) and LV ejection fraction studes RIPK3 plays a significant role in regulating
(LVEF%) (Figure 2D). As shown in Figure 2E and 2F, oxidative stress, fibrosis and inflammation in various types
Nrf2”- markedly promoted the fibrotic area in cardiac  of tissues under different stimuli [237]. Subsequently,

sections from PMs-exposed mice compared to N¥#2 we found that cardiac RIPK3 expression was markedly up
group. Consistently, Ph-inducedincrease of Collal, regulated by Pls exposure and was further elevated in

US MA, FN and TGFb1l was f uithe N2 mice by RFgPCReamd western blét analysis

Nrf2” mice by RTPCR analysis Rigure 2G). (Figure4D and4E). IHC staining demonstrated that the
Exposure to PMsi ncr eas ed -Brad2 aidG F b Nrf2”" mice exhibitechigher expression of RIPK3 and p
p-Smad3 protein levels in the hearts of Nffamice; NFeB in cardiac ti s'smiceafterect i «
however, these changes were signiftba greater in 24 weeks under PM exposure FKigure 4F).

Nrf2” mice Figure 2H). Together, these findings Mitochondrial dysfunction shows essential role in

suggested that the cardiac dysfunction and fibrosis in meditating ROS production, fibrotic response and
the Nrf2"” mice were more serious than those in the inflammatory respase during the progression of cardio

Nrf2*"* mice after PMs exposure. myopathy [22,29, 30]. Then, as displayed iRigure 4Gi
41, PMys resulted in significant decreases adenosine
Nrf2 knockout promotes PM; s-induced oxidative triphosphateg(ATP) and cardiac fiber OXPHOS capacity
stress in hart tissues (respiration rate at saturating levels of ADP) with ptax
I-linked substrates, which were further desegulated in
As shown in Figure 3A, long term PMs exposure Nrf2”- mice. In contrast, increased mtDNA levels, a
resulted in a significant reduction in serwwuaperoxide marker of mitochondrial injury, were observed in the
dismutase (SODAndglutathione peroxidase (GSPK) of hearts of Nrf2* mice after PMs exposure, and this effect
Nrf2** mice, which were further decreased in 2M was greater in Nrf2 mice with exposure to PM
induced mice witlihe loss of Nrf2. However, Nrf2mice Subsequently, mitochondrial dysfunctiassociated genes
developed morenalondialdehyde (MDA)nNd inducible were measured by RJPCR analysis. Nrf2 mice showed
nitric oxide synthase (iNOS3gvels in serum compared to higher levels of Fisl, Drpl, Mid51 and Mid49 in cardiac
Nrf2** mice after PMs exposure. In addition, Nrf2 samples compared to those from Nff2nice after PMs
mice exhibited lower cardiac SOD activity than thiathe exposwe; however, MFN1, MFN2 and Opal mRNA
Nrf2** mice exposed to PM Additionally, long term levels reduced by PM were further dowsnegulated by
PMs exposure led to greater oxidative stress in hearts of Nrf2” (Figure 4J). Together, the results above
Nrf2” mice than in hearts of Nrf2 mice, as evidenced demonstrated that Nrf2 deficiency could promote cardiac
by higher3®&i t r ot y-ND,sthydrexy-2tn8nénal inflammation, RIPK3 expression and mitochondrial
(4-HNE) and 8hydroxy 2 deoxyguanosine {8HdG) disorderin PM,s-exposed mice.
levels figure 3B). ImmunohistochemicallHC) staining
further demonstrated that BMinduced 80OHdG Nrf2 loss promotes autophagy initiation and
expression in cardiac sections was further accelerated in disorder of glucose metabolism in hearts of Plyk-
Nrf2”- mice Figure 3C and3D). Furthermore, Nrf2 challenged mice
mice showed lver SOD1 and SOD2 mRNA levels, and
higher NOX2 and NOX4 levels than N2 mice after Autophagy plays a critical role in regulating the
PM.s exposure Kigure 3E). Western blot analysis progression of mitochondrial disorded]]. In addition,

suggested that the expression of HO1, NQO1 and GCLM PM.s longterm exposure was reported to induce
was lower, whereas Keapl expression was higher in Nrf2  autophagy in human lung epithelial A549 cells, which

" hearts tan in Nrf2’* hearts Figure3F and3G). Herein, was also associated with the induction of oxidative
Nrf2 knockout exacerbated BRMinduced cardiac stress 32. To further explore the molecular
oxidative stress. mechanisms, we then assessed the protein expression
levels of signals rivolved in autophagy regulation
Nrf2 deficiency enhances cardiac inflammation, including Beclinl/Atg6, Vps34, LC3B and ATG5.
RIPK3 expression and mitochondrial disorder in Beclinl/Atg6 forms a complex with Vps34, and this
PM s-exposed mice complex is involved in the initiation of autophagy and

the formation of autophagosome33]. Furthermore,
ELISA analysis indicatedtha the serum and heart LC3B-Il and ATG5 are ssential hallmarks of auto
concentrations of TNEEJ, -11bL a 6 dn Nif2l- mice phagosomes 3¢]. Western blot resultslemonstrated
were significantly higher than those in the Nffanice that longterm exposure of Pl caused higher
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Figure 2. Nrf2 deletion accelerates cardiac dysfunction and fibrosis in ftposed mice) Measurements of heart weight.= 15

in each group.B) Calculation of the ratio of heart weight to body weight. n = 15 in each gr@yRTgPCR analysis of ANP and BNP mRNA levels in heart
samples. n = 6 in each grouf) (Cardiac function was analyzed by echocardiography, and L\MD@s, LVFS% and LVEF% were quantified. n = 15 in each
0dzLld LI ySt o {IOFR S{ AONIANzaw= 648 Rechagiolphyd v 3
al a LPRARE/ i NRYOIKN2 ¥Ha !+ FRCH 2 NKIB2a T D

group. &

[+ & Odf FGAz2y

180 o / 5 5.
A Nrf2 ns B §
*
S 160 S Es5
S 160+ . E 5
e &® §
Suoll v T T 4
[} 1 ° g
= -@u [
g e g
3 . . 2
£ 1204 o o g 4.
5
100- £3
FA  PMys
D 50 o Nrf2**
a5’ Nf2" - ns
. ns
~ es, ~
%
E 404 ;k == E
= oge S =
S a5 B 3 e
%3 & 5
o: e
304 ®
2.5

o N2t
57 N2 C 570 N2t 576 N2t
ns = ° Nrf2'/' = ° le2','
of —— "3 B4 . B« .
fs i 2 —2 T 2 e
F 2 TR - Ses 2 3- L e
5] °%e o 2 2 S5
< Ly < .
0e® ‘o E 2+ L4 E 2+ *
o] A% & g g
N ° .
o® %e0 2 ¥ e 2 11836 #&
5 0
FA PM, 5 FA PM, 5 FA PM, 5
59 ¢ N2t 80+ Nrf2*/* 100 & Nef2**
° ONR2F Nrf2" * Nf2"
44 L *
2 60 (i1 -
—_— s . ~ 804 —
34 . & g * * =~ g o °ac .
E S 24 w b wE -
2_ ° . L)
x < = ° é’ = 60- e
1 20 e .,
_ :@
L]
40 —
FA PM, 5 FA PMy 5 FA PM, 5

FA PM, 5

Masson for heart

LW
) v (]
LN 8| <
by N
% e
' (B
) o
2
19 a
iy o :
F 67 hird 47 e +H+ * G 6 o+ -+
= Nrf2’ ., g Nrf2 2 - B N2 FA Il NA2PM, 5
o LR CU S L S B Nr2FA [l NA2EPMs
=3 = -
3 4 ® 3 ~ 3 *
g s | T g
e *% i?’ :ﬁ §
a e® .E‘ 2 0y
© 55 @
o] . o E
© 29 2 s
'.‘:’ o 14 E=1
5 s 3
LR L 2
—— 0 —
FA PM, 5 FA PM, 5 Coltal  @-SMA FN
H . . - 61 mm i o 67 . o 5] - e
2 S ) N k=] - . = = i 2 = K
MW (kDa) \A{Gf\;{@v\{&v\{@ % Nef2" X % Nrf2 * :‘_;, 4 Nrf2" ——
44 TGFB1 o 4 2 4 g
S [ < 57
D *k
o —See——n 3 | M S g, ——
52 R -Smads > 21 § 2] &
@
2 e 2 |-
36— G/POH d g,
R P PMys FA  PMps FA. PMs

alaaz2yQa

i NA OKNR YS

2F FTAONRGAO

aGFAyAy3
I NS I

mRNA levels in heart samples. n = 6 in each gradp. (2 Sa G SNy
group. Data were expressed as the mean + SBM.0.05 and'P< 0.01; ns, no significant difference.

T2ft26Ay3

of 21

-$mAd2 farid §g8nad3 grdtein ¢elel intmeart tissues. n = 6 in each

WWwWw.agingus.com

4840

AGING

0 |



"~ 8-OHAG for heart

250 o Nrfz"/*’ 500 Nrfz*/" 24~ Nrf2+/" 30 e Nrf2+’+
° Nri2” = ° N2 ool ® Nri2" * Ni2- T e
200 * 2 400- « E 220 x . =24 -
51 T} 5 .r.fl | — % = e | E * ...
= ¢ * = h) 16 o 5 0
5 150 ¥ 5 as @ 23004 %ee W6t _ 13 =184 .
3 L "W @7 9 <
£ 100 s22 O 200+ ; = o~ = 121 .
3 o® c oo c 8- o® E S—
[ 5 5 §
T 5 100- 5 ™ AL
0 — 0 — 0 — 0 —
FA P, 5 FA PM, 5 FA PM, 5 FA PM, 5
707 N2 81 ¢ N2 57 N2 247 ¢ N2
° -/- ° -/~ —_ ° /- _ ° -/- x
Nrf2 = Nrf2 * < Nrf2 . = Nrf2"
< 56 ol 2 4 — Q2 o®
© * * ‘56‘ .;0_ o e® O 1.8
° o _eo = 8 o® =% & iﬁ a ’:o
Bz 4s o32 5 g3 —= 5
b= e® o0 § 4 = ® e g 1.24 *
£ > * g %ﬁ 2 —
2284 ~ . £ € 27, 0 o &2
3 LR K y [ T 06 '
@ 14 Z2 My oa2 £ 14 S 7| %es gon
& ° T foe) 0 °
< o® °
0 — 0 O 00 ————
FA PM, 5 FA PM, 5 FA PM, 5
Nrf2*/*/FA Nrf2*+/PM, 5 Nrf2--/PM, 5
27.“ ’:" t '?(? :"*ﬁ%_ jﬁ
g T
3 oo 0
e GO L A e
s T ik °
o o aline T\.: : &
87 ¢ N2t - ++ ++ F
_ Nf2”*/FA - [l Nri2""/PM, 5 RN
g ° Nri2" L § B N2 FA Il NAR2TPM, MW (kDa) & '
$ O = 29 > 32 HO1
Ped ° < *
: ¢ £ 41— o1
Z 4 —— S 4
8% $=2 % 31 NS GCLM
L ]
8 5 s s 70— Koap
5 2] 22 . % R /0
& ©
o & FA  PMys
FA PM 5 SoD1 SOD2  NOX2  NOX4
1.5‘ [ ] Nrf2+/+ . 18‘ i} Nrf2+/+ _ 15‘ ] Nrfzoh- N 6‘ [ ] Nrf2+1+
) B N2 3 B N2 2 N2 3 | ™ Nf2"
py 1.0 S 2 12 — 2 ] !
2 1.0 T 1.2 T 1.0 T 4-
— { =4 c c
S e g g —
3 = o — S * P
g 05- & 0.6- 5 0.5 ~ & 2-
- = s 5
Q g 3 3
L 4 0] N
0.0- 0.0- 0.0- 0-
FA PM, 5 FA PM 5 FA PM, 5 FA PM, 5

Figure 3. Nrf2 knockout promotes PM-inducedoxidative stress in heart tissue¢d) SOD, GSPx, MDA and iNOS levels in serum

of mice were measured. n = 8 in each grolgn ( { h-¥TZ4HEEand ®©HAG levels in cardiac samples were determined. n = 8 in each

group. C D) IHC staining of-®HdG andhe quantification of its relative expression were exhibit¢dO | £ S
group. & RFgPCR analysis of SOD1, SOD2, NOX2 and NOX4 mRNA levels in heart samples. n = 6 in EaGh\Yestprig blot analysis of
HO1, NQO1, GCLM and Keapl protein expression in heart tissues. n = 6 in @acba@were expressed as the mean + SPM.0.05 and

“P<0.01.
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expression of Beclinl, Vps34, LC3Band ATGS5 in
cardiac tissues of mice, and of note, these effects were
markedly accelerated when Nrf2 was knocked out
(Figure 5A and 5B). Therefore,endemonstrated that
PM; sinduced cardiac injury was associated with the
initiation of autophagy.

Moreover, mitochondrial dysfunction was suggested to
be involved in the progression of glucose metabolism
disorder under different stresse35[ 36]. To further
gain insight into the effect of PM on cardiac glucose
metabolism, we analyzed the mMRNA expression levels
of glucose metabolisirelated signals. Compared with

the FA group, PMs treatment led to slight decreases in
the expression of GCK, PK, mitochdrial enzyme
SDH and hexokinase 1 (HK1)37Ti39]; however,
gluconeogenesis genes including gluebgghosphatase
(G6Pase) and phosphoenolpyruvate carboxykinase
(PEPCK) were upegulated by PMs [40]. Of note,
these effects were markedly exacerbated in mice with
Nrf2 deficiencyfollowing longterm exposure of Pbk
(Figure 6A 6D). These findings demonstrated that
PM 5 challenge mediated gene expression levels of the

key ratelimiting enzyme involved in glucose
metabolism, which was associated with Nrf2
expression.

Figure 4 Nrf2 deficiency enhances cardiac inflammation, RIPK3 expression and mitochondrial disorder.ineRpbsed mice.
ELISA analysis of INFE-m IL [ I -§iR@) kefum andR) heart tissue samples. n = 8 in each groGp\Western blot analysis oflp ¢ and pNF

. AY KSI NI
group. ) Representative images for IHC staining-hH3 .
aK2gSR® {OFftS

FyR wLt Yo

i A & & BIRAGRCRyand] westerniblgt arflysi® &f RIBKSIn detalttissiies from each group of mice. n = 6 in each
Ay dihe dhantiedMBuisofIFa S Ol B Y& Et ¥ of
0l NJ 61 & GuATR prodicton iff hedirts. o = & iy eah Igrobs. oBtehPoflzhtINA dvas calculated

through the ratio of Cox1 to cyclophilin A. n = 8 in each gréuRvéluation of complex | respiration rate. n = 8 in each grduRFgPCR analysis

of mitochondrial functiorassociated genes, including Fis1, Drpl, Mid51, Mid49, MFN1, MFN2 and Opal, in heart tissues. n = 6 in each group. Data

were expressed as the mea SEMP< 0.05 and'P< 0.01.
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