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Preoperative non-invasive assessment of
stress response to breath-holding test

Ken Yamaura*, Sumio Hoka*#,
Junicht Yoshimura*, Shosuke Takahashi*

Abstract

The purpose of this study was to evaluate circula-
tory and respiratory responses to a breath-holding
stress test in surgical patients at the bed-side using
continuous and non-invasive monitoring with arterial
tonometry and pulse oxymetry. Sixty-one patients
were assigned into four groups: normal healthy pa-
tients (Cont), elderly patients(Elder}, hypertensive
patients (HT) and diabetic patients(DM). The breath
-holding stress test was conducted in the supine posi-
tion at the functional residual capacity level and in
room air. Breath-holding time, changes in heart
rate (HR), mean arterial pressure (MAP), arterial
oxyhemoglobin saturation using a pulse oxymeter
{Sp0O2) and the recovery time of Sp0z were measured.
Breath-holding time was significantly shorter in the
HT group(30+2.0sec, p<0.05) and tended to be
shorter in the Elder group{31*3.0sec, p=10.08)
compared with the Cont group(41+2.9sec). The
maximum mean arterial blood pressure (Max-MAP)
was higher in the Elder(105+4.0mmHg) (p<0.05)
and HT (128 +5.6mmHg) (p<0.05) groups compared
with the Cont group(93*4.0mmHg). However,
AMAP, AHR, Min-Sp0z, and ASpO:z were not signifi-
cantly different among the four groups. Our results
suggest that non-invasive continuous monitoring
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facilitates evaluation of stress responses to breath-
holding in preoperative patients, and that the breath-
holding stress test causes sympathetic augmentation,
resulting in increases in MAP and HR by approxi-
mately 15%, concomitant with a decrease in SpOz to
90-94%. The magnitude of the response is similar
regardless of age and existence of HT and DM.

Key words; Breath-holding, stress test, homody-
namic, preoperative, tonometry

Introduction

Preoperative evaluation of a patient is one of the
most tmportant roles of anesthesiologists, especially
given the recent clinical tendency for increased pro-
portion of geriatric surgical patients. The breath-
holding stress test is a simple stress test available to
anesthesiologists and can be conducted during the
preoperative visit. However, the magnitude and
time-course of stress responses to the breath-holding
stress test remain unclear. The purpose of this
study was to evaluate circulatory and respiratory re-
sponses to the breath-holding stress test in patients
using continuous and non-invasive monitoring and to
compare the responses among normal healthy, elderly,
hypertensive, and diabetic patients.

Matertals and Methods

Surgical patients were studied after obtaining ethi-
cal approval for the project from our institution and

informed consent from patients.  Sixty-one patients



were enrolled in the study. Patients were assigned
into four groups: normal healthy patients(Cont} aged
< 65 years(n=13, mean age: 36 years, range: 22-64
years), elderly patients (Elder) aged >65 years with
no cardiac complications or hypertension(n = 19,
mean age: 73 years, range: 65-84 years), hyperten-
sive patients (HT) with a history of HT and currently
receiving antihypertensive therapy{n=21), and dia-
betic patients (DM) receiving insulin therapy (n=8).
The breath-holding stress test was conducted at the
bed-side in the supine position, and at the end of pas-
sive exhalation, namely, at the functional residual
capacity (FRC) level and while breathing room air
without hyperventilation. Stress responses to the
breath-holding stress test were assessed by continu-
ous measurement of oxyhemoglobin saturation using
a pulse oximeter(Sp0z2), recording of electrocardio-
gram, continuous monitoring of arterial blood pres-
sure using arterial tonometry, and heart rate (BP508,
Nihon Colin Electronics, Komaki, Japan). Breath-
holding time, changes in heart rate(HR), arterial
pressure, SpOz and the recovery time of SpOz were
measured. All data were expressed as mean+=SEM
(standard error of the mean). Differences between
groups were examined for statistical significance us-
ing the Student’s ¢-test and one-factor ANOVA with
Posthoc test (Games Hwell). A p value less than
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difference.
Results

Patient demographic data are shown in Table 1.
The mean ages of the Cont, Elder, HT and DM groups
were 28, 74, 68, and 67 years, respectively. The
mean arterial pressure (MAP) in the HT group was
significantly higher than in the Cont group.

Typical recordings of changes in MAP, HR and SpO2
during the breath holding test are shown in Fig. 1.
In this 35-year-old female, the breath-holding time
was 42 sec. SpOz gradually decreased and reached a
minimum value of 88% at 15sec, and thereafter re-
covered to the pre-breath-holding level at approxi-
mately 40sec after cessation of breath-holding, Her
MAP and HR increased and reached the maximum
changes of 20mmHg and 25 beats/min, respectively, at
the end of breath-holding.

Table 1 Patient demographics

Cont Elder HT DM

n 13 19 21 8
Age(yn) 28+1  74x1*  66%£2*  67E4*
Height{cm) 166+3 159+3 154%2% 157*4
Weight(kg) 633  57X2 562 55%2

Data are mean=SEM.
Cont: control group, Elder: elderly group, HT: hyper-
tensive group, DM diabetic group.

{.05 denoted the presence of a statistically significant *p<0.05 compared with Cont.
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Figure 1 Typical recordings of changes in mean arterial pressure (MAP), heart rate (HR) and SpOz.

See Results,
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Table 2 Changes in MAR, HR and SpOz during breath-holding test conducted at end
expiration during room air breathing

Cont Elder HT DM
Breath-holding time (sec) 413 31+3 30x2* 4242
Baseline MAP (mmHg) 78%3 89+3 113+5* 8746
Max-MAP (mmHg) 93+4 1054 128+6* 1007
AMAP (mmHg) 16+2 16+2 15%2 13+2
Baseline HR {bpm) 68+4 62+2 74%2 67x5
Max-HR (bpm) 76+3 69+2 81+3 747
AHR (bpm) 8x11 79 g§+5 7+9
Baseline Sp0z(%) 98+0.4  98%03  97*03 98+0.5
Min Sp02(%) 92+3.6 94+44 92+46 9057
ASp0z{%) 6.6+43 38Xx35 48*27 7542
Recovery time (sec} 353 33+2 26+2* 37+3

Data are mean*+5EM.

MAP: mean arterial blood pressure, HR: heart rate, SpOz: oxyhemoglobin saturation.

For other abbreviations, see Table 1.
*p<0.05 compared with Cont.

Changes in MAP. HR and SpQ:z of the four groups
are shown in Table 2. Breath-holding time was
significantly shorter in the HT group(30+2.0sec) {p
< 0.05) and tended to be shorter(albeit insignifi-
cantly) in the Elder group(31:+3.0sec) (p=0.08)
than in the Cont group(41+29sec), The recovery
time was significantly shorter in HT group than in
Cont group. Maximum MAP (Max-MAP) was sig-
nificantly higher in the Elder{105+4.0mmHg) (p<
0.05) and HT(128+5.6mmHg) (p < 0.05) groups
than in the Cont group{93+4.0mmHg). However,
AMAP, 4HR, Min-SpQs, and ASpO2, were not signifi-
cantly different among the four groups.

Discussion

Preoperative evaluation of surgical patients is man-
datory for optimal anesthetic management. Several
stress tests have been used in preoperative evalua-
tion. The breath-holding stress test is a simple
stress test available to anesthesiologists during their
preoperative visit that does not require any invasive
monitoring. Current non-invasive continuous moni-
toring devices, such as arterial tonometry and pulse
oximetry, have facilitated evaluation of circulatory and
respiratory stress responses to breath-holding. Our
present study has demonstrated that breath-holding
time was around 30 to 40sec and SpOz continued to

decrease and reached a nadir at 10 to 20sec after the
cessation of breath-holding, in association with maxi-
mal increases in blood pressure and heart rate by
approximately 15%, which were elicited at the end of
breath-holding.

Breath-holding time depends on lung volume and
POz of inspired gas"® and it is significantly limited by
an increase in PaCOz?. It has been shown that
breath-holding time is approximately 1min at room air,
when PaQz decreases to approximately 65-70mmHg
and PaCOz increases by approximately 12mmHg.
The rate of the increase in PaCOz has been shown to
be 43mmHg/min during the first 10sec, 13mmHg/min
during the next 10sec, and 6mmHg/min thereafter?,
The endpoint of breath-holding time has been re-
ported to correspond to a PaCOz of approximately
50mmHg®?, Hyperventilation before breath-holding,
therefore, can prolong the breath-holding time to 3-4
min®.

Sasse, et al¥ has reported, using an invasive arte-
rial blood gas analysis, that breath-holding time at
FRC is about 35sec and the arterial PaCOz increases
by 10.2mmHg at the end of breath-holding. Their
reported breath-holding time is similar to that of our
normal healthy patients(40+2.0sec). Stock, et al?
also reported that PaCOz is about 50mmHg after
40sec of apnea at FRC. Therefore, the PaCOz of our



patients may also be expected to have reached ~
50mmHg at the end of breath-holding.

The FRC has been shown to increase with aging
due to expansion of alveolar spaces and emphysema-
tous lung®®, which can prolong the duration of
breath-holding. On the other hand, in elderly pa-
tients with emphysematous lung, the baseline PaCOz
may be higher than normal. In addition, elderly pa-
tients cannot tolerate the dyspneic sensation as com-
pared with normal subjects, resulting in a decrease in
breath-holding time. The result of these complex
factors is that the breath-holding time of elderly
(Elder) patients tended to be shorter (p<<0.08) than
that of normal healthy (Cont) patients in this study.

The breath-holding time in hypertensive patients
was significantly shorter than in normal healthy pa-
tients, and was similar to that in elderly patients.
The age of the hypertensive patients was also similar
to that of the elderly patients, which may have con-
tributed to the shorter breath-holding time in hyper-
tensive patients compared with normal healthy pa-
tients. The breath-holding stress test has been per-
formed previously in hypertensive patients to evalu-
ate responses of blood pressure to stimuli™®, where
the systolic blood pressure increased by 12% in nor-
mal subjects and by 30-40% in hypertensive subjects
after 20sec of apnea. In our study, the increase of
mean arterial blood pressure was about 15% in all
groups. This only slight increase in blood pressure
may be attributed to the use of antihypertensive
drugs in our hypertensive patients.

In diabetic patients, the responses to breath-
holding were similar to those in normal healthy pa-
tients. Since our diabetic patients had received insu-
lin therapy and were not complicated by autonomic
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neurcpathy, the hemodynamic responses appeared to
be similar to those in other groups. If diabetic pa-
tients also had autonomic neuropathy, the responses
obtained may differ. Several cardiovascular tests
have been performed to evaluate autonomic neuropa-
thy in diabetic patients, including heart rate variation
in response to deep breathing, standing and the Val-
salva maneuver, and also the recording of postural
change in systolic blood pressure. The breath-
holding test may therefore become a suitable alterna-
tive to these cardiovascular tests.
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ABSTRACT

Bispectral Index Monitoring in Fast Track
Pediatric Cardiac Surgery

Miyuki MArRUYAMA, Hirotsugu OKAMOTO,
Junko Suwa, Toshihide Asou*, Sumio HoKA

Department of Amnesthesiology and
* Depariment of Cardiovascular Surgery,
Kitasato University School of Medicine,
Sagamihara 288-8555

Background: We evaluated the changes in the
bispectral index {BIS) as a potential indicator of
level of consciousness in infants and children under-
going fast track cardiac surgery.

Methods : Twenty-one children undergoing fast
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track cardiac surgery were recruited into this
study. Anesthesia was maintained with inhaled
sevoflurane and intravenous fentanyl 10gg « kg™
Cardiopulmonary bypass (CPB} with mild hypo-
thermia and an immediate tracheal extubation pro-
tocol were used. BIS was recorded throughout the
operation.

Results : In average, BIS was kept almost under
70 with 0.5-3.0% of sevoflurane, During rewarm-
ing from mild hypothermia, BIS increased tempo-
rarily over 70 in about a half of children. We,
therefore, treated them by increasing sevoflurane

— 633 —

concentration. Nineteen children were extubated in
the operating room, and two patients were extubat-
ed in ICU within three hours after surgery.
Conclusions : BIS was kept within the level of
adequate sedation during surgery. However, since
the increase in BIS during the rewarming phase
could reflect light anesthesia, caution should be

taken around this phase.

key words:bispectral index (BIS), fast track
pediatric cardiac surgery, early extubation, sevo-
flurane




FEIRWIE W58 w35 (FR16FSA) 3 M

SMEME R E B MIZ L 2 BTELOE I B
DEFRLBE

h B BE F 4 O AER

B AR O EF =




246 15 OB K I B2E 35 (2004)

SMEME R R I & 2 A NHME L RS

DEFREBIZE
o T OFr A H %R

ZL®HIZ

Tt Bilc e~ KRBV L E< MG
SbhhTWs. BEEMICLIELIEERTIH, &
EieBH 3 kBHO EEEIL oW TORERAD
v, bhbhit, AHECL2KEEOBRED
Efbio S 2 X LEREFREL, LFL
MEOBER, AEREF PR THEHRI LI

po) 4

Tk 6EMNS 15 EF TO 10 EHIC, LEXFE
BEPRERZICI|A SRIMEERT, FifFE

AEMNGEMFICIMEIEZ R LIERD 3 B,
CEEOEREAKEH M & HiTE b D EXS

Sl Lk SAMEORRZETE, &%, FET,

ZEmAIEEE, ERH 3 WIEES ORSRASS
HHEF L L, RERNEOLEATD L0 LM
OREOLDLOREA L. £, MREMHIT
1505 60mETE L. B, LBXERK
EHLAEE Ly —OF —F -2 E AN, BED
HETRERAEL:.

¥ &

10 S B O BFEMFFFEREFIIX 50,979 FIT, B
24,918 #] (49%), %tk 26,061 &l (51%)THo/z. £
Do, BANEFHES TRFFIIARERT

DI & s UERERNIE 19 FIT2ED 0.037% T,

Bk 12 7(15~60 BT, EHFEME, BiE
M8, EENBBEThHo. FEWMELE B
A 6 &I, BEER o ml, B 1FIT, KR

w26, EHeE, ARIFERESLTH L.

B RFEFIHAREE

Bl LEROZENENoT. BEHEMET, £
GPERCHOUNDOERSEE TS0, HED
LOIMER RGN AYE v ¥ — TOIOATHEN
=i, SEIOREMGERA L. i, EEMD
DEE@mONET O 9HRDI L, ZIFEHTE
CloPEEL LOSHE (BLE, St mB
Ve LT ERIT 2o T,

DEIE 19 FliZ & FLLIR~ v Y — P EIT o0,
B 12 5lp, ABEIZOB vy b —UEffoltd
D 1HT, FOMRNFORITThH 7. Kik
7B TIRAZRFICE 2 6, Hidic 5 FIALEE< v
HF— T hiToT. BEKCKILERENGETFL
TRETE O, B 12 FlP 6 §1(50%), &
PEIL 7 P 6 Rl (BB.7T%) T RMMN BHELVERTH
o= (E1). AEBFLEFPCRBL~ -V
ETorEMNIBELELIC2ZFToOHoT, B
PEIT 2 B & BITPIZFET L-ic b 6T, ki
2 & HEREIZRIIL, +HRLEZETFHE
ERELL.

W i Bid, MAP 23BHET 28 Bifi,
AT 25 Bifr, FFP BT 28 By, &tET 24
B cth-oit.

ERREER (RERT

EEREE

k) I . 6/7=85.7%
grazen| [ -5
0 5 10 15(A)

[Omzsy wrAY |
H1 E7FBRER FREMD)




RS URY UL [BRELEELAKE - AFNER] 247

AEERO~E IO AEOEEE, BHET0, &
t 7.3g/dl, WPD~FT oL RIEEZBETS,
ik 48gdl Thots, FHFERER, B8l

E LR LM, RS0 EWE LM 21 (H2).

BHRB0EIT) I TRAPTANUEE AT

2, EERAXECEMICLALTELMNETLE.

~7 b7y FLRBOERNRE BN, AEEF
Dm/RBEOESE, B 80, ZiE 42X
10000/mm® ¢, M/ iRED 1Ty, BHERIZES
6.6, 60 Chotz, HPOEIRRM BE A
EREIZ B —12.5, TiEAS-210, BRERFHEH
—98, THT—13.0mEYl T, PO EOELE
& o ThRMEDFIED - = (E3).

ETRREER 12M(Bk L b 6 FlIFOHI2NT
BEACH~K. EHLER, BHETAER, &
=TT < 55mmHg Th - 71ods, ik 25
M550 EERICHELE. £, AT oEUE
X, BHEASAZER - i - IBE=SFL 6484102 &
R Lo~ ZEEE-5-47 L LAE
FL7. BE#IZBE LT, B#AH-95--133-
—5, THiz—20- —18- —11 LEHF L LWEL
TWaHR, ZHEOFR, EOBITENTLEE
L HEETH-T.

EFREEHOHb Y
14
12 T
10 -
g8 T#><'/l/
SR ¢
o2
4 T T
2
o . .
AER RIS e
[ - mtt6m -0 mrE6m |

Hz £FEEESHOHLE

ERATEPONHOBEM
5
' L T
[ _qrew pem  sEw]
S —
~20 4" _f///
—25

[—o—mtrem)  —o- %6 |
E3 £#EEEHOBE @

EMOAETHRERESIL, AEHTOME, #FP
n~TS o UfE, BIRE BE OWIThb SIS
HERTEETHIICLRLT, BRERIEN 2.

% E:

BiE~T/u b ERKHEOFRES, BIRL
BE OFEEL THICEN o2 EnD, KRS
HEVHOSEE TSR EBEFERTHE
bit iRy, ThitbRod, KEHMICLS
DMELEALOEFERMLECEP- . SEITH
BEIFBENORALTED, ML bRAER
BAEBbhaZ s, BEEBLHIRELD
BNEWS LD, KEHMIZHT D EEOTEL
BRERHLEEENATREND.

Hietksr a v & £ F BT HHEEIIOWT,
W hDWENH S, £, HltES 3 v 7 -5
ETFAAZEBT, Kuebler HidtemEEADKED 7
v MER CEEDHICE~THERBMLIEENE -
VLT, MR ITIEERD b TR,
HEROKXEHMIZHET 2 EOORENITLI
TWBEEEENHD. itz v 7 I L S{ERE
EHABEEC SV THLEREMRTHE WO #
EMELLDND, AEIZ L HHMMES 3 v 7 -5
Aefein, MEEEHCHEAT, REAIEREE, ARE
AR BD, v/ n 7 r—URREAMKRDE
AL AN & 57200, MEgEES M Eh
R L ABEEREECHLIELBRENT
W3, k7, HETIRBHIEERE, BEESSRL
HonEFO—BLERREN LANAREEL
EoHBERICHD, HEASLBEEEOMEHE
ERTARELRRT OIS,

WihdEsra v &%, HTRArT—aAF L
FIL-1, 2, 3, 6 RRIBEREFNE L DOFWHE
WAL, TR T —NEEELEET
iTIL-6 2w n 7 r—kiaNsleT o LY,
IL-10 TiaM#, BTRETEOLANS LR
HETII TS ZnI MR I LY, Hniay
ZHOPDW - AENEICOEENHD I L MA
LRTWA., Ff, iR TUE, HEEOR
WINEOHMICEERTH TR, TEORICELDL
DEERHR AR LIn { LTEFEMNEM
BEVWHIBELH LY. PRb, HMICEELTHE
DHEL D B AEGHRICHT IRERDLY, L



248 9 W™ OB W $25% H3F (2000

EUREELTWAZ EETELTND.

F7e, SMELMEICONT Y, KESEMLTH
B L3 BEMNSEL. Offner Hid, level 1 DA
2 & —TD 5 £ O prospective study T, FH%
WEOCEERMERIFECAEESVWERELT
v A9, Monafa 543, North Carolina @ Level 1 @
trauma center (3317 5 4 EMOEE/MERE F1E
9 & EESR] (15~45 35 (BEE) & B RUE)IH
T retrospective {fE 3 L. BHEE TR, B
BWT, 2EF4e, EMICU, BHARNEEC,
FERAE oA, B RULETH, HE2ED
o 219, McKinley & ¢, Houston & level 1
trauma center G0 1 5FfD prospective study % 1T
ot BEMEBOZRBTLBE B L (T3S
&, Bt 20 BB WT, RTEBEEELDLD
L EE LR, HERY 7 —FT AEAR,
BELAEEEINEXOMBREAELZREL
ez s, WTFhbREREBETH- 2. BHEL
HTARIEH, THEOFRBEFTHoN. Ih
Bk, FEB-OZ v HEMBMOLHEE, BEH
$wfyﬁ?%®ﬁﬁlbbﬂﬁﬁoéﬁ$ﬁ§
WIEEEKRLTNS.

iz, BAECELTE, RALELEEO.LR
BRI EERBRICNTHEILA 2R EW
585, Sweden @ 10 K 0D retrospective
study C, BRSIMEIRES 23,797 Bl (E @D 5 btk
1 27.9%)C, RIEHROBAERIIRIILMED 16.4%
LEHO 132% LD bEECEN . EHER
REVy, VE RS2y, DEEMEERSLZY, D
1L B EEN 2L, bystander CPR #3217 5
ez, ¥, RUEOFRBHICHEATSR
ERBENCLEGTHRAERIE NI X, R
FTLOREBBREVELTNS?, ZOBEDL
AL LT, BRMERORSICEENRSH D AR
M A LTS, Alraksinen H™4Z, HEEMRD
ST AR & To B, KMEDFIEEMNEEML
Y, TOEE BIFELVIFRLATERER
MEEI L VT % VF 2 FOBFEMNRAIRE T b h
5, LLTW5.

2 b L AR, ICARDHMEFC I EEOmE
MEHAEAE, HEKFOXEHMCHTIEFD
BEHO 1oL Ebn s, ERAELSUHRE
(MERREREIE, 10k, HERFOHMICHE X THE

%, RER, SEMERCUNEEERMEIIHY,
XEHOECZAGARELS L, BEOTER
EERRELTLIOND & ) RERBR, HIRE
B AMTBELEPHTHEERASY 5. A
CHET S, MRBRMAENTERRNRENRRD
LoEMEMNL DD, ITIRATENE I H A, EEN
RS UARBELTWATEERNEL. BHR
EESHEMEORIALBEFIRYIED &, Bl
TIHERETRELF(BEENE<FRTDIE, H#
IR LT, et A RV TEER
MOVEBETFALEESHB I LN, MORFEOR
DTS ENTHAEIIZEBAS.

AEORE T, R E LI EILERNNSR
CBLEEFRALMITIORELY. Fh, 158
ME 60BEETEV IERFIREIToA, HRR
HEWHIBHRTIEHEHIZBEL TR IS AENE 405
=T, LWOHHBEBTOARE{To R, LVEE
miaEEngshi-nt Ly, 48, B£H
& L= 2FHTEFEE < (50,979 110 £/), €
I BEEEL RO RERND L
of=h, BERTFELIFREEIHIBERZ
HrENTEE. BRI AHMES s v 23,
wHEEERS, ES, KBOETE, W, &FE,
g, MmERRYE OEFHES LR—FETHR
Ht 5o LiBRELT T, SECHFNTAEHM
BOBEOREOEWCOWT, BEMIZ1ISD
ERERToENTELEBDNS.

L 3

SMEBREZEOXREHMIC X D AN OEILERD
FINETOEFRR, KHOETHBELVERT
Hote, MEEF CHRILREERALBbNDO
T, ERREBCHRELOBNEVWIZLLY,
REHMMIZHT D EEOHMEIC BRENRD D FHE
EATHTRENS.

X 8

1) Kuebler JE Toth B, Rue LW 3cd, et al; Differential fluid
regulation during and after soft tissue trauma and hem-
orrhagic shock in males and proestrus females. Shock
2003; 20: 144-8.

2) Ba ZE Kuebler JE Rue LW 3rd, et al: Gender dimorphic
tissue perfusion response after acute hemorrhage and
resuscitation: role of vascular endothelial cell function.
Am J Physiol heart Circ Physiol 2003; 284: H2162-9.



3

4

5)

6)

7

FBEREVRI YL [BRELEBE LHE - ANHER]

Angele MK, Knoferl MW, Schwacha MG, et al: Sex
steroids regulate pro- and anti-inflammatory cytokine
release by macrophages after trauma-hemorrhage. Am
] Physiol 1999; 277: C35-42.

Toth B, Schwacha MG, Kuebler JE et al: Gender dimor-
phism in neutrophil priming and activation following
trauma-hemorrhagic shock. Int J Mol Med 2003; 11:
357-64.

Caruso JM, Deitch EA, Xu DZ, et al: Gut injury and gut-
induced lung injury after trauma hemorrhagic shock is
gender and estrus cycle specific in the rat. ] Trauma
2003; 55: 531-9.

Wichmann MW, Zellweger R, DeMaso CM, et al: En-
hanced immune responses in females, as opposed to
decreased responses in males following haemorrhagic
shock and resuscitation, Cytokine 1996; 8: 853-63.
Kahlke V, Dohkm C, Mees T, et al: Early interleukin-10
treatment improves survival and enhances immune
function only in males after hemorrhage and subse-

9)

10)

11

12}

13}

249

quent sepsis. Shock 2002; 18; 24-8.

Diodato MD, Knoferl MW, Schwacha MG, et al: Gender
differences in the inflammatory response and survival
following haemorrhage and subsequent sepsis. Cyto-
kine 2001; 14: 162-9.

Offner PJ, Moore EE, Biffl WL: Male gender is a risk
factor for major infection after surgery. Arch Surg 1999;
134: 935-8.

Mostafa G, Huynh T, Sing RE et al: Gender-related
outcomes in trauma. J Trauma 2002; 53: 430-4.
McKinley BA, Kozar RA, Cocanour CS, et al: Standard-
ized trauma resuscitation: female hearts respond better.
Arch Surg 2002; 137: 578-83.

Herlitz J, Engdahl J, Svensson L, et al: Is female sex
associated with increased survival after out-of-hospital
cardiac arrest? Resuscitation 2004; 60: 197-203.
Airaksinen KE, Tkaheimo MJ, Linnaluoto M, et al: ] Am
Coll Cardiol 1998; 31: 301-6.



Lack of Interleukin-1 Receptor Antagonist Modulates
Plaque Composition in Apolipoprotein E-Deficient Mice

Kikuo Isoda, Shojiro Sawada, Norio Ishigami, Taizo Matsuki, Koji Miyazaki, Masatoshi Kusuhara,
Yoichiro Iwakura, Fumitaka Ohsuzu

Objective—Interleukin (IL)-1 plays an important role in atherosclerosis. IL-1 receptor antagonist (IL.-1Ra) is an
endogenous inhibitor of IL-1. However, the role of IL-1Ra in the development of atherosclerosis is poorly understood.

Methods and Results—Mice that lacked IL-1Ra (IL-1Ra—/—) were crossed with apolipoprotein E-deficient (E—/—) mice and
formation of atherosclerotic lesions was analyzed after 16 weeks or 32 weeks consumption of a normal chow diet. This study
focused on the comparison of atherosclerotic lesion between IL-1Ra+/+/apoE—/— (n=12) and IL-1Ra*"/apoE—/~ mice
(n=12), because of the significantly leaner phenotype in IL-1Ra—/—/apoE—/— mice compared with the others. Interestingly,
atherosclerotic lesion size in IL-1Ra+/—/apoE—/— mice at age 16 weeks was significantly increased (30%) compared with
IL-1Ra-+/+/apoE—/— mice (P<0.05). At 32 weeks, the differences of lesion size between these mice failed to achieve
statistical significance. However, immunostaining demonstrated an 86% {P<0.0001) increase in the MOMA-2-stained lesion
area of IL-1Ra+/~/apoE—/— mice. In addition, e-actin staining in these lesions was significantly decreased (—15%)
compared with those in IL-1Ra+/+/apoE—/— mice (P<0.05).

Conclusions—These results suggest an important role of IL-1Ra in the suppression of lesion development during early
atherogenesis and furthermore indicate its role in the modulation of plague composition. (Arterioscler Thromb Vasc

Biol. 2004;24:1068-1073.)

Key Words: atherosclerosis m immune system m inflammation m interleukins m macrophage

nterleukin (IL)-1 plays an important role in immunity, cell

damage, and cell proliferation, and is produced and se-
creted by a variety of cells including those responsible for
controlling immunity.! Cytokines, including IL-1, character-
istically form a network in which the production of a specific
cytokine leads to serial production of others. In addition to
immune reactions, IL-1 has numerous systemic functions,
such as promoting fever, stress response, and modulating
insulin and lipid metabolism.?-*

Atherogenesis is a complex process in which endothelial
cell (EC) and smooth muscle cell (SMC) activation appears to
be a central theme.* IL-1 is produced by ECs and SMCs as
well as macrophages/monocytes and hepatocytes.> Further-
more, stimulation and activation of ECs and SMCs by IL-1
causes 2 wide range of inflammatory processes within the
atheroma, such as the enhanced expression of leukocyte
adhesion molecules,57 clotting factors and inhibitors of fibri-
nolysis,? and chemokines,® as well as increased proliferation
of SMCs,* suggesting a central role for IL-1 in the develop-
ment of atherosclerosis.

The IL-1 receptor antagonist (IL-1Ra) is a structural
homologue of IL-1'¢ that occupies the type I IL-1 receptor
with higher affinity and an association rate constant similar to

that of IL-1Y but is unable to recruit the IL-1 receptor

accessory protein, required to mediate intracellular signal-
ing.1213 Thus activity of IL-1 is counter-regulated by its
endogenous inhibitor IL-1Ra.*!4 A previous report showed
that IL-1Ra is expressed in ECs and atherosclerotic lesions.'s
Recently, we investigated the contribution of IL-1Ra to
neointimal formation after injury by comparing IL-1Ra-
deficient (IL-1Ra—/—) mice with wild-type (IL-1Ra+/+)
mice.!$ Intimal thickness and the intima to media ratio were
significantly elevated in the IL-1Ra—/— mice compared with
the IL-1Ra+/+ mice. Immunostaining for JL-1Ra revealed
that IL-1Ra protein was indeed expressed in the endothelium
as well as inflammatory cells of the adventilia in IL-1Ra-+/-+
mice, but was absent in IL-1Ra—/— mice. These results
suggested that the IL-1Ra plays an important role in the
suppression of necintimal formation after injury. Further-
more, treatment with recombinant IL-1Ra proved an effective
therapy for atherosclerosis in apoE-deficient C57BL/6]
(apoE—/—) mice.!” Moreover, IL-1Ra gene polymorphism is
significantly associated with coronary artery disease.!® These
findings suggest that endogenous IL-1Ra may also suppress
other occlusive vascular response to injury, such as
atherosclerosis.
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To directly address the question of whether deficiency of
IL-1Ra promotes the development of atherosclerotic lesion
andfor can modulate the phenotype of atheroma, we took
advantage of IL-1Ra—/— mice generated recently.? Using
hypercholesterolemic apoE~/— mice as an animal model of
atherosclerosis, we established three genotypes (IL-1Ra+/+/
apoE—/—, IL-1Ra+/~-fapoE—/-, and IL-1Ra~—/-/
apoE—/— mice} by cross-breeding.

Methods

Animals

The generation of IL-1Ra—/— mice used in this study has been
described previously.2'6 These mutant mice lacked all 4 isoforms of
the IL-1Ra. These mice were backcrossed to the C57BL/6] strain for
8 generations. The apoE—/~ mice were obtained from the Jackson
Laboratory (Bar Harbor, Me). IL-1Ra—/— mice were crossed with
apoE—/— mice and IL-1Ra+/—/apoE+/— mice were backcrossed
into the apoE—~/— background to produce IL-1Ra+/—/apoE—/—
mice. These mice were then intercrossed to generate homozygous
apoE—/— mice bearing the IL-1Ra allele combination of either +/+,
+/—, or —/—. Screening for apoE was performed by phenotypic
assays. Blood specimens were obtained, and apoE deficiency in these
mice was detected based on elevation of serum cholesterol as
described previously.'® IL-1Ra genotyping was performed by poly-
merase chain reaction analysis of tail DNA as described previously.?
Throughout the experiment, the mice were fed a normal dict containing
4.6% crude fat with <0.02% cholesterol (CLEA Japan, Inc) to avoid the
induction of severe hypercholesterolemia, which has its own conse-
querces on the immune system 2 In this study, we used only male mice
to rule out gender differences. The studies were performed according to
the protocols approved by the National Defense Medical College Board
for Studies in Experimental Animals.

Plasma Lipi¢d Measurements

After fasting for 7 hours, plasma total cholesterol, high-density
lipoprotein cholesterol, and triglyceride levels were measured by
enzymatic assays as previously described by Hedrick et al. 2!

Tissue Preparation and Histology

After tail-cuff systolic blood pressure was measured in the mice,
male mice at either 16 or 32 weeks of age were euthanized with
pentobarbital and perfused with 0.9% NaCl, followed by 4%
paraformaldehyde. After perfusion, the aorta was harvested, fixed
overnight in 4% paraformaldehyde, embedded in OCT compounds
(Tissue-Tek; Sakura Finetechnical Co, Tokya, Japan) and sectioned
(10-pm thickness). All samples were routinely stained with
hematoxylin-eosin, Masson trichrome, and oil red O. Immunohisto-
chemistry was performed on each section. Smooth muscle cells were
visualized with e-smooth muscle cell actin (SMA) staining (Roche),
and mouse macrophages/monocytes were visualized with clone
MOMA-2 (BioSource International). The sections were visualized
using a Vectastain ABC kit (Vector Laboratories) with DAB as the
substrate.

Quantification of Atherosclerotic Lesions

Aortic sinus sections were prepared as previously reported.?2* The
area of the lasion was measured using National Institutes of Health
(NIH) image 1.55 (public domain software). The values reported
represent the mean lesion area from 5 sections for each animal. The
quantification of the macrophage and SMCs accumulation in the
lesion was determined by calculating the percentage of the MOMA-2
or @-SMA, respectively, positive area to the total cross-sectional
vessel wall area. The extent of atheroselerosis in the mouse aorta was
also determined using an “en face™ method.*

IL-1Ra Deficiency Modulates Plaque Phenotype 1069

Enzyme-Linked Immunosorbent Assay
The serum levels of IL-18 and IL-1Ra were determined by enzyme-
linked immunosorbent assay as described previously 2326

Analysis of Gene Expression by Real-Time
Quantitative Polymerase Chain Reaction

The aortas of 32-week-old mice were dissected and kept in liquid
nitrogen. Total RNA was extracted from the aortas using TriReagent
(Sigma) and quantity was determined by measuring the absorbance
at 260 nm. Reverse-transcription was performed with AMV Reverse
Transcriptase XL (Takara Biochemicals, Japan). Quantitative gene
expression analysis was performed on an ABI PRISM 7700 machine
(Applied Biosystems) using SYBR Green technology. The following

“oligonucleotide primer pairs were used: IL-18 sense, 5'- TGG TGT

GTG ACG TTC CCA TT-3'; antisense, 5'-CAG CAC GAG GCT
TTT TTG TTG-3'; VCAM-1 sense, 5'- TTT GCC GAG CTA AAT
TAC AC-3'; antisense, 5'-ATT CTC CCA TAT TGA ACA ACT
A-3"; ICAM-1 sense, 5'- TGC GTT TTG GAG CTA GCG GAC
CA-3'; antisense, 5'-CGA GGA CCA TAC AGC ACG TGC AG-3';
MCP-1 sense, 5'- GCC CAG CAC CAG CAC CAG-3'; antisense,
5'-GGC ATC ACA GTC CGA GTC ACA C-3'. The optimum
number of cycles was set for each gene product with uniform
amplification. Each mRNA level was expressed as the ratio to 185
RNA expression.

Statistical Analysis

The results are shown as the mean=S8E. Differences between groups
were determined using 1-way ANOVA and a multiple comparison
test. Two groups were compared using Student 7 test. A value of
P<0.05 was regarded as a significant difference.

Results

The systolic blood pressures were similar among the 3
genotypes at 16 weeks of age (IL-1Ra+/+/apoE—~/— mice
[n=12): 87.2%1.2 mm Hg, IL-1Ra+/—/fapoE—/— mice [n=12]:
86.6x1.1 mmHg, IL-1Ra—/—/apoE—/— mice [n=10]:
852209 mmHg, P=NS). However, the body weight of IL-
1Ra—/—/apoE—/— mice was significantly less compared with that
of either IL-1Ra+/+/apoE—/— or IL-1Ra+/—/apoE—/— mice
(Figure 1, available online at http:/atvb.ahajournals.org). Further-
more, plasma lipid analysis revealed that total cholesterol levels of
IL-1Ra—/—/apoE—/— mice were significantly elevated compared
with those of the IL-1Ra+/+/apoE—/— mice. Moreover,
high-density lipeprotein cholesterol levels of IL-1Ra—/—/
apoE—/— mice were lower than those of either IL-
1Ra+/+/apoE~/— or IL-1Ra+/—/apoE—/— mice. In con-
trast, no significant differences in body weights or plasma
lipid levels were observed between IL-1Ra+/+/apoE—~/—
and TL-1Ra+/— /fapoE—/— mice. This study therefore com-
pared atherosclerotic lesions between IL-1Ra+/+/apoE~/—
and IL-1Ra+/—/apoE—/— mice to exclude differences in
body weight or lipid levels as confounding factors. Notably,
IL-1Ra serum levels in IL-1Ra-+/—/apoE—/— mice (169.4
pg/mL) were approximately half of those in IL-1Ra+/+/
apoE—/— mice (332.9 pg/mL) and furthermore the levels of
IL-18 in IL-1Ra+/—/apoE—/— mice tended to be higher
compared with those in IL-1Ra+/+/apoE—/— mice {data not
shown}.

Early Atherogenesis

Aortic root atherosclerotic lesions of IL-1Ra+/~/apoE~/—
mice at 16 weeks of age were significantly larger than those
in IL-1Ra+/+/apoE—/— mice (Figure II, available online at
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Figure 1. A, Representative photomicrographs of sections of aortic
sinus plaque from IL-1Ra+/+/apoE—/- (Ra+/+/E—/-) (left) and
IL-1Ra+/~/apoE—/~ (Ra+/—/E—/=) mouse (right) 32 weeks old.
Adjacent sections were progessed for hematoxylin and eosin {upper
panels), and elastin staining {bottom panels). Original magnification
x50, B, Quantitative comparison of the atherosclerotic lesion sizes in
the aorfic sinus between the Ra+/+/E—/— {n=12} and the Ra+/—/
E-/— [n=12) mice at 32 weeks old.

http:/fatvb.ahajoumnals.org). Atherosclerotic lesions were also
examined throughout the aorta. The percent of lipid deposits
within total aorta was also significantly elevated in IL-1Ra+/~/
apoE—/— mice (25.2%%2.1%, n=12) in comparison to
IL-iRa+/+/apoE—/— mice (140%*+12%, n=12; P<0.0001).
Neither percent MOMA-2—positive nor e-SMA—positive area
showed significant difference between these 2 groups (data
not shown).

Advanced Atherosclerosis

Lesion size and morphology were also analyzed at 32 weeks
of age to determine the effect of IL-1Ra on advanced
atherosclerosis. Alfhough lesion size in IL-1Ra+/—/
apoE—/— mice tended to be elevated compared with that in
TL-1Ra+/+/apoE—/—mice (Figure 14), the differences did
not achieve statistical significance (Figure 1B). En face
analysis of the extent of atherosclerosis in the aortas also

showed the decrease of difference between IL-1Ra+/=/
apoE—/— (38.2%%1.9%, n=12) and IL-1Ra+/+/apoE—/—
mice (30.7%*1.8%, n=12; P<0.05). However, immunchis-
tochemical analysis revezled a significant decrease in a-SMA
stained lesion area IL-1Ra+/—/apoE—/— compared with
IL-1Ra+/+/apoE—/~ mice (Figure 2A). The percent
o-SMA positive area was 49.0%%3.7% in IL-1Ra+/+/
apoE—/- mice (n=12) versus 41.9%*3.3% in IL-1Ra+/—/
apoE—/— mice (n=12) (P<0.05; Figure 2B). These data
demonstrate that diminished IL-1Ra expression modulates
the lesional a-SMA content.

Notably, IL-1Ra+/+/apoE~/— mice demonsirated features
of fibrous plaques, containing necrotic cores and foam cells that
were covered by a fibrous cap (Figure 3A). [L-1Ra+/—/
apoE—/— mice showed markedly increased lesional macro-
phage content compared with that of IL-1Ra+/+/apoE—/—
mice (Figure 3A). Quantitative analysis of immuno-staining of
lesions in the IL-1Ra+/—/apoE—/— mice showed a 1.9-fold
increase in MOMA-2 staining compared with that within
IL-1Ra+/+/apoE—/— mice (45.6%*3.7% versus 244%%
2.0%; P<0.0001) (Figure 3B).
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Figure 2. A, Representative photomicrographs of sections of
advanced atherosclerotic plaques {immunchistochemical
staining for e-smooth muscle cell actin} from the aoitic sinus
of the IL-1Ra4/+/apoE—/- (Ra+/+/E—/-) (eft) and IL-1Ra+/—/
apoE—/— (Ra+/—/E~/-) mouse {right) 32 weeks old. Original
magnification X100. B, Quantitative analysis of o-SMA staining in
sections from Ra+/+/E~/— m=12) and Ra+/—/E-/- (n=12) mice
at 32 weels old.
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Figure 3. A, Representative photomicrographs of sections of
advanced atherosclerotic plaques (Immunohistochemical stain-
ing for MOMA-2) from the aortic sinus of IL-1Ra+/+/apoE-/-
(Ra+/+/E—/-) {left) and IL-1Ra+/—/apoE—/— (Ra+/-/E—/-})
mouse {right) 32 weeks old. Original magnification X100, B,
Quantitative analysis of MOMA-2 staining in sections from
Ra+/+/E—/— {n=12) and Ra+/—/E~/~ (n=12) mice at 32
weeks old.

mRNA Levels of Cytokine, Chemokine, and
Adhesion Molecules in the Aorta

To investigate the effect of IL-1Ra on the modulation of
plaque composition, we next investigated the mRNA expres-
sion levels of cytokine, chemokine, and adhesion molecules
in the aorta. The mRNA was extracted from the aorta of each
mouse at 32 weeks. The results of real-time polymerase
chain reaction revealed that the level of IL-13 mRNA in
IL-1Ra+/—/apoE—/— mice was significantly increased by
268% compared with IL-1Ra+/+/apoE—/— mice. Further-
more, the level of MCP-1 mRNA in IL-1Ra+/—/apoE—/—
mice was also significantly increased by 442% compared
with IL-1Ra+/+/2poE—/~ mice. Regarding adbesion mole-
cules, mRNA levels of both ICAM-1 (238%) and VCAM-1
(904%) in IL-1Ra+/—/apoE—/— mice were significantly higher
than those in IL-1Ra+/+/apoE—/— mice. These observations
suggest that deficiency of [L-1Ra may induce the development of
atherosclerosis and accumulation of many macrophages/
monocytes in the lesion, possibly by enhancing mRNA expres-
sion of IL-183, MCP-1, and adhesion molecules.
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Effect of Complete IL-1Ra Deficiency on
Atherosclerotic Lesion

We also analyzed the extent of atherosclerosis in the aortas of
10 IL-1Ra—/—/apoE—/— mice at 32 weeks of age. The
lesion area of IL-1Ra—/—/apoE—/—~ mice was larger than
that of IL-1Ra+/+/apoE—/~ mice (Figure 4A and 4B}. The
percent of lipid deposits within the total aorta was also
significantly elevated in IL-1Ra—/—/apcE—/— mice
(36.2%*1.6%, n=10) in comparison to IL-1Ra+/+/
apoE—/— mice (30.7%*1.8%, n=12; P<0.05). Interest-
ingly, numerous inflammatory cells were observed in the
adventitia of IL-1Ra—~/—/apoE—/— mice but not of IL-
1Ra+/+/apoE—/— mice (Figure 4A through 4D). Masson
trichrome-stained section showed stronger destruction of the
elastic lamina within the media in IL-1Ra—/—/apoE—/-
mice compared with IL-1Ra+/+/apoE—/~ mice (Figure 4C
and 4D), Immunostaining revealed that the number of
a-SMA-positive cells in the medial layers of the aorta from
IL-1Ra—/—/apoE—/~ mice decreased (Figure 4E) but not

i RIS Ml
ik akio
T ey

Figure 4, Representative photomicrographs of descending aorta
of IL-1Ra~/=/fapocE—/— and IL-1Ra+/+/E—/— mice at 32
weeks old. Histology stained by hematoxylin and eosin of
descending aortas of IL-1Ra—/—/apoE—/— (A) and IL-1Ra+/+/
E-/— mice (B). Original magnification x100. Histology stained
by efastin staining of descending aortas of IL-1Ra—/—/apoE~/~-
{C) and IL-1Ra+/+/E—/~ mice (D). Original magnification X150,
Boxad area is shown (E). E, Section was stained by immunohisto-
chemical staining for a-SMA. Original magnification X150. F, The
panel shows MOMA-2 staining of adventitia of the IL-1Ra-/—/
apoE~/— mice 32 weeks old. Most inflammatory cefls in the
adventitia stained positivety for MOMA-2, Original magnification
%200,
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IL-1Ra+/+/apoE—/— mice (data not shown). Most inflam-
matory cells in the adventitia of IL-1Ra—/—/apoE—/— mice
stained positive for MOMA-2 (Figure 4F). These results
suggest that a complete IL-1Ra deficiency may cause not
only atherosclerosis but also severe aortitis.

Discussion

In the present study, lowering serum levels of IL-1Ra in
IL-1Ra+/~/apoE—/— mice to approximately half of those in
IL-1Ra+/+/apoE—/— mice resulted in the significant in-
crease of atherosclerotic lesions formed. These results are
supported by a previous study, demonstrating that IL-
1Ra—/~ mice showed an increase in fatty streak lesion size
in the diet-induced atherosclerosis model.?” On the contrary,
IL-1Ra-overexpressing apoE—/— mice were protected from
aortic lesion formation without changing plasma lipid lev-
els.?? Recently, we demonstrated decreased severity of ath-
erosclerosis in apoE—/— mice deficient for IL-18.2% These
reports suggest that IL-1 signaling promotes inflammation in
the vascular wall, thus contributing to the development of
atherosclerosis.

Although the sizes of aortic sinus lesions in IL-1Ra+/—/
apoE—/— mice at 32 weeks tended to be larger compared
with those in IL-1Ra+/—/apoE—/— mice, the differences
failed to achieve statistical significance. However, immuno-
histochemical analysis revealed a marked increase in the
MOMA-2 stained lesion area in IL-1Ra+/~/apoE—/— mice
compared with those in [L-1Ra+/+/apoE—/— mice, Further-
more, lesional a-SMA staining was significantly decreased.
These results suggest that endogenous IL-1Ra has little
implications on the suppression of atherosclerotic lesion size
in advanced atheroma but plays an important role in early
atherogenesis and medulates plaque composition during le-
sion progression. The preseat study is the first to demonstrate
that IL-1Ra plays an important role in the modulation of
advanced plaque composition, because Devlin et al reported
about the only early fatty streak lesions in IL-}Ra—/—
mice.?” Furthermore, our present findings might have clinical
implications. Unstable atherosclerotic plaques are character-
ized by increased accumulation of macrophages and de-
creased SMC content, rendering lesions more prone to
rupture and subsequent vessel thrombosis than stable plaques
with less macrophages and increased accumulation of
SMCs.2 Although the murine model of atherosclerosis used
here does not allow a direct evaluation of plaque vulnerability
to rupture, our results suggest that IL-1Ra deficiency is likely
to alter plaque stability.

Our real-time polymerase chain reaction analysis revealed
that the lack of IL-1Ra caused the upregulation of IL-15,
MCP-1, and adhesion molecules at the mRNA levels in the
aorta. These changes may contribute to the enhanced accu-
mulaticn of macrophages/monocytes in the advanced plaque.
MCP-1 belongs to the group of CC chemokines that are
involved in the recruitment of leukocytes to inflammatory
sites and might be critically involved in monocyte/macro-
phage recruitment to atherosclerotic lesions.>® Furthermore,
previous studies have shown that antibody blockade of
VCAM-1 significantly reduced monocyte rolling and adhe-
sion in perfused carotid arteries isolated from apoE—/—

mice*!32 and that local overexpression of MCP-1 at the vessel
wall induces the infiltration of macrophages and formation of
atherosclerotic lesions.3 These reports suggest that MCP-1
and adhesion molecules play an important role in the recruit-
ment of monocytes to the arterial intima.

Finally, in the present study atheroma in IL-]Ra—/—/
apoE—/— mice displayed inflamunation of the adventitia.
These results are supported by a previous report. Nicklin et al
showed that IL-1Ra—/— mice (on the 129/01a X MFI1
background) had aortic inflammation and that provided evi-
dence for the formation of some aneurysm.3* This group
suggested that IL-1Ra plays an important role in the suppres-
sion of aortic inflammation. Although our IL-1Ra—/— mice
on the C57BL/6J background did not show aortic inflamima-
tion, IL-1Ra~/—/fapoE—/— mice at 32 weeks old had severe
aortitis. These results suggest that chronic inflarmmation
caused by atherosclerosis and/or hypercholesterclemia might
trigger inflammation in the adventitia in mice deficient for
IL-1Ra, Thus, the present findings suggest a novel pathway
implicated in the development of aneurysm caused by ath-
erosclerosis and/or hypercholesterolemia, because previous
reports demonstrated that adventitial inflammation, induced
by hypercholesterolemia and irritants (CaCl, or thioglycol-
late}, induced the development of aortic aneurysm in rab-
bits.3s However, further studies are needed to clarify these
mechanisms using our IL-1Ra—/—/apoE—/— mice.
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