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Despite recent progress in biomedicine, ischemiciseaag temains the most common cause of death and
comorbidity worldwide. is grim picture stems from the fact that manygptioenegieutic approaches
demonstrated in animal models have failed in claigal Qold acclimation (CA) has so far been- success
fully studied also in the context of improving health complications dhotlee syetdrorfe which includes
chronic in ammation and oxidative stress. In humamsic dBA signi cantly increases antioxidant capacity

in blood serum and decreases homocysteine levels, suggesting a benetio@lcardicivascular syStem
Nevertheless, hypertension and le ventricle hyperamgbhyther detrimental e ects were repeatedly docu
mented in animals exposed to seveteClinidal trials using moderate cold in treatmeesityf ad dia

betes have been repoftefiince the bene cial e ect of CA depends on theofnteasitgld and the mode
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of adaptation regarding the given organism, it is necessary to undersidinghadrewhach conditions the
protective e ect of CA occurs and what is its masular b

We have recently shown that an appropriate moderate cold acclimationn{®Cpesegts a promising
cardioprotective intervention. Chronic gradual MCA, (8%@eks) reduced the extent of myocardial infarction
without negative side e ects such as hypertension and hypertrophy. I$® mngateved mitochondrial
resistance to Gaverload, and preserved the 1-adrenergic recept@) (fulctiold'

A -AR signaling in the heart controls cardiac function under both physiolpgtbaplysiological
condition® and, importantly, it is a powerful regulator of ireepomse in context of ischemic ffjery

e 1-ARs are coupled to G-stimulatory (Gs) proteins, which in turn stinsitateinpse A (PKA) via
hormone-stimulated cAMP formation by adenylyl & ctisstained activation of 1-AR signaling is deleteri
ous and can promote apoptosis of cardiomyocytes, which occurs durisigrhypecteonic heart patholo
gies, leading to progressive hypertrophy and culminating in héalt. failsirgenerally accepted that minor
2/3-AR subtypes in the heart also stimulate adeladgl agtivity. However, both 2/3-ARs can also couple
to G-inhibitory (Gi) proteins to attenuate 1-AR hyperactivdtiothis framework, activation of Gi-coupled
signaling pathways, 2-ARs/protein kinase B (Akt) and 3-ARs/protein kinase G (PKGjonawacdeas
cardioprotective under certain stress conditions sinchnas hypoxig exercise traimihgand the recently
demonstrated recovery phase of chroffc SB#wulation of 2/3-ARs mediates protection against hypertrophic
or brotic remodelidtf2 Recently, 3-AR coupling to AMPK, a key metabolihaehsen identied as a
cardioprotective mechanism that preserves the damnatrophagy proééss

CA is a highly complex adaptive process mediated via whole body neutioemdadriie sdrenergic
system, reinforcing the thyroidal hormones action and leading to formationadipbse tissue (BAT)

e 1/3-AR receptor/cAMP/PKA and AMP-activated protein kinase (AMPK) pathyayscmicial role
in BAT formation. Both pathways control non-shivering thermogenesis afirg@fdased glucose uptake,
mitochondrial biogenesis, fatty acid metabolism, agdlatppe of uncoupling protein-1 (UCP1Besides
heat production, mature brown adipocytes are chaddchgrizecretory function, releasing several protective
bioactive molecules (batokines) into the bloodstredmatokiee broblast growth factor 21 (FGF21) serves
as a marker of BAT maturation, and its plasma levels in humansdamitassoléhduced BAT actfvity
It was proposed that UCP1 and BAT-released FGF21 target the headidprateetiveare eéfs High
metabolic activity and dissipation of energy is a promising intervemti@tidopatients even during short-
term MCA

e major goal of the present study is to nd out then dimiation of MCA that improves cardiac tol

erance to acute ischemia/reperfusion (I/R) injuryuldsedjently, to explore a series of plausiblyedonnect
events that may explain MCA-induced cardioprotection as a basis fahéniste stedies using reduetion
ist approaches. us, we asked the following quéitiddbkat is the role of 1/2/3-AR downstream signaling
and mitochondria in the MCA-elicited cardioprotection? (2) Is there eircolatifty batokines (FGF21,
IL-6) in the cardioprotection? (3) How does the novel cardioprotectivef fd@ifemect the in ammatory
status of the heart and the whole organism? Anbesgsqieestions should provide a new insight into the
complexity of cardioprotective mechanisms inducdtripyerm MCA.
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In the present study, we tested whether short-term exposure to cold rgsoltenrergnointardiac ischemic
tolerance. Based on our preliminary data, we chose 1, 3 and 10days of celdtesrperaiteeabelow
the threshold of shivering thermogenesis and (9*% &7@) characterized the time course of BAT activation
(mitochondrial biogenesis, AMPK activation, UCP1, and FGF21 levels), a possibletaeieasdntd ba
the circulation and the cytokine pro le in thesklood, as well as myocardial responses, in eveéal to r
potential players in cold-elicited cardioprotection.

e e ect of short-term MCA on basic parameters is dedumerable Data show that the weight of
BAT and the BAT/body weight ratio, a marker of the cold-acclimaype, phereased by 54% and 60%,
respectively, a er 10days. e weight of adrenal glands, a marker @f cidd rstreshange signi cantly
during the 10days of acclimation. e lack of a change in adrenal gland/boplyor®itie ®otion of
well tolerable (moderate) cold stress stimuli. Concerning the cardiac anchdiedy, gaaMCA did not
a ect the body weight, body temperature, heart aveiigatheart/body weight ratio, ruling out hypothermia
hypertension, and myocardial hypertrophy. Aldiol itot a ect the heart rate and the mean béotatial
pressure during the I/R (T&ple e data above indicate that short-term moderatecloolgtion causes a
cold-adaptive phenotype on day 10 without anyensigigtie ects within the tested parameters.

Sf"f...—f"<ef-<'e ‘" ef——"f—¢'e t—"¢o% ' tt"f-%F ...°ZFT f.... Z
To determine the activation and maturation of B&Temrly stages of MCA, we analyzed the morphologica
changes, and expression and distribution of speci ¢ markers of BAD.nVséeufatimd a 30% increase in
the BAT mitochondrial mass, expressed as fractionfacyesedtions, already a er 1day of MCA, and an
increase of 40% on days 3 and 1) (ffigCo-localization of UCP1 with mitochondria increased slightly a er
1lday and elevated by 10% on days 3 andal®)Fighile mitochondrial UCP1-dependent respiration was
markedly elevated a er 10days (by 20%)d)Figmmuno uorescence analysis of BAT cryosections revealed
that the level of FGF21, the main batokine produced during BAT maturs¢idna grcitHadays (Flg, h).
Similarly, FGF21 colocalization with the mitochondmahitment increased a er 10days (€igf), while
it decreased aer 1 and 3days of MCA. Nuclear localizB®F21 gradually decreased with its increasing
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Control 1day 3days 10days
N 8 8 8 8
BW (g) 385 + 16 363 + 13 356 + P21 370 £ 30

BAT (mg) |257 47 | 270 £57 266 £ B6 396 + 1%
BAT/BW |067 =012 074%016 0744023 1.07 #0.11%*
RT (°C) |37.0+023 369054 3674027 3694031
HW (mg) |1016 + 83| 1059 + 79 1018 4 58 1030 #| 86

LV + SIBW | 2.07 + 023 221 £/0.26 2.24+ 0.08 2.16|+ 0.13
RV/BW 057 + 0.03 057 +0[06 0.6140.07 0.62 4 0.07
HW/BW  |2.64 £ 022 278+ 026 2864011 2.79 #0.12
ADG/BW |0.15 + 0.03 0.16 + 0j04 0.18 4 0.02 0.18 4 0.03

Table 1.Body weight (BW); brown adipose tissue (BAT); rectal temperature (RT);th@dW)weigh
le ventricle (LV); ventricular septum (S); right ventricle (RV); adrenal glands {Ayyal(es are
means = S.D.; **p < 0.01, ***p < 0.001 vs. control. One-way ANOVA with Dunnett's isohipiestcompar

Heart rate, beats/min

Control | 1day 3days 10days

N 8 12 12 12

Baseline 390 + 17/ 403 £+ P20 398 # 22 382 + 30
Ischemia 384 £33 395+P3 38231 38033
Reperfusion |375 + 29 395+ B30 385# 36 382+35

Blood pressure, mmHg

Baseline 91 + 24 83 + 18 92 +|16 70 ¢ 18*
Ischemia 77 = 19 73+11 88%(18 741 23
Reperfusion |76 + 16 70 = 12 84 |17 70 g 17

Table 2.Heart rate and mean arterial blood pressure (n = 8-12); values are medh®% 8sD.Cdptrol;
two-way ANOVA with Dunnett's multiple comparison test (the e ect of colbrgcalthawo-way
ANOVA with Sidak's multiple comparison test (the e ect of I/R).

localization in mitochondria (Fig, f, g). e pAMPR/AMPK ratio, re ecting the metabolic activity of
BAT, was elevated by 108% a er 3days and was ele¥ated bgy720 of MCA 1Hig.

> Tt fZ <o . STtec.. = ZF"fe .t T—"¢o% 'TE"f-F ...°ZT f.... Zcof
Analysis of the extent of I/R injury revealed that 3- and 10-day moderate celtleegasyceardial
infarction to 34% and 37% of the area at risk (AR), respectively, bof(f4red thi control group, while
1lday of cold exposure had no e ecPafiég). e average ratio of normalized AR to the lelevehR/
LV) reached 45—49% and did not di er between the grdagsiglifig. Increased resilience of isolated
cardiomyocytes to hypoxia/reoxygenation elicited by 10day of MCA was als{datasemteshown). Echo
cardiography did not reveal any di erences between the groups, and tHediambtergeof the anterior
and posterior LV walls excluded cold-elicited hypgragahl0days of cold exposure2{ig.

<= Stetf fof <o ' Zt@eFZo—FT L fTtT =<t
To uncover a possible role of MPT pore in the cardioprotective mechéetsthe weatésial mitochondrial
swelling rate using 200uMP* Gad found that it was reduced in both ‘protected’ograizys3 by 19% and
day 10 by 21% compared to the control gr@#). (Fig.concentration of malondialdehyde in the LV heart
homogenate did not show signi cant changes dheihCB, which excludes oxidative stress development
during its acute phase (@Y. Using quantitative immuno uorescence microscopy and western blotting of
mitochondrial fractions, we examined translocation of the HK2 isofoourteto rttitwchondrial membrane,
which is known to prevent MPT pore opening. Co-localizkifich iocreased a er 3days of MCA3(Fig.
d), which was con rmed by elevated level of HK2 protemitochbedrial fraction (Figg). Both values
returned to the control level a er 10days of MCB3c«€)g.Importantly, phosphorylation of p-AMPR
increased a er 10days of MCA as well as the pEKMRKPK ratio (Figsf), suggesting stimulation of the
pleiotropic role of AMPK in the cardioprotection ofcchidased rats.

s [T fZ @ fT Eet " %oc... <o fZc<o% t—"co% o TE"f—% ...'ZT f..

e balance in the isoforms of 1/2/3-ARs and their downstream pathwaympqimntarole in the car
dioprotective phenotype. erefore, we analyzed the total numbeityamd aARs using a speci ¢ binding
assay, as well as the expression and localizatiod @-ARsain the crude membrane fraction. A er 3 and
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Figure 1. Characterization of brown adipose tissue (BAT) maturation during cold exposure (9 +£1 °C) for
1-3-10 days (100, 3D, 10D) and in control rats (Ctrl). (a) Representative images of BAT mitochondria (red color;
anti-OXPHOS Abs) and the uncoupling protein UCP1 {green color), blue color indicates nudlear DAPI staining.
Merged column shows colocalization of UCP1 with OXPHOS (yellow-orange color), black and white images
show corresponding colocalized pixels (Mander’s M2 correlation coefficient), quantified in the graph (b) (n=5).
{c) Mitochondrial density represented by the area fraction shown as red signal. (d) UCP-dependent respiration
of isolated mitochondria (n=5-6). (&) Representative image of FGF21 (green color) and mitochondria (red
color}. Merged column shows colocalization of FGF21 with mitochondria (yellow-orange, Mander’s M2) and
with nuclei (blue-green, Mander’s M1), respectively. Black and white images show corresponding colocalized
pixels quantified in graphs (fg). (h) FGF21 density represented by area fraction (%) of green positive signal.

i. Relative protein level of total AMPE and p- AMPE™ 2 ghtained by western blots, and the p- AMPEK ™7
AMPEK ratio (n=>5-6). Data presented in graphs were analyzed by One-way ANOVA with Dunnett’s multiple
comparison test. Values are means + 8D; *p < 0.05, **p<0.01, ***p <0.001 vs. control. Scale bar 10 pm.

10 days of MCA, the total number of myocardial f-ARs was 16% and 18% lower, respectively, compared to
controls (Fig. 4a), reflecting a decline in major p1-ARs. Immunofluorescence analysis revealed changes in the
localization of both B2- and f3-AR proteins after MCA (Fig. 4b, e). Despite the very low T-tubular occupancy
by f2-ARs in the controls, f2-ARs decreased even more on days 3 and 10 (Fig. 4b, c). Conversely, the associa-
tion of f2- ARs with the surface sarcolemma increased after 3 days {not shown). The occupancy of T-tubules by
B3-ARs increased after 3 and 10 days, and their localizaion within the sarcolemmal compartment showed no
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Figure 2. The effect of short-term cold acclimation on myocardial sensitivity to ischemia/reperfusion injury
and cardiac function. (a) The extent of myocardial infarction in vivo in control rats (Ctrl) and those exposed

to 9+1 °C for 1-3-10 days (103, 3D, 100)) and respective representative images. Infarct size {I5) was expressed

as a percentage of area at risk (AR); AR was normalized to the cross-section area of left ventride (LV) (n=12).
(b} Echocardiographic data of rats prior and after 10D of the exposure. Representative M-mode tracing of the
left ventricle and following echocardiographic measurements; the cardiac output (CO), left ventricalar stroke
volume (LVSV}, ejection fraction (LVEF), fractional shortening (LVFS) and systolic/ diastolic anterior { AW Ts/d)
and posterior (PWTs/d) left ventricular wall thickness were evaluated by the Vevo LAB software. Data presented
in graphs were analyzed by One-way ANOVA with Dunnett’s multiple comparison test. Values are means £ 50
*p<0.05; “*p<0.01 vs. Ctrl.

significant changes during MCA (Fig. 4e, f). On the other hand, levels of f2- and p3-AR proteins, assessed by
western blotting, were unchanged in the crude membrane fraction (Fig. 4d, g).

Expression of G, and G,z in crude membrane fractions increased significantly only after 1 day, while G5
was not affected (Fig. 5a). Expression and phosphorylation of PKA, a component of the downstream B1/B2-ARs/
G, pathway, were not significantly altered by MCA (Fig. 5b). Expression of total PKB/Akt, a downstream kinase
of p2/p3-ARs/G, pathways was not significantly altered. However, the phosphorylation of Akt at Ser473 residue
declined after 10 days (p=0.05) (Fig. 5c) suggesting suppression of its activity. Regarding PKG, a downstream
kinase of f3-ARs/G_, 5. we detected a translocation of PKG1 to the membrane of the sarcoplasmic reticulum
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Figure 3. Effect of short-term cold acdimation on mitochondrial resilience to Ca** overload, oxidative
stress marker (malondialdehyde, MDH), hexokinase 2 (HK2) translocation to mitochondria and AMPK in
the left ventricle (LV) of control rats (Cirl) and those exposed to 9+1 °C for 1-3-10 days (1D, 31, 10D). {a)
Representative recordings of induced mitochondrial maximal swelling rate at 200 pM Ca®* (left) expressed
as the change of absorbance (IDA) per 1 5 (right} (n=6). (b) Concentration of malondialdehyde (MDH]) in
LV homogenates {n=8). (c) Representative images documenting mitochondrial compartment (red color;
anti-OXPHOS Abs) and HK2 isoform (green color). Merged column represents respective co-localization
(yellow-orange color), black and white images show corresponding co-localized pixels. (d) Quantification
of the colocalizations Mander’s M2 coefficients. Scale bars, 10 pm, {n=4-5; five ROls for each). (e) Level of
HEK2 protein in mitochondrial fraction expressed as the percentage of Ctrl (n=46). (f) Relative levels of AMPK
and p-AMPK™”2 proteins in homogenate, and the p-AMPE™ 2/ AMPK ratio (n=6). Data presented in
graphs were analyzed by One-way ANOVA with Dunnetts muoltiple comparison test. Values are means £ 50,
*p<0.05,p<0.01, **p<0.001 vs. Ctrl.

identified by staining with anti-phospholamban antibody after 3 days of MCA (Fig. 5d, ¢}, while its expression
was not altered (Fig. 5f).
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Figure 4. Effect of short-term cold accimation (MCA) on the total number of B-adrenergic receptors (f-ARs)
and their subcellular distribution on day 1-3-10 days of MCA (1D, 31, 10D) and in control rats (Ctrl).

(a) Representative saturation binding curves constructed by assessing binding of [3H]-dihydroalprenclol
([3H]-DHA) to myocardial crude membranes using increasing concentration of the radioligand (three
saturation binding experiments were performed in triplicate, and the graph shows typical saturation binding
curves), f-AR maximal binding capacity (Bmax), and receptor affinity (Kd) (n=6). (b,e) Representative images
documenting colocalization of f2- and f3-ARs, respectively (green color) with the T-tubular system stained by
WGA (red color). Black and white images represent colocalized pixels. Scale bars, 2 pm (b) and 5 pm (e}. (c,f)
Quantification of the colocalization with the T-tubular compartment was calculated as Mander's M2 coefficient
(n=4). (d,g) Relative protein levels of B2- and f3-ARs in the crude membrane fraction (n=46). Data shown in
the graphs were analyzed by One-way ANOVA with Dunnett’s multiple comparison test. Values are means £ 8[;
*p<0.05, “*p<0.01, "**p<0.001 vs. Ctrl.

FGF21 and inflammatory markers during moderate cold acclimation
Begarding the heart, the spatial expression and distribution of the batokine FGF21, one of the cytokine candidates

Scientific Reports|  (2023) 1318287 | https:{idoi.org/10.1038/s51598-023 442054 nature portfolio
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Figure 5. Effect of short-term cold acclimation (CA) on the 1/2/3- ARs-signalling pathways. (a) Relative
G-protein (Gsa, Gial/2, and Gia3) levels in a crude membrane fraction expressed as percentage on day 1-3-
10 days (1D, 3D, 10D) of CA, and in control rats (Ctrl) (n=6). (b} Relative protein levels of protein kinase

A (PKA), p-PKAThr198, and p-PKA™ %/ PKA ratio (n=6). (c) Relative protein levels of protein kinase B/

Alket {Akt), p-Akt™, and p-Akt®*r""/ Akt ratio (n=6). (d) Representative images documenting localization

of phospholamban (PLN, red color) and protein kinase G (PKG1, green color). Merged column represents
co-localization (yellow-orange color), black and white images show corresponding co-localized pixels. Scale bar
10 pm. (&) Cruantification of colocalization with the T-tubular compartment were calculated as a Manders M2
coefficient (n=4). (f) Relative protein level of PKG1 in the crude membrane fraction (n=6). Data shown in the
graphs were analyzed by One-way ANOVA with Dunnetts multiple comparison test. Valoes are means £50D;
*p=0.05, **p<0.01, ***p<0.001 vs. Cirl.
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for cardioprotection, were quantified in longitudinal LV sections by immunofluorescence (Fig. 6a) similarly as
shown for BAT in Fig. 1. The area fraction of FGF21 reflecting its spatial expression did not differ between the
groups (Fig. 6a, b). However, we observed differences in the subcellular distribution FGF21 in the heart and in
BAT. In BAT, Mander’s correlation coefficients M1 and M2 documented altered colocalization of FGF21 with
mitochondria and nuclei doring MCA, while in the heart FGF21 colocalized with mitochondria (Fig. 6a, c)
but not with nuclei (Fig. 6a, d). Colocalization with mitochondria did not differ between the groups (Fig. 6¢).

ELISA analysis revealed that the concentration of the pro-inflammatory cytokine IL-6 significantly decreased
on day 3 and remained decreased on day 10 of MCA in [V homogenates. The anti-inflammatory cytokine 1L-10
did not change significantly and only tended to decrease resulting in the [L-6/TL-10 ratio remaining unaltered
(Fig. 6¢). This suggests a moderate anti-inflammatory effect of MCA in the LV myocardium.

Serum concentration of cytokines

Next, we evaluated number of cytokines level in the serum. The heatmap in Fig. 7a shows changes in concentra-
tions of 14 cytokines (G-CSE GM-CSE IFNy, IL-1a, IL-1§, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, [1-13, IL-17A,
TNFa) and 8 chemokines (Eotaxin, GROa, [P-10, MCP-1, MCP-3, MIP-1a, MIP-2, RANTES) expressed as scaled
loglo (MFI). MCA elicited gradual changes in concentration of most tested cytokines that can be divided into
3 main clusters. The first cluster (I) on the heatmap includes 1 chemokine (GROa) and most of the cytokines
that declined during MCA {GROa, G-CSE GM-CSE IFNy, IL-1a, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-17A).
The significant differences are shown in Fig. 7b. The middle cluster (1I) on the heatmap includes 2 chemokines
(MIP1a, MIP2) and 4 cytokines (IL-1p, IL-2, IL-13, TNFa), showing a moderate trend to decrease during the
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Figure 6. Inflammatory markers and expression of FGF21 in the left ventricle (LV) myocardium. (a)
Bepresentative images documenting spatial expression of FGF21 in control rats (Ctrl) and these exposed to
9+1 °C for 1-3-10 days (1D, 3D, 100)). Co-localization of FGF21 (green) with the mitochondrial compartment
(red; anti-OXPHOS IgGs) is shown in yellow-orange. Black and white images show corresponding colocalized
pixels. Blue color indicates DAPI staining. (b) FGF21 density represented by the area fraction (%) of green
positive signal. () Quantification of FGF21 colocalization with mitochondria was calculated as a Mander’s M2
coefficient. (d} Quantification of FGF21 colocalization with nuclei was calculated as a Mander’s M1 coefficient
(n=4; five ROIs for each sample. (e} Concentration of pro- and anti- inflammatory cytokines (IL-6, [L-10) and
their ratio in LV homogenates. Data presented in graphs were analyzed by One-way ANOVA with Dunnett’s
multiple comparison test, values are means £ 5%, *p <0.05, "*p<0.01, ***p <0.001 vs. Ctrl. Scale bars 10 pm.
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Figure 7. Multivariate analysis of cytokines and chemokines in arterial blood serum samples by Multiplex
analysis from control rats (Ctrl) and rats exposed to 9= 1 °C for 1-3-10 days (1D, 3D, 10D). (a) The heatmap
documents changes in the concentrations of 14 cytokines (G-CSE, GM-CSE IFNg, IL-1a, IL-18, IL-2, IL-4,
IL-5, IL-6, IL-10, IL12p70, IL-13, IL-17A, TNFa) and 8 chemokines (Eotaxin, GROa, IP-10, MCP-1, MCP-3,
MIP-1a, MIP-2, RANTES) expressed as scaled logl0 (MFI) in three panels (1, II, III). (b} Significant changes in
the analytes elicited by moderate cold exposure, (c) Inflammatory indexes calculated as the ratio of generally
accepted pro-inflammatory [IFNy, [L-1a and IL-6, and anti-inflammatory IL-10 and IT-5 cytokines calculated
from normalized values. (d) Multivariate analysis (PCA) of all analytes showing separation of the four
experimental groups (Ctrl, green; 1D, blue; 31, pink; 10D, orange) by first two principal components (PC1,
PC2). The points represent individual samples, and ellipses 68% confidence interval for each group. The points
represent individual samples, values are means £ 50 *p<0.05, **p <0.01, ***p <0.001 vs. Ctrl. One-way ANOVA
with Dunnetts multiple comparison test.
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MCA process. e third cluster (Ill) manifests a trend of increased concentrasiog, @usnminemokines
(eotaxin, IP-10, MCP-1, MCP-3, RANTES) of which only MICMQPaB reached signi cance {#@igb).

As the rst cluster (A) on the heatmap shows dbolihepa- and anti-in ammatory cytokines, we calcu
lated the in ammatory index as the ratio of IFN, IL-1, IL-6 to each of IL-1@randotirélited values
(Fig.7c). Changes of the in ammatory index were not signi cant across the groapsallMorammatory
indexes tend to increase on day 3 when IL-10 was used as a defomiR&@#ér dRadysis shown in7drig.
clearly separates two clusters of the control (green) and day Iygyoumilerthe day 1 and day 3 groups
overlap with other groups, manifesting a transient state of the immen® resfiblsiring the early period
of acclimation (Figd). e presented data document a signi cant stwetoldvels of key cytokines on
day 10 of MCA, while the balance between pro- mm@dnamatiery cytokines remains unchanged between
controls and experimental groups.

e e — e e ( ‘ L]
Repeated exposure to mild cold has been presentediriced fealscas a successful therapeutic interven
tion in type Il diabetes and dbesite have recently demonstrated an infarct size-limitingf eteronic
moderate cold exposure for 5weeks at 8 + 1°C in rats, which persisted at ézafie2amiekslsareturned
to control temperatifte. Understanding the cellular and molecular processes during thelopangnted
cold-elicited cardioprotective phenotype is impoesmecially considering potential therapeutic ajgplicat

is requires a sensitive setting of the cold intensity and regimen considedugl'sateattiv and constitu
tion. erefore, we aimed to determine whether the period of moderate accliredtifor cegdioprotection
could be further shortened and, if so, to chardwergevant model.

In the present study we demonstrate for the rst time that moderate toll adtkéwved through
exposure to 9 + 1°C for 3 and 10days, but not for one day, su ces to rdsize, thaiatifadistinguishes
MCA from the e ects of classic pre- or post-conditiéniBgth protective stages of MCA were accompanied
by an increased mitochondrial resistance’*tove@laad followed by 1-ARs desensitization, and increased
compartmentalization of 3-ARs within transverse Tesibi er 10days of MCA, we observed a noticeable
decrease in 2-ARs within the T-tubular system andhosgheryation of its downstreamSeAkikinase.
However, the expression and phosphorylationofe¥®#\ were not signi cantly altered. We propose th
fully acclimated phenotype is achieved under these conditions on day 10e@<BAE olaeration at this
time point of MCA, but not on day 3. e given plievatgse AMPK activation in the heart, and we also
found clustering of serum cytokines obtained by PCA analysis. For theadipgcit sigdiac tissue on
day 3, MCA led to bene cial co-localizations of PKG spitiolgindan on the sarcoplasmic reticulum and
of HK2 with mitochondrial outer membrane. An anti-in ammatory e ecowasdals in the LV homegen
ate. We did not observe any of the negativetsidepersd for more severe cold conditions inlawats (be
5°C), such as systemic hypertension, LV hypertrophy, hypothermia, or adrenal disatiohypéiah were
described in previous stétliese presented ndings highlight the importance of determining the appropriate
regimen of cold exposure with respect to the orgardemtinachieve its bene cial e ect. e duration of
the protective action of short-term MCA a er itsoceseatains to be determined.

T Fef " %oc... o<%oofZco%od e<—"...S'et"fl feof TELL T —c—efe— T —"¢«
Our data suggest that a key point of the MCA-elicited cardioprdtecgomasced mitochondrial resil
ience resulting from the shi in adrenergic sigrialixigyy desensitization and enhancement of 3-AR in the
T-tubular system) and AMPK activation. Trappanese etal. documented a linkLdRwbletkade and
3-AR coupling with nitric oxide-linked cGMP sig#faliignctional 3-ARs localize exclusively within the
transverse T-tubules of healthy rat cardiomyocytdts dpsregulation occurs in the failing™. Hgiading
of catecholamines to 3-ARs induces negative inotropic and positive lesitsopia éhe inhibitory pathway
of Gi/cGMP/PK&#32 and via the control ¢ @andling. 3-AR/PKG-mediated moderation of* @an
sient currents can occur via NOS-dependent inhibitigrpefchannels, attenuating excitation—contraction
coupling®. Moreover, PKG-mediated phosphorylation of phospholamban inGAbwgrake during cardiac
myocyte relaxatitn Interestingly, while total Akt tended to declik&e'ff¥decreased signi cantly in the
fully acclimated heart a er 10days of MCA. Recently, ied thpbrchronic cold exposure (5weeks) did not
alter Akt signaling, whereas the cardioprotectierver a er 2weeks of return to normothermic conditions
required the activation of the Akt signaling pat@eagerning mitochondrial protection, we show here that
increased translocation of HK2 to the outer mitochondrial meendotared on day 3 of MCA. e e ect may
improve mitochondrial coupling and reduce ROS produhtienpreventing activation of apoptosis through
opening of the MPT pore e HK2-mediated cardioprotective e ect was documented under acute stres
conditions such as pre-conditiofingr severe chronic hypbxat not under moderate regimens of chronic
hypoxié. It is noteworthy that PKG also prevents MPT pore opening viGothefaittezanitoK(ATP)
channél. e presented data suggest di erences in theotzctiap targets in the early (3days) and later
stage (10days) of MCA and indicate an important boith BKG and HK2 in preservation of mitochondrial
function during ischemia and reperfusion.

AMPK can be considered as another potential plageindlucsal cardioprotection in the present study,
as aer 10days of MCA, the p-AMPK/AMPK ratio markedly increased. AMPK is knopledtwopier
cytoprotective e eétsand can be activated by phosphorylation or allosterically wheastw énergy
expenditure leads to imbalance of the ATP/AMP ratio through adrenergic or thyroidalgygteon bign
nutrient-speci ¢ upstream signals controlling cell survival and regenedatiitgcaiondrial biogenésis

e loss of AMPK sensitivity to activating stimuli is related*to Cagdimgrotective activation of the AMPK
signaling pathway was reported in mice subjected to exercise, and thabsemicinnvasarts of 3-AR
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knock-out mié&*. Furthermore, both 3-AR and AMPK pathway prevents hypertrophic remodeling anc
brosis, while restoring the cellular energy #afdfide Our ndings align with the potential involvement
of AMPK signaling in the protected cardiac phenotypd mdudeday MCA without signs of hypertrophy.

f_‘o(o:to X W foT al
Brown adipose tissue is regulated by adrenergic signaling and is ayeyotentialdgglicited cardioprotective
phenotype due to its endocrine function. We characterized BAT matwtatinnabsig@i cant increase in the
BAT/BW ratio, mitochondrial biogenesis, UCP1-dependpimaties, and altered FGF21 spatial expression.
In humans, the cold-adaptive phenotype has a bene cial e ect on obete patiedtabeven a er 10days
of intermittent cold exposure (14-15°C for 10 consecuti¥e aéysh highlighting the clinical relevance
of our model. e release of FGF21 from the livgroaadtisslie was reported to reduce cell death and tc
attenuate myocardial infarction in “hicelditionally, it prevented hypertrophic stimuli via its anti-oxidant/
anti-in ammatory actio. However, unlike in BAT, we did not observe increased FGF21 in serum, nor di
see changes in FGF21 spatial expression in heart tissue. Our nding suggessutiikelyGB2flay a
role in cardioprotection elicited by short-term MCA. Similarly, we cancartiopitactive role of the IL-6
batokine, a key regulator of BAT growth, because its serum ssuk heeetstideclined in both protective
stages of MCA. Furthermore, acute ablation of BAT 2h prior to thiesslth@uoisidering 2-h half-life of
FGF21), did not a ect the infarct size-limiting e ect (data not shown). Consequpesatly,uitlikely that
BAT plays a major role in the infarct size-limitingnéueed by MCA in our study. Current investigations
into cold-therapy of diabetes, suggest that bene cial e ects of CAronaytisters other than BAT, which
is less abundant in hufnans

:t”_o “_)_‘.(o:l:o fQT ___S:to‘.(o:to
Moderate cold acclimation (MCA) exerts an impact on sympathetic nervous system,wwhichbe &no
crucial regulator of immune responses especially igsthi#gic injufy® In the light of this, we have exam
ined the e ect of MCA on IL-6 and IL-10 in the LV samliandtisonducted multiplex analyses of selected
cytokines and chemokines in blood serum. We obdgniesrd seduction in IL-6 levels in the LV tissue.
In the serum, MCA led to a decrease in pro-in ammatgtgkinésc(IL-17, IL-12p70, IL-6, IL-1, IFN),
and three anti-in ammatory 2 cytokines (IL-4, IL-5, -@SE7A participates in in ammation of blood
vessels and cardiac cells and is also implicated in the pathogkoeasscuaircdiseases that occur pre
maturely in chronic in ammatory disorders including athenmsis and myocardial infarétfén Likewise,
while elevation of IL-6 is closely related to atherosclerosis, myocadtialaimfatetart failure, its transient
increase also plays a role in tissue protiferstioration of IFN- signaling pathways is thought to drive
atherosclerosis, it is an important target for the prevention amd ofeatrdiovascular diséastesmarked
decrease in IL-6 and IFN- corresponds to a decrease in heterodimeric IL-12p70, tlhetiordineginsggu
adaptive respones us, the substantial downregulation of IL-17, IL-6 and IFN- suggests ¢nat short-t
MCA mediates in ammation-suppressive immunomodulation pihssesses a bene cial e ect.

Of signi cant note, the calculated in ammatory ratios demonstrated bhlkaintiee between pro- and
anti-in ammatory cytokines was maintained at equal level in the completédyl aatdion day 10 of MCA.
While the main players in 1 pro-in ammatory responses were signi captdgeslijyyr the MCA regimen,
the chemotactic cytokines MCP-1 and MCP-3 were w@ateddG®-1, monocyte chemotactic protein, con
tributes to routine immunological surveifignaed MCP-3 was shown to stimulate the migration of circulating
angiogenic cells and promote angiogenesis, suggeskininitheocardiac repair proeesses

Regarding in ammatory responses in cardiac tissue, the decline in IL-6 indicatesastiyimaenaa
tory e ect of MCA in the heart. It is known that anstgt lifitreases pro-in ammatory 1 cytokines, as
well as several chemokines in the heart tissue, levelarefaontioal for subsequent cardiac remodeling and
tissue repaiP®®. In this context, the increased whole-body pro-in ammatory status obsegvadindur
and various pathophysiological complications such as obesity and metabwdicwvycldro en accompany
cardiovascular diseases, might impair the healing pidbesijured h¥amoreover, acute coronary syn
drome and atherosclerosis are accompanied bgaasigm-in ammatory 1/ 2 imbalante erefore,
we speculate that the MCA-elicited decline of predominantly pro-in amytakorgs, while maintaining
the balance of the 1/ 2 ratio, reduces the likelihood of an in ammati@rebyrgiptentially contribut
ing to the cardioprotective e ect. Notably, thenatiombiof cold exposure training with a breathicigeexer
robustly attenuates the in ammatory response in healthy ydiinddomever, repeated immersion in cold
water (14°C for 1h/day, 6week) exhibited a slight stimulatory e ect on thed iririnke system of trained
young méh e given data suggests that the intensity and reGitestapé pivotal role in the immune
response. Further in-depth studies are required in this area to fully doenprgdieations of the immune
system in the context of MCA.

um— Y} Y

e presented data provide a comprehensive overthewingbact of continuous exposure to moderate cold
on -adrenergic signaling in the le myocardium as wediteani@a B9 le of cytokines/chemokines during
the acute and early phases of the exposure.

In this study we demonstrate that short-term moderate cold exposure enhadiedstolyanae to
I/R injury in rats within as early as 3days without any apparent negatiige sside asehypertension or
myocardial hypertrophy. e cold-elicited cardioprotective e ect is adednmpaa reduction in the total
number of adrenergic receptors in the membrane feniemy, involving 1-ARs. Additionally, there is an
attenuation of 2-ARs/Akt signaling and reinforcement of the minor subtype of 3-ARs/PsiGialigK
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ese observations suggest that moderate cold exposure leads to modulationuletobptiand inhibi
tory adrenergic pathways contributing to its carduijwete ect. At the systemic level, our ndings revealed
a signi cant shi in the immune status a er 10dagsievhte cold exposure implying an anti-in ammatory
and immunosuppressive e ect.

Taken together, short-term MCA is a safe, non-hypothermic interventionlates stimlogenous pretec
tive pathways not only in the heart but also in the whole orgarépares iheprorganism to better cope
with acute oxygen deprivation. A detailed understanding of the underlying roed@disimsa prerequisite
for its potential application in future clinicaligeract

f-t2cfZe [of -3-5'1- ] .
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Male Wistar rats (12-week-old, 300-350g body weight, speci c-pathogen-free (SPF);sfram Nedgne,
Czech Republic; e.g. inclusion criteria for all experiments) were housed liRbpditedncages to minimize
environmental and social stress. All experiments were performed in theritiyinseaSon (November till
April) with 12/12 light/dark cycle. We took special care to minimize potemddreonfe animals had
free access to water and standard diet (AltromirR24noéeley s.r.o). Rats were randomly divided into four
groups. ree experimental groups were exposed cohtibodis 1°C for 1, 3 and 10days (start and end o
experiment was at 8a.m.). e temperature was set below the threshold of shivemigj&®theemaantrol
group was kept at 24 + 1°C throughout experiment. d\totheokeh exposure, all animals were anesthetized
(thiopental, 60mg/kg; i.p.) at the respective temperature to avoid an aceggl#ternynresponse. At the
end of each experiment, hearts were excised under deep anesthesia for furtieenamalyses. animals
per group (“n”) and exclusion criteria are indicated in the respectivdomediutr experiment when applied.

fri<f.. <o..SFec... = ZF"fe. .t
Anesthetized animals (n = 16 per group) were intubatetilatad ({Jgo Basile, Italy) at 60—70 strokes/min
(tidal volume of 1.2ml per 100g of body weight)pEsmde in the cannulated carotid artery and a single
lead electrocardiogram were recorded using Powad délabChart Pro so ware (ADInstruments, Aystralia
Le thoracotomy was performed as follows: a silk braided suture 5/0 (Chirmgdased.preasd the
le anterior descending coronary artery about 1-2mm distal to its origin. A er abilisatiom, stegional
myocardial ischemia was induced by tightening thehsotiigle a polyethylene tube. A er a 20-min occlu
sion period, the ligature was released and the chest closed, air was teentivexdufroand spontaneously
breathing animals were maintained under deep anesthesia for 3h. en, heastdvaré washed by
perfusion with saline via the aorta. e area at risk (AR) was delineated twthp&% potassium- per
manganate when ligature was re-tightened and fr@@C ats describ®d®. Frozen hearts were cut into
Imm thick slices and stained with 1% 2,3,5-triphenyltetrazolium chloride (Merck, pH7.4 and08¥hC) f
then xed by immersion in a to 4% paraformaldehyde®*sdlutiorBdays, both sides of the slices were
photographed. e infarct size (IS), and the size of the AR and the le ventncieedeusiraet&raphic
Cell Analyzer so wékeExclusion criteria for the I/R protocol included the occurrence ofhyéndigas ar
during the stabilization phase, animal death during the experiment, or unaincgsdalsed on the above
criteria, four animals/hearts were excluded from pexdmestal group.

LSt %S
In a separate group of animals (n = 5), invivo heartwesgiagformed prior to and a er the acclimation
using multimodal Vevo3100/LAZR-X Imaging platform (FUJIFILM VisualSonics, Inc,, Carada) as
follows. Anesthetized animals (iso urane 3%, 1.2l/minitfation and 1.5% for maintenance of anesthesia;
Baxter S.A.Bd, Belgium) were placed on a heating pad (up to 37°C) and conoeesetbrtomeleitoring
the ECG and respiration) using the MX201 transducer (15MHz frequency). Heart dinfienstmms \aeck
evaluated by means of the parasternal le ventricle (LV) long-axisauiéelogyatransducer and M-mode
echocardiography were used (M-mode gain set to 50dB, B-mode gain 30dB). e transdacge wesging
set from 6 to 26mm. the EKV mode acquisition and pl®osssesstandard, the frame rate was 1000Hz,
and PSLAX was pre-set. A er monitoring, animals had a rest for 4daysoto eewmstbedra and were then
exposed to MCA (9°C) for 10days, and the wholg iptagedure was repeated. e le ventricular stroke
volume (LVSV), ejection fraction (LVEF), fractional shortening (LVFS) and catdi@©puwtere evaluated
using the Vevo lab so ware. No data were exclutleel dratyses.

ot Zf—cte T et Stet < f
Hearts from another group of animals were excised from anesthetiz&] (dtogental, 60mg/kg) and
brie y washed in ice-cold saline. e le and right ventricles and the septuntedera sEpatamediately
a er that, interscapular BAT was isolated and podpanyd from other tissues on ice-cold plate. Mitochon
drial fractions were freshly isolated from both fresh LV and BAdeds plesmushf®. e free LV and
BAT tissues were homogenizedGatb® a Te on—glass homogenizer as 10% and 5% homogenate, respecti
in a medium containing 250mM sucrose, 10mM Tris/HCI, BGWA and 0.5mg/ml of fatty acid-free BSA,
pH 7.2. e homogenate was centrifuged for 10mig, anfi0Othe supernatant was centrifuged for 10min
at 10,009 e mitochondrial sediment was washed twice in a sucrose thediuEGWA and BSA by
centrifugation for 10min at 10@0Pellets of washed mitochondria were re-suspended af 269mM
sucrose, 10mM Tris/HCI, pH 7.2.

LcFe—cm.. | £ —«2023) 13:18287 | S——'e8 T'cA4'"% wvAwvVy~ ezw{s~aVXxyea zzxv{aatureportfolio



www.nature.com/scientificreports/

(= Stet fZ e™EZZco%o ...f"T<f ... —coe—1
Fresh myocardial LV mitochondria were tested for calcium sensgivititoasiondrial swelling as indicated
by a decrease in absorbance at 520nm, measured with a Perkin-Elmer logonbienspcat 30°C in a
swelling medium (10mM HEPES, 65mM KCI, 125mM sucrose, 5mM succinate and,PMmMpHAR) as
previously descrildééf. Briey, isolated mitochondria (~ 0.4mg of protein) were added to fmeldinfirthe
to achieve absorbance of approximately 1. A er 1min of pre-incubation, thensdialim containing
10mM CaGl solution was added to reach a nal concentratiorMofa®@d0absorbance was read for 5min
at 1-s intervals. e maximum swelling rate obtained hy terigwelling curve is expressed as the change
in absorbance ( A520/1 s) and the moving average of the maximum rate waspevainated afsnato
chondrial membrane permeability (MPT) pore stdlditgata were excluded from the analyses.

@TF Fetdom "Fe <" focie " ™Mo fHc e —coo—4
BAT mitochondria were assessed for UCP1l-dependent respiration in freshlgamplate using the
O2krespirometer (Oroboros Instruments, Innsbruck, i)stAll assays were conducted in the K-medium
(10mM Tris, 80mM KCI, 3mM MgCbmM KEPQO,, 0.5mM EDTA) at 25°C. UCP1-dependent respiration
was directly evaluated by titration of substrates (5mM pyruvate, 1.5oyM-cmtaitine, 10mM glutamate,
2mM malate, 10mM succinate) followed by titration of the UCP1 inhibitor ADP (10—d5th&)A&R
synthase inhibitor oligomycin (2ug/fi)No data were excluded from the analyses.

frTef .. —coo—F "7 f L —cief—<'e
Hearts from another group of animals (n = 6) were excised a er angsthedjabiig/kg) and briey
washed in ice-cold saline. e le and right ventricles and the septum wera Bmpavidteéd seconds
and snap-frozen in liquid nitrogen, weighed, and storeid mitdagen until use. e free walls of LVs were
fractionated for further analyses of -AR binding by radio-immunoassay and tiestesin tuloW#&s.
Each frozen sample was placed in ve volumes of ice-cold TMES bu er (20mM Tris—HCJ, BmM MgClI
EDTA, 250mM sucrose; pH7.4) containing protease anthgdasspinhibitors (COMPLETE and PhosSTOP,
Merck), cut into small pieces and homogenized on ice using the Ultra-Turrax (IKA, Germamy) (24,000
15s), and followed by glass homogenizer with mator-@eion pestle (1200rpm, 2min). Aliquots of each
homogenate sample were stored in liquid nitrogen for further analyses. ate hwasogentrifuged (2100
10min, 4°C, Hettich Universal 320R; Hettich, Germaeynuclear-free supernatant was collected, and the
pellet homogenized in the same volume of TMES bu er and centrifuged agairtant® waepercambined
and centrifuged (50,@P®0Omin, 4°C, Beckman Optima L-90K, rotor Ti50, Beckman, USA). e pellet (crud
membrane fraction) was homogenized in TMES bu er without sucrose, and aliquets aveB9°€ountil
use. Protein concentration was assessed usingfdtce rBesldod (Merck).

> e ’I'":to' :I:'_‘" "(QT(.%O "f’l‘(‘&(oo_o'foof)

e total number of myocardial -ARs was determined by the radioligand bindihgtkssagRviantago
nist [3H]dihydroalprenolol ([SH]DHA) as described previdtsin brief, samples of the crude membrane
fraction (containing 150 g protein) were incubated in thermgdtal volume of 0.2ml) containing 50mM
Tris—HCI, 10mM MgCI2 and 1 ascorbic acid at pH7.#itdotige -AR antagonist [SH]DHA (ARC, USA)
in at decreasing concentrations from 6 to 0.19nM. e incubation was carriéd fort Hi. 37e reaction
was terminated by adding 3ml of ice-cold washing bumMr {88-HCI, 10mM Mggl pH7.4), followed
by Itration through a GF/C lter pre-soaked for hhOw8i% polyethylenimine. e Iter was washed twice
with 3ml of ice-cold washing bu er. A er adding 4ml of scintillation cocktai(NHeoBitanedicals, USA),
the radioactivity retained on the Iter was assessed by liquid scintitiaioforcéumin. Non-speci ¢ bind
ing (background signal) was de ned as the signal tiohtdisgdaced by 10 Moropranolol, representing
approximately 40% of the totally bound radioligand. Binding characteristic{BshaxARsd Kd) in the
crude membrane fraction were calculated as previously describedicaflg arzigzed using One site-
speci ¢ binding equation, in GraphPad Prism 9 so wdmaRland Kd values obtained through nonlinear
regression analysis of samples from individual animals were included. INeriéedlisicere applied to
the results of individual animals. Addressing thel ataga processing, the following exclusion weteria
applied. For total and nonspeci c binding, data gwntdid not fall on the curve of the nonlinearrand linea
regression analyzes, respectively, were subjected to review, dhdt aelieated from the mean by more
than 25% were excluded.

io_i"c ”Z‘_ f.fZ)o(o
Individual LV (n = 5-6 per group) samples, diluted in Laemmli sample bu er (BioRadg ofufie
membrane fraction, nuclei-free supernatant and mitoioimdction from each group (20-30pg, 20ug and
30ug protein per lane, respectively) were resolverirbydsddcyl sulfate electrophoresis on 10-12% poly
acrylamide gels at a constant voltage of 2g0MinsProtean Tetra Cell (Bio-Rad). e gel-egmeteins
were electro-transferred onto the nitrocellulose memi@r@um pore size, BioRad) at a constant voltage of
100V and 350mA current for 1h using Mini Trans-Blot Module (Bio-Rad) according to manafactures ins
tions. e nitrocellulose membranes (0.22 m pore, BioRadhemetdocked with 5% non-fat milk in Tris-
bu ered saline for 1h, and incubated overnight at 4°@ewfithotwving polyclonal antibodies, according to
manufacturer’s instructions: 2-Ars (bs-0947R, Bioss, USA), 3-Ars (bs-1063R), Gs, Gi 1/2, and Gi 3 (F
polyclonal antibodyj for the crude membrane fraction, AMPK (2532, Cell Signaling, USA)}"p-fddPK
33524, Santa Cruz, USA), PKA (sc-365615), pPKA (sc-329E8)ALKGell Signaling) for the nuclei-free
supernatant, and HK1 (sc-28885), HK2 (sc-65219 foitochondrial fraction. A er washing, membranes
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were incubated with secondary HRP-conjugated anti-rabbit (A9169 or A0645, Marakg @uiZB71) or
anti-goat antibody (AP180P). Protein bands were visualized with the ECL Sulpstr&tgng84075, ermo
Fisher Scienti c, USA) using the LAS-4000 imaging system (Fuji Im, Japan). e intensitgnds puatein
quanti ed densitometrically using Imade At least three samples from each group wereerigame el

in technical duplicates, quanti ed on the same nendrdnnormalized to total protein content loaded per
lane as determined by PonceauS (Merck) staining. Prestained protein ladders ¢Bisddyswerolecular
weight markers. e accuracy and reproducibility of the chemiluminescence signaltesely Vaéiding
samples at ascending concentrations of 20 to 30ugeprddeie. pn the original data processing, exclusion
criteria were sporadically applied when a normalized value of the triggicateeredaby at least half an
order of magnitude.

—fe—<—f—=<"F coe—ot@__"t"Fe te f e, . "o T
In separate animal groups (h = 5 per group)eleatsised from anesthetized rats, relaxedsignpeith
the relaxation Tyrode solution and xed with freshly prepareda#téhjaiensolution using the Langendor
apparatus. LV samples were treated aspreviously3*fépSitaitarly, pieces of isolated BAT Jlware xed
with 4% formaldehyde, cryoprotected by 20% sucresearftbztored at 80°C. Sections(5—-7 m) of both
BAT and LV samples were cut using a cryostat (Leica CM3050, Leica microsystems,d@¢enhany), rehy
PBS, permeabilized in ice-cold methanol, and incubated (5min) in 1% SDS in PRSiévahrigetions
were incubated for 80min in the blocking solutioonattemperature (10% donkey serum, 10% goat serum,
0.3% Triton X-100, 0.3M glycine in PBS), and incubated with the followindihmdiesyaad°C overnight:
UCP1 (ab-23841, Abcam, UK) and FGF21 (ab-171941) for BAT, 2-AR (bs-0947R), 3-AR (bs-1063R), HK
150423), and HK2 (ab-78259) and PKG1 (C8A4, Cell Signaling) for the LV, and then amtidohn&esecond
anti-rabbit IgGAlexaFluor488 conjugate (A21206, ermoFisher Scinti ¢) for 1h at room temperature
uorescence marker for mitochondria was the anti-OXPHOS Ab cocktail (ab-1104t2aredlgenma, and
T-tubules we used the wheat germ agglutinin (WGA) Alexa-647 conjugate (W-32466, erntb€)isher Scien
Additionally, for the sarcoplasmic reticulum we used anti-phosph(@hr2868%). Sections were mounted in
ProLong Gold Antifade Reagent with DAPI (Invitrogen). Images were captarddait 5 randomly selected
elds of view (FOV) for each section using a wideeregdd imicroscope (NikonTi2) equipped with a set of
LED illumination for uorescence imaging (Nikon, Tokyo, Japan). Images wdrwederwhge-processed
using the Nikon Microscope Imaging So ware (NIS-Elements). e extent of co-localizétidatedas ca
using the thresholded Manders M1 or M2 c0é ttientgh the Colocalization reshold plug-in in FIJI
so waré®. No data were excluded from the analyses and anyluméssinghearaw dataset were a result of
the colocalization algorithm.

—7—-<Z2%t8 fot fofZrece *° [ Z''F of”—e fot Stf"— S‘e %ofef—1
Rat serum samples (n = 6 per group) were collected and stored in liquidr riitragetysiziothey were
thawed on ice and centrifuged (1,006in, 4°C) for pre-cleaning. Concentrations of 22 cytokines (G-CSF,
GM-CSF, IFN, IL-1, IL-1, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-13, IL-17A, TNF) and chemokine
(Eotaxin, GRO, IP-10, MCP-1, MCP-3, MIP-1, MIP-2, RANTES) were analyzed using the Cytokine
Chemokine 22-Plex Rat ProcartaPlex™ Panel (EPX220-3012@¥@0Fisher Scienti c). Serum samples
were diluted at a 1:1 ratio with the Assay Diluent to minimize matrix e ectsluerd ssmeusied as a
blank and for the preparation of calibration stari@axa@sse pipetting was employed for high accalacy in
liquid handling steps. All samples, standards and blanks were analyzhdidal trepliEates following the
manufacturer’s instructions. e uorescence intensities of at least 100 begdsweee asabrded using the
Luminex 200™ analyzer with the xPonent so ware build 3.1.871.0 (Luminex Corp.) pezbextgardlima
to the manufacturer’s instructions. No data wlede@éxrom the analyses. Sporadic missingnvéteesaw
dataset were designated.asoutputs from the reader.

Raw data were processed in R statistical environment vétsiming.tir2umi pacKige e median -u
orescence intensity (MFI) for Luminex XMAP datbsoibance for FGF21 ELISA data were usethrbr stan
curve tting and quantitation of cytokine/chemokine concentrationgicaslpredescrib€d Concentrations
or MFl/absorbances of two technical replicates of pkctweesmaveraged before further statistical analysis.

Concentration of FGF21 in rat blood serum and IL-61Camd UM- nuclear free supernatant were deter
mined using an ELISA kit (ab-223589; BMS625, ermoFisher Scienti ¢, ab100764) following the manufactt
instructions with the following modi cations: Serum was #Hiluteith Sample Diluent NS (ab-193972), and
850 g and 425¢g of LV protein were loaded per well@rrand IL-6 analyses, respectively. Kinetie evalua
tion of absorbance at 600nm was performed for 20n8ninter3@ls, with shaking between reads (Synergy
microplate reader, Biotek, USA). A er a 20-min interval, 100ul of Stop Solution was adelecrid ead-
point absorbance at 450nm was measured using the same instrument. Nalddéal virera ehe analyses.

_f_(.—(.__fz f.fZ).(.

e sample size of experimental animals was statistiiceltgd using the resource equation approach and
adjusted in accordance with ethical standards for animal experimentagioanafgsis of infarct size, twelve
hearts were included in each group. Mitochondrial fractions fromehsilt a¥/tsamples were used for swell
ing analysis. In each group, six whole LVs wemedfranti used for WB analyses, ELISA, and the recepto
binding assay. For quantitative immuno uorescence analysis, sampleshigants per group were employed.
Echocardiography involved ve animals per group. Statistical waeysesiducted using the GraphPad
Prism 8 so ware (GraphPad, San Diego, CA). e distribution of data was @hapimeeMik and
Kolmogorov—Smirnov normality tests. e identi cation of outliers was caushgotite ROUT (Robust
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regression and Outlier removal) method with a ROUWlembeet at Q = 1%. For parametric data, one-way
ANOVA with Dunnett's multiple comparison test was ethpioydentify signi cant di erences between the
means of individual groups. e signi cance level of ywasOc@Bsidered statistically signi cant. Data are
presented as means * SD. To visualize the levels of analyzed cytekiokmemin six serum samples per
group, the raw MFI values from Luminex measuremeog¥@®reansformed. All values were further scaled
and centered, and the heatmap was constructeuk URinmackage ComplexHedfmbising the same data
matrix, principal component analysis (PCA) was also performed to iderjofy dbwtrimators to di er

ences among experimental groups. e rst two pipaipahnents (PC1l) and (PC2) were visualized using
the R package ggBiblot

<oc—f—cte 7 —St e—— 1>
It should be mentioned, however, that the smaller number of sampkam@ and)yses could be considered
a certain limitation of the study.

—Sc.e e—f—Fefe—

e study is reported in accordance with ARRIVE guidelines of animal research. Auaincddsl \irere
accordance with the Guide for the Care and UsatofyLAbonals published by the US National Institutes
of Health (NIH Publication, 8th edition, revised 2011). e experimental proppcoledabyathe Animal
Care and Use Committee of the Faculty of Science, Charles Universityy afdElligiation, Youth and
Sport, Prague, Czech Republic, No. MSMT-12457/2021-3.

f=f f7f<Zf,cZc=>
e datasets generated and analyzed during the current study are heaifédp&hanetpublic repository
under the doi numbdtps:// doi. org/ 10. 6084/ m9. gsh are. 23301 260
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The cardioprotective effect persisting during recovery from cold acclimation is
mediated by the B,-adrenoceptor pathway and Akt activation

Veronika Tibenska,™ Aneta Marvanova,™ ' Barbara Elsnicova,! Lucie Hejnova,! Pavel Vebr,! Jiri Novotny,'
Frantisek Kolar,2 Olga Novakova,'? and Jitka M. Zurmanova'

'Department of Physiclogy, Faculty of Science, Charles University, Prague, Czech Republic and 2institute of Physiology of the
Czech Acodemy of Sciences, Progue, Czech Repubilic

Abstract

The infarct size-limiting effect elicited by cold acclimation (CA) is accompanied by increased mitochondrial resistance and unal-
tered pradrenergic receptor (AR) signaling persisting for 2 wk at room temperature. As the mechanism of CA-elicited cardiopro-
tection is not fully understood, we examined the role of the salvage P-AR/G/AKE pathway. Male Wistar rats were exposed to CA
{8°C, 5wk), whereas the recovery group (CAR) was kept at 24°C for additional 2 wk. We show that the total number of myocar-
dial f-ARs in the left ventricular myocardium did not change after CA but decreased after CAR. We confirmed the infarct size-lim-
iting effect in both CA and CAR groups. Acute administration of f-AR inhibitor ICI-118551 abolished the protective effect in the
CAR group but had no effect in the control and CA groups. The inhibitory Gz and G proteins increased in the membrane
fraction of the CAR group, and the phospho-Akt (Ser*™)4o-Akt ratio also increased. Expression, phosphorylation, and mitochon-
drial location of the Akt target glycogen synthase kinase (GSK-3fl) were affected neither by CA nor by CAR. Howewver, GSK-3f
translocated from the Z-disk to the H-zone after CA, and acquired its original location after CAR. Our data indicate that the cardi-
oprotection observed after CAR is mediated by the B;-AR/G; pathway and Akt activation. Further studies are needed to unravel
downstream targets of the central regulators of the CA process and the downstream targets of the Akt protein after CAR

NEW & NOTEWORTHY Cardioprotective effect of cold acclimation and that persisting for 2 wk after recovery engage in different
mechanisms. The fr-adrenoceptor/G; pathway and Akt are involved only in the mechanism of infarct size-imiting effect occurring
during the recovery phase. GSK-3f translocated from the Z-ine to the H-zone of sarcomeres by cold acclimation returmns back to
the original position after the recovery phase. The results provide new insights potentially useful for the development of cardiac
therapies.

B rodrenergic signaling; cardioprotection; cold occlimation; glycogen synthase kinase-3 B, protein kinose B/Akt

INTRODUCTION

Despite intensive research, acure myocardial infarction
remains a leading cause of death and disability. New
approaches are therefore needed to reduce myocardial infarct
size and its severity. Recently, it was reported that cold accli-
mation (CA) possesses an infarct size-limiring effect (1, 2). We
have documented that exposure of ras to 5wk of gradual
mild cold acclimation (CA), followed by 2 wk of recovery
resulted in reduction of myocardial infarct size without appa-
rent side effects such as hypertension or hypertrophy. We sug-
gested that f-adrenergic signaling plays a significant rale in
the development of cardioprotection triggered by CA, but its
mechanism is not known (1),
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There are three subrypes of fi-adrenoceptors (f- ARs) in the
ventricular myocardium, pr-ARs, f-ARs, and fiz-ARs (3). The
predominant fy-ARs, coupled to Ggu are required for hor-
mone-simulated cAMP generation by adenylyl cyclase,
which stimulares the activity of PKA. Acute activadon of
PEA results in phosphorylation of targer proteins and pro-
maotes positive inotropic and lusitropic effects; its persistent
activation is, however, detrimental (4). Our recent smdy
showed that cold-induced cardioprotection implies an unal-
tered fi-AR/adenylyl cyclase/cAMP pathway, including sta-
ble levels of phosphorylated PEA and G.. We confirmed the
finding by acute administration of f,-AR antagonist (meto-
prolol), which did not affect the CA-elicited cardioprotec-
don. Simulraneously, increased f,-AR translocation to the
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membrane fraction was observed after CA, and it remained
upregulated for 2 wkof recovery at 24°C following CA (1)

It is known that p-ARs, unlike p,-ARs, signal via both G,
and G, proteins (5). Thus, p,-ARs can activare not only G,/
cAMP-dependent PKA signaling pathways but also G, pro-
tein-dependent pathways. This includes, for example, phos-
phoinositide-3-kinase/protein kinase B (PI3K/Akr) (6) and
cytosolic phospholipase A; that dampen the f-AR/cAME/
PEAsignaling in the heart in a pertussis toxin-sensitive man-
ner(7, 8). Activarion of f.-ARs is implicated in the cardiopro-
tective effect of preconditioning (9), and both downstream
kinases, PKA and Akt, were found to play an important role
in this process (10). Phosphorylation of Ser™® of Akt is
believed to be a crucial step in its activaton, since it stabil-
izes the kinase domain in its active conformation (11). The
B-AR/Gy/PIAK/ Akt signaling axis that promotes cell survival
{12) has been repeatedly reported to be cardioprotective (13-
15). The Akt-elicited andapoptotic effect is mediated mainly
via mitochondria by inhibition of the mitochonddal perme-
ability transifion pore (mPTP) opening, presenting a key ter-
minal effector of cardioprotection and cell death (16, 17).

In the present study, we examined the role of p-AR/G;
signaling and the possible involvement of Akt kinase in
the CA-elicited infarct size-limiting effect. The results of
our study indicate that the f;-AR pathway plays a protec-
tive role in cardioprotection during the recovery phase af-
ter CA.

METHODS

Cold Acclimation and Ischemia-Reperfusion Injury

The cold acclimation and ischemia-reperfusion protocol
was performed as previously described (1). Male Wistar rats
(7-wk old, 200 g body weight, Velaz, Prague, Czech Republic)
were housed in pairs in well-bedded cages to minimize envi-
ronmental and social stress. All experiments were performed
in the “winter-spring” season (from November to April). The
animals were handled in accordance with the National
Instimtes of Health Guide for the Care and Use of Laboratory
Animals (NITH Publicarion, 8th ed., Revised 2011). The experi-
mental protocol was approved by the Animal Care and Use
Commirttee of the Faculry of Science, Charles University,
Prague, Czech Republic.

Rats divided into two experimental groups were accli-
mated to 8+1°C for 8 hf/day during the 1st wk and then for
24 hfday during the following 4 wk, either without (CA,
n = 24) or with 2 wk of recovery at 24 +1°C (CAR, n = 24).
The control group (n = 24) was kept at 24 +1°C during the
whole experiment. At the end of acclimation, the animals
were anesthetized (thiopental, 60 mg/kg) at the respec-
tive acclimarion temperature to prevent acute thermoreg-
ulatory response. Twelve animals from each group were
treated after anesthesia by the B,-AR selective inhibitor
ICI-118551 (Sigma-Aldrich; dissolved in saline}, which was
administered intraperitoneally at 1 mg/kg of body weight
20 min before coronary occlusion. The same volume of
galine was administered in the respective control sub-
groups. Anesthetized animals were intubated, connected
to a rodent ventilator (Ugo Basile, Italy), and ventilated at
60-70 strokes/min (ridal volume of 1.2 mL per 100 g of
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body weight). Systemic blood pressure was monitored
by cannulation of the carotid artery and a single-lead
electrocardiogram was recorded using PowerLab and
LabChart Pro software (ADInstruments). The rats were
subjected to left thoracotomy, followed by 10 min stabili-
zation, left coronary artery occlusion for 20 min, and sub-
sequent 3-h reperfusion. Then the hearts were excised,
and the area at risk was delineated by perfusion with 5%
potassium permanganate. Frozen hearts were cut to 1-
mm thick slices and infarct size was visualized by stain-
ing with 1% 2.3,5-triphenyltetrazolinm chloride (Sigma-
Aldrich) as described previously (18). Infarct size and area
at risk were quantified by the Graphic Cell Analyzer soft-
ware (19),

Homogenate and Crude Membrane Fraction
Preparation

Hearts from individual groups of animals (n = 8) were
collected under the same conditions. Briefly, hearts were
excised from anesthetized rats (thiopental, 60mg/kg)
and quickly washed in ice-cold saline. Left and right ven-
tricles and the septum were separated. The left ventricle
(LV} free wall was snap-frozen in liquid nitrogen,
weighed, and stored in liguid nitrogen until use as
described previously (20). Each frozen LV sample was
placed in five volumes of ice-cold TMES buffer (20 mM
Tris-HCI, 3mM MgCl,, 1mM EDTA, 250 mM sucrose; pH
7.4) containing protease and phosphatase inhibitors
(cOMPLETE and PhosSTOP, Sigma-Aldrich), cut into
small pieces, and homogenized on ice using an Ultra-
Turrax (IKA, 24,000 rpm, 15s), and a glass homogenizer
with a motor-driven Teflon pestle (1,200 rpm, 2min).
Aliquots of homogenate from each sample were stored in
liguid nitrogen for further analyses. The homogenate was
centrifuged (2,100 rpm, 10 min, 4°C, Hettich Universal 320R,
Hettich, Germany). The supernatant was collected, and
the pellet was homogenized in the same volume of TMES
and centrifuged again. Both supernatants were mixed
and centrifuged (23,500 rpm, 30min, 4°C, Beckman
Optima L.90K, rotor Ti 50.2 Beckman). The pellet {crude
membrane fraction) was homogenized in TMES buffer
without sucrose (13), and stored the aliquots at —80°C
until vse. Protein concentration was assessed using the
Bradford prorein assay (Sigma-Aldrich).

B-Adrenoreceptor Binding Assay

The total number of myocardial f-ARs was detemmined by
the radioligand binding assay with the B-AR antagonist [*H]
CGP-12177 as previously described (21). Briefly, samples of
crude membrane fraction (100pg protein) were incubated in
the medium (otal volume of 0.5 mL) containing 50 mM Tris-
HCl, 10mM MgCl;, and 1 mM ascorbic acid at pH 7.4 with the
B-AR antagonist [*'H]CGP 12177 (ARC) in descending concen-
mations from 5nM to 015nM at 37°C for 1h. The reaction
was terminated by adding 3 mL of ice-cold washing buffer
(50 mM Tris-HCI and 10mM MgCly; pH 7.4} and subsequent
filration through GE/C filter pre-soaked for 1h with 0.3%
polyethyleneimine, The filter was washed twice with 3 mL of
ice-cold washing buffer. After addifion of 4 mL scintillation
cockrail EcoLire (MP Biomedicals), radioactivity retained on
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Table 1. Bosic parameters

Control Group Cold Acdimated Group Cold Acclimated + Recowery Group
MNumber of animals/group 12 12 12
Body weight, g 436+ 6 40341 466 £ 51
Brown adipose tissue, mg 3N+ 27 70431 622 £ 31
Brown adipose tissue/body weight 086+ 007 175£0.08+ 1.33 2 0.06+
Heart weight, mg 1013+ 38 003 +45 373N
Left ventricle/body weight 132+ 007 134201 145 £0.06
Right ventricle/body weight 047+002 055+0.02» 048+0.M
Heart weightbody weight 2324008 249+0.1 244+0.07

Walues are means * S3E. *P < 0.01; TP < 0.001 vs, control.

the filter was assessed by liquid scintillation counting for
5 min. Nonspecific binding (background signal) was defined
as the signal that was not displaced by 10 M 1-propranolol.
It represented ~-30% of the wially bound radioligand. The
proportion of f-ARs (% of total f-ARs) in the crude mem-
brane fraction was determined using a competitive bind-
ing assay with the prAR selective antagonist ICI-118551
Crude membrane samples were incubated with 1 nM [*H]
CGP 12177 at increasing concentrations of the selective fa-
AR antagonist ICI-118551 (10~'"—10~* M). Binding charac-
teristics (Byax and Ky) and the percentage of f;-ARs in the
membrane fraction were calculated and statistically ana-
lyzed using GraphPad Prism 8 software.

Western Blot Analysis

Individual samples (n = 8) of crude membrane fractions
from each group (20 pg protein/lane) were resolved by SDS-
PAGE using 12% polyacrylamide gel at constant voltage (200V)
and Mini-Protean Tetra Cell (Bio-Rad), and subsequently blot-
ted onto nitrocellulose membranes (0.2-pm pore size; Bio-Rad)
af constant voltage of 100V for 90min using the Wet Blot
Module (Bio-Rad) as previously described (22). After blocking
with 5% nonfat milk in Tris-buffered saline (20 mM Tris-HCL,
0.5M NaCl, and 0.05% Tween 20) for 1 h, the membranes were
inoubated ovemight ar 4°C with polyclonal antibodies against
Gy, Gig [RCS antibody (23)], and Akr (sc-8312, Santa Cruz
Biotechnology) or phosphorylated (p-)Akt (Ser™) (no. 9271S,
Cell Signaling), GSK-3f (sc-9166), and mouse monoclonal anti-
p-GSK-38 (Ser”) (sc-373800). The membranes were then
washed and incubared with HRP-conjugared anti-rabbit and-
body (A9169, Sigma-Aldrich) or HRP-conjugated anti-mouse
antibody (no. 31432, Invirogen). Protein bands were visualized
by enhanced chemiluminescence (ECL) substrate SuperSignal
West Dura Extended Duretion Substrate (ThermoFisher
Scientific) using the LAS-4000 imaging system (Fujifilm).
Protein band intensity was quantified densitometrically using
Quanrity One Sofrware (Bio-Rad). Ar least four samples from
each group were always nun on the same gel, quantified on the
same membrane, and normalized to the total protein content
per lane determined by Ponceau S smining, f-actin and
GAPDH were used as a loading control in crude membrane
fractions and homogenates, respectively. The accuracy and
reproducibility of the chemiliminescence signal was validared
by loading samples in ascending concentrations of 10— 40 pg
protein/flane, and each derermination was performed ar least
three times. All figures show representative images of individ-
ual Western blots.

748

Quantitative Fluorescence Microscopy

In separate groups (n = 5), hearrs were excised from anes-
thetized rats, relaxed by Tyrode solution and fixed with
freshly prepared 4% formaldehyde using the Langendorff
apparatus as reported (24, 25), The LV was then separated, fro-
zen in liguid nirogen, and stored ar —-80°C. All samples were
collected under the same conditions. Sections (5-7 pm) were
ot using a cryostat (Leica CM3050, Leica Microsystems),
rehydrated in PBS, permeabilized in ice-cold methanol, and
shorty incubated in 1% SDS in PBS for antigen retrieval.
Sections were incubated for 80min with blocking solu-
tion at room temperamire (10% donkey serum, 10% goat
serum, 0.3% Triton X-100, and 0.3M glycin in PES), and
stained with rabbit monoclonal anti-p-GSK-3p (Ser®)
(D85E12, Cell Signaling Technology), or mouse monoclo-
nal anti-GSK-3p (sc-377213), or mouse monoclonal anti-p-
GSK-3p (Ser”) (sc-373800) and subsequently with anti-rabbit
IgG Alexa Fluor 488 (A21206, Life Technologies) or anti-
mouse [gG-Alexa Fluor 647 (A21235, Life Technologies),
respectively. To analyze subcellular localization of p-GSE-3
and its colocalization with mitochondria, or thin filaments
in the I-band, sections were stained with both mouse
anti-OXPHOS antibody cocktail (ab110412, Abcam) and
anti-mouse [gG Alexa Fluor 647 or Alexa Fluor 488

Table 2. Hemodynamic parametfers

Baseline Ischemia Reperfusion
Mumber of animals/group 12 12 12
Heort Rate. beats/min
Contral
Untreated 37446 36346 35847
ICI-118551 3B0+9 369+ 8 36646
Cold acclimation
Untreated 369415 350415 346415
ICI-NEE5] 36846 354+10 3571
Recovery
Untreated 37419 369412 361+10
ICI-NMEES 35949 3448 34348
Blood Pressure, mmHg
Control
Untreated B248 7727 745
ICI-11B551 758 65+ 5 5B £4
Cold acdimation
Untraated TB+7 G664 5944
ICI-MEs5 GEY LR 6525
Recovery
Untreated BO+6 16 674
ICI-118551 T2+7 65+ 5 6014

Values are means  SE, ICT-118551, f-AR selective antagonist.
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Figure 1. Effect of cold acdimation {CA) on the total number of f-adrenengic receptors {f-ARs) and the fo-AR proportion in the crude plasma membrane
fractions from left ventricles of control rats (Cont} and those acclimated for Swk to cold (CA) and subsequently recoverad for 2 wk at 24°C [(CAR).
Representative saturation binding curves {4), total number of f-ARSs (B), and receptor affinity {C). D, £ proportions of the fr AR subtype were assessed
using competithe displacemeant of [3H]CGP121?T by the f-AR-selective antagonist IC-11B551 Plotted data represent means + 50 of three separate
experiments performed in triplicate {7 =6 in each growep, males). Data were analyzed by nonlinear he-grasbnacmrdirg toa one-s]t& saturation equation
{4} or two-site competition equation {C) and one-way ANOVA with Dunnett's mutiple comparisonstest(8, D, and E), P<005and P < 0.01vs. Cont.

phalloidin (A22387, Life Technologies). Sections were
mounted in ProLong Gold Antifade Reagent with DAPI
(Invirogen). Images taken from at least five randomly

Statistical Analysis

Staristical analysis was performed using the GrmphPad

selected positions of each section were scanned sequentially
using a wide-field inverted fluorescence microscope (I32-
UCB, Olympus). Each position was oprtically sectioned at
0.5-pm steps resuling in ~8-12 Z-stack layers, depending
on the specimen thickness. Images were processed in
Nikon Microscope Imaging Software (NIS-Elements,
Japan). Colocalization analyses were performed as previ-
ously described (1) using Imagel software (26).
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Prism 8 software (GraphPad). The dismribution of dara was an-
alyzed by Shapiro-Wilk and Komogorov-Smirnov normaliry
tests. For parametric data, one-way ANOVA with Dunnett’s
multple comparison test was used to identify significant dif-
ferences between mean values of individual groups. Two-way
ANOVA with Dunnerr’'s mulrple comparison test (effect of
low emperarure and/or ischemia-reperfusion) and Sidak’s
multiple comparison test (effect of ICI-118551) was used for
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Figure 2. Effect of fi-adrenergic receptor (fio-AR) antagonist on cold accimation (CAj-elicited cardioprotection. Infarct size (IS) was expressed as a per
centage of area at sk (AR; 4) and AR normalized to the left ventricle (LV; B) in control rats (Cont; circles) and those acclimated for 5 wihk to cold (CA;
squares) and subsequently recoverad for 2 wh at 24°C (CAR; triangles). Empty symbals show the effect the Bo-AR inhibltor IC-18551 [1ma/ka body wi,
n=12In each group, males). Data were analyzed by two-way ANOWVA with Dunnett's multiple comparisons test (effect of low temperature and/or ische-
mia-repedusion) and with Sidak's multiple comparisons tect (effect of IC-11B551. Values are means £ S0P < 00 and ™ P < 0.01 ve. Cont: +P <
005 ve. untreated.
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Figure 3. Effect of cold acclimation (CA) on expression of myocardial G, proteins. Relative protein levels of Gy () and Gas (8) were determined in the
crede membrane fraction (n=8, males) from control rats {Cont) and those acclimated for 5wk to cold (CA) and subsequently recovered for 2 wk at 24°C
(CAR). C images of representative membranes for Westem blot analysis of Gy, Gag, and f-actin as a loading control Data were analyzed by one-way
ANOVAwith Dunnett's multiple comparsons test. Values are means + 50, "P < 0.001vs. Cont.

data from the f~AR inhibitor experiment. Data were consid-
ered staristically significant at P < 0.05.

RESULTS

Proper acclimation to low temperamre was confirmed by
significantly increased weight of brown adipose tissue (BAT)
after CA (by 90% compared with controls; Table 1). The
increase in BAT weight persisted even afrer cessation of CAR
(by 62%).

Body weight of the CA group animals was slightly but sig-
nificantly lower (8%) compared with controls, and body
weight of CAR group (2-wk older animals) increased by 12%.
Heart weight and the ratio of heart/body weight did not dif-
fer berween the groups (Table 1), which excludes potential
heart hypertrophy. Consistent with this, baseline values of
mean arterial blood pressure and heart rate were affected
neither by CA nor by CAR. Acute administration of a specific
f:-AR inhibitor had no effect on hemodynamic parameters
(Table 2).

To evaluate the role of B-ARs in cardioprotection elicited
by CA, we assessed the number of total f-ARs. Analysis of
saturarion binding curves (Fig. 14) indicated thar the total
number of p-ARs did not change as a result of CA but
decreased by ~-16% after CAR (Fig. 1E). In parallel, the bind-
ing affinity of PHICGP 12177 to B-ARs somewhat increased af-
ter CAR, which was reflected by a 29% drop in the value of
K, (Fig. 1C). The rato of ;- and p,-ARs was not affected by
CA, but the AR fraction increased from 20% to 25% after 2
wk recovery (Fig. 1, D and E).

We next evaluated an extent of myocardial infarction in
the presence of f-AR selective inhibitor ICI-118551 in order

to confirm or exclude the role of fo-AR in CA-elicited cardio-
protection. [nfarct size represented 50% of the area af risk in
control rars. CA reduced infarct size to 25% and the protec-
ton persisted in the CAR group (to 27%). Administration of
BrAR inhibitor abolished the protective effect in the CAR
group, but it had no significant effect in the control and CA
groups (Fig 24). These results confirm a role of f-ARs in the
infarct-size lowering effect of CAR but not that of CA. The av-
erage area at risk normalized to the LV (AR/LV) was 47%—
52%, and it did not differamong the groups (Fig. 2E).

Subsequent analysis of the f;-AR downstream pathway
showed that, when compared with the control group, the
protein level of Gy and Gy in the crude membrane frac-
tion increased after CAR by 62% and 55%, respectively (Fig.
3, A and B). Interestingly, we found that after CAR the level
of the Akt protein decreased by 17%, whereas phosphoryla-
tion of p-Akt (Ser™) increased by 27%. Intriguingly, the p-
Akt (Ser*™®)-to-Akt ratio increased by 50% in the CAR group
(Fig. 4, A-C).

In the next set of experiments, GSK-3f, a target of Akt that
regulates the mitochondrial proapoptotic pathway, was
assessed. However, neither the protein nor its form phospho-
rylared on Ser® was affected by CA (Fig. 5, A-D), Fluorescent
signal of p-GSK-3p (Ser®) appeared mostly in transversal
stripes in longitudinal sections of LVs, and we did not
observe any differences in the colocalization of p-GSK-3f
(Ser”) with mitochondria among the groups (Fig. 5, Eand F).

Analysis of total GSK-3p localizarion in sarcomeres
revealed its ranslocation from the middle of I-band (Z-disk)
o the H-zone after CA, which was reversed after CAR (Fig.
5G), and this was confirmed by a significant decrease in the
colocalization of GSK-3p with phalloidin after CA but not
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CAR (Fig. 5H). Applicadon of another GSK-3f antibody (anti-
mouse monoclonal sc-377213) confirmed this unexpected ob-
servation (data not shown). Analysis of p-GSK-3p (Ser®) local-
ization detected similar translocarion pattern to the mtal
GSK-3p (Fig. 5, I and J). The role of GSK-3p manslocation in
CAis unclear at present, and we are pursuing expeiments to
resolve this issue.

DISCUSSION

The present study builds on a recent observation thart car-
dioprotection is induced by mild CA that persists for at least
2-wk period of normothermic recovery with a possible role of
f2-ARs in the mechanism (1). Here, we show thar the mecha-
nism of the infarct size-limiting effect elicited by CA is not
idenrical when analyzed immediately after CA and after
CAR. A compeititive receptor-binding assay demonstrated
increased proportion of f;-AR within total p-AR in crude
myocardial membrane fraction after CAR but not after CA
This effect was confirmed by acuie administration of the
specific B;-AR inhibiror ICI-118551, which abolished the
infarct size-lowering effect persisting after CAR, but not that
elicited by CA.

The observed increase in the p;-AR-to-fi;-AR ratio after
CAR is apparently a result of upregulation of f~ARs and
downreguladon of pi-ARs. The increased fr-/f-AR ratio
under sress conditions may be involved in the protection of
the heart against damage caused by overstimulation, since
the i AR-subtype couples to both G; and G, proteins (27, 28).
As we demonstrated previously, the Gyladenvlyl cyclase/
PEA pathway remained unaltered in both the CA and CAR
groups (1). Hence, in the present smdy we focused on the Gyf
Akt pathway downstream of p,-AR. Expression of Gx pro-
teins (Gix1/2 and Gix3) markedly increased after CAR, and
this was reflected by activation of Akr; the p-Akt-to-Akt rado
increased considerably in this group. Activation of the f;-
AR(Gy/Akt pathway is related to intracellular signaling
associated with antiapoptotic effects and improved cell
survival (12, 29), which have been repeatedly reported as
cardioprotective (13, 14, 30). Activated Akt phosphorylates
several regulatory proteins, including caspase-9, Bcl-2-
family proteins, and GSK-3p (31). Akt-mediated phospho-
rylation inactivates caspase-9, resulting in suppression of
mitochondria-dependent apoptosis (32). Moreover, inact-
vation of the proapoptotic protein Bad by phosphorylation
contributes to stabilization of outer mitochondrial mem-
brane. Akt also inhibis a conformational change of the
proapoptotic Bax protein and its translocation to mito-

chondria (33). Hexokinase 2, phosphorylated on Thr*™ by
Akt, increases its association with the outer mitochondrial
membrane, which maintains mitochondrial membrane
potential by preferential ADP supply o complex V and
prevents association of the proapoptotic Bax protein with
the voltage-dependent anion channel (25, 34).

Akt activation can protect mirochondria and prevent
release of proapoptotic proteins, i.e., cytochrome c or the ap-
optosis-inducing factor (35), which restrain increase in oxi-
darive stress and lower the probability of mPTP opening (36).
As we demonstrated previously, both CA and CAR lead to
increased mitochondrial resistance to Ca®* overload (1).
This suggests that active Akt can contribute to the cardiopro-
tective effect elicited by CAR via increasing the resistance of
mPTP to Ca° * -overload. Nevertheless, our data suggest that
mitochondrial protection in CA and CAR groups involves dif-
ferent mechanisms, whose precise delineation is a subject of
our further studies.

In this study, we ako focused on GSK-3p, a key component
of the PI3K/Akt pathway, which may contribute to mPTP
opening when translocated to mitochondria (37). The prosur-
vival PI3E/Akr signaling negarively regulates GSK-3f and
thus may participate in mitochondria-linked cardioprotec-
tion (38-41). We have observed, however, that express-
ion, phosphorylation, and location of GSK-3f in the mito-
chondrial comparmment were affected neither by CA nor by
CAR. This finding may exclude GSK-3p as an Akt target in
the CA-elicited cardioprotective mechanism related to pre-
vention of mPTP opening.

Importantly, a detailed inspection of the striated distribu-
don pattern of GSK-3p in longitudinal sections of LVs
revealed its translocation from the Z-disk tothe H-zone com-
partment after CA and back to the orginal positon during
the recovery phase. To the best of our knowledge, this phe-
nomenon has not been reported to date. There is strong evi-
dence that GSE-3f-targeted proteins located mostly within
the Z-disk of the sarcomere mediate the increase in myofila-
ment Ca®* sensitivity in the failing heart when the kinase is
rephosphorylated during cardiac resynchronizarion thempy
(42, 43). This phosphorylation is accompanied by restoration
of contractility. Interestingly, Akt was excluded as an
upstream kinase in this process (42). In line with this, our
data suggest that the CA-elicited translocation of GSE-3p o
the H-band occurs in an Aki-independent manner (as Akt is
activated only after CAR). To the best of our knowledge,
there is no data suggesting that GSK-3p phosphorylates its
substrate proteins within the central part of the H-band, ie.,
the M-line. However, a possible candidate is myosin binding

Figure 5, Effectof cold acclimation (CA} on myocardial glycogen synthase kinase-3 (G5K-3f) expression, phosphoryation ﬁ:-GSK—EpS“}. and location,
Relative protein levels of total GSK-3P (4), p-GSK-3F57 (8), and the p-GSK-3E™  to-total-GSK3P ratio (C) were determined in homogenates (=8,
males) prepared from control rats (Cont) and from rats accimated for 5wk to cold [CA) and subsequently recovered for 2 wk at 24°C {CAR) Dr images of
representative Western blots of total GSE-3f, p—GSIQaﬁS“". and GAPDH as a loading control. E, F. representative micrographs of longitudinal cryosec-
tions of left ventricles stained for p-GSK-3 {green) and OXPHOS (red; E) and quantitative analyses of their colocalization expressed by Mander's M1
correlation coefficient (n=5, males; Fl. G, H representative micrographs of longitudinal cryosections of left ventricles stained for total GSK-3f (red) and
with phalloidin (green) (G, top) and quantitative analyses of their colocalization expressed by Mander's M2 correlation coefficient (n=5; H). Intensity pro-
file along the test line nw}shmvtne translocation of total GSK3[ from the -band region to the H-zone after CA and its normalization after CAR (G,
bottom). 1, J: p-GSK-3F7 transiocation within the sarcomere {n=5). Scale bar= 1Dpn1 Data presented in graphs were analyzed by one-way ANOVA

with Dunnett's multiple comparisons test. Values are means+ 5D, P < 0.05 and =P < 0.01ve. Cont.
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protein C (MyBP-C}, a key regularor of cardiac contractility
that is located in the C-zone of sarcomere, which is posi-
tioned laterally within the H-band (44). MyBP-C was shown
to be locared adjacent to the actin-positive [-band, which is
similar as we document for GSK-3p colocalized with the
phalloidin-positive staining afrer CA in the present smdy.
Importantdy, GSK-3f-mediated phosphoryladon of MyBE-C
on Ser™ increased the contractility of permeabilized human
cardiomyocytes (45). Generally, the MyBP-C phosphoryla-
tion maintains thick filament spacing and souctre, which
was approved as cardioprotective (46). In summary, changes
of GSK-3f locarion elicited by CA may affect calcium sensi-
tivity and contractility of sarcomeres, whereby contributing
to the cardioprotective effect. These plausible hypotheses
require experimental verification, which is a subject of our
future studies.

Our resulrs raise the following question: What is the reason
for the difference between CA and CAR in establishing cardio-
protection? CA animals feature high level of insulation that pre-
vents hear loss and enlarged BAT that inoreases heat
production, both contriburing to improved thermal homeosta-
sis (47). Specific signaling pathways elicited by CA that are acti-
vated at the cellular level are still not fully understood (1), At the
eary stages of CAR, the shift back to room te mperature presents
a sudden remperamire rise by 16°C that leads o a mransient
overhearing episode of the acclimated animals. This event is
reminiscent of the well-known “heat stress” phenomenon asso-
ciated with heat acclimation-mediated cytoprotective memory.
Under these conditions, additional cardioprotective signaling
pathways are activated (48). Impomnantly, increased Akt phos-
phorylation has been reported as a fuindamental player in the
heart acclimation-elicited protection (49-51).

We conclude that the mechanism of cardioprotection
observed after CAR is mediated via the prAR-G; pathway
and Akt activation. This could be related to the additional
transient heat episode occurring when the cold acclimated-
subjects recurn to the room temperamre, Further smidies are
needed to unravel downstream targets of the central regula-
tors of the CA process and the downstream targets of the Akr
protein after CAR.
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adrenergic receptor-mediated adenylyl cyclase signaling

V. Tibenska,'* A. Benesova,'* P. Vebr,! A. Liptakova,' L. Hejnova,"

B. Elsnicova,' Z. Drahota,?

D. Hornikova,' F. Galatik," D. Kolar,' S. Vybiral,! P. Alinovi,? J. Novotny,! F. Kolar,? O. Novakova,'?

and J. M. Zurmanova'

Department af Physiology, Faculty of Science, Charles University, Prague, Czech Republic; and 2Institute of Physiology of

the Czech Academy of Sciences, Prague, Czech Republic
Submutted 21 July 2019; accepted mn fina form 5 March 2020

Tibenska V, Benesova A, Vebr P, Liptakova A, Hejoova L,
Elsnicovi B, Drahota 7, Hornikova D, Galatik F, Kolar D,
Vyhiral S, Alkinovi P, Novotny J, Kolar F, Novakova O, Zur-
manova JM. Gradual cold acclimation mduces cardioprotection with-
out affecting B-adrenergic receptor-mediated adenylyl cyclase signal-
ing. J Appl Physiol 128: 10231032, 2020. First published March 26,
2020; doi:10.1152applphysiel 005112019 —Novel strategies are
needed that can stimulate endogenons signaling pathways to protect
the heart from myocardial infarction. The present study tested the
hypothesis that appropriate regimen of cold acclimation (CA) may
provide a promising approach for improving myocardial resistance to
1schemia/reperfusion (I'R) mjury without negative side effects. We
evaluated myocardial IR injury, mitochondnal swelling, and B-ad-
renergic receptor (B-AR)-adenylyl cyclase-mediated signaling. Male
Wistar rats were exposed to CA (8°C, £ h/'day for a week, followed by
4 wk at 8°C for 24 h/day), while the recovery group (CAR) was kept
at 24°C for an additonal ? wk. The myocardial infarction induced by
coronary occlusion for 20 min followed by 3-h reperfusion was
reduced from 56% i controls to 30% and 23% after CA and CAR,
respectively. In line, the rate of mitochondnal swelling at 200 pM
Ca®* was decreased in both groups. Acute administration of meto-
prolol decreased mmfarction i control group and did not affect the
CA-elicited cardiprotection. Accordingly, neither B1-AR-G.a-adeny-
Iyl cyclase signaling. stmulated with specifi ligands, nor p-PEA/
PEA ratios were affected after CA or CAR. Importantly, Western blot
and immunofiuorescenc  analyses revealed f2- and B3-AR protein
ennichment in membranes in both experimental groups. We conclude
that gradual cold acclimation results in a persistng increase of
myocardial resistance to I'E mjury without hypertension and hyper-
trophy. The cardioprotective phenotype is associated with unaltered
adenylyl cyclase signaling and mcreased mitochondrial resistance to
Ca’*-overload The potential role of upregnlated B2/B3-AR pathways
remains to be elucidated.

NEW & NOTEWORTHY We present a new model of mild gradual
cold acclimation increasing tolerance to myocardial ischemia/reper-
fusion mjury without hypertension and hypertrophy. Cardioprotective
phenotype is accompanied by unaltered adenylyl cyclase signaling
and increased mitochondrial resistance to Ca® " -overload. The poten-
tial role of upregulated B2/ 3-adrencreceptor activation is considered.
These finding may stimulate the development of novel preventive
and therapeutic strategies agamst myocardial ischemiaTeperfusion
imjury.

* V. Tibenska and A Benesova contributed equally fo this work.
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INTRODUCTION

Acute myocardial infarction followed by heart failure is a
frequent canse of disability and death worldwide To pre-
serve cardiac function, new treatment strategies are needed
to protect the heart against acute ischemia/reperfusion (I'R)
injury (2, 59).

Acute cold is considered as a cardiovascular risk factor, and
a tight comelation between acute cold exposure and winter
mortality caused by heart disease was repeatedly reported (50).
By contrast, an adequate regimen of cold acclimation (CA) 1s
well known fo have beneficia effects such as improved im-
mune response, thermoregulation and vascular reactivity, and
increased aerobic metabolism In addition. CA was studied
extensively as a possible protective intervention in the context
of metabolic syndrome (32, 46). In animals as well as in
humans, CA is characterized by the activation of brown adi-
pose fissue (BAT) and by increased expression of uncoupling
proteins predominantly in BAT but also in other tissues,
including the heart Moreover, several signaling molecules
possessing potent lmmoral properties are released from BAT,
especially under conditions of thermogenic activation (54). We
have previously demonstrated that CA in humans may have a
great potential for the prevention of cardiovascular diseases by
mcreasing levels of antioxidants and anti-inflammator cyto-
kines in blood semum (29). Recently, it has been reported that
CA increases tolerance to I'E in rats. However, the rather
severe condifions of the applied acclimation protocol (4 wk 24
h/day at 4°C) also mduced increased blood pressure and left
ventricular hypertrophy (52).

ic stimulation has been shown to be important for
the CA-elicited shift from shivering to nonshivering thermo-
genesis (53). Importantly, we previously documented a desen-
sifization of adrenergic responsiveness of the cardiovascular
system in winter swimmers (27, 55). It is known that heart
finction i1s predominantly under the control of B-adrenergic
signaling. There are three subtypes of B-adrenergic receptors
(B-AFs) in the ventricular myocardium: B1-ARs (~70%), B2-
ARs (~27%). and B3-ARs (~3%) (9). The B1-ARs coupled to
the stimmlatory G protein (G:) are required for hormone-
stimulated cAMP generation by adenvlyl cyclase. This subse-
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Table 1. Basic parameters

Control Cold Acclimstion Recovery
BW. =22 I57T =30 371 =39
BAT, mg Box33 504 + 5% 543 + ggE*s
BATBW 064 = 010 167 + 0 16¥*= 147 £ Q25%+*
ETeam weeks "C 374201 371201 —
RTca, °C 37003 371 +04 36903
HW, mg 97522491 1007 + 220 961 =245
LV/BW 165+ 0352 177+ 004 162 +01
EVBW 0533 0.4 055 + 002 048 + 002
HWBW 272081 282 + 006 258 £ 005

Values are means = SE; n = 12. BW, body weight; BAT, brown adipose
fizsue; BT, rectal temperature; CA, cold acchmation; HW, heart weight; LV,
left ventricle; RV, nght ventricle, #*¥*P <2 .00 +=. control.

quently leads to activation of cAMP-dependent protein kinase
A (PEA), which phosphorylates proteins essential for cardiac
fonction (56). It has been shown that chronic activation of
P1-AR signaling in mice caused progressive hypertrophy and
heart failure (16). Moreover, overexpression of G.o resulted in
the development of cardiomyopathy with age (4). At the
cellular level, prolonged stimulation of the Gs protein-regu-
lated signaling pathway resulted in Ca’* overload leading to
opening of the mitochondrial permeability fransition pore
(mPTP), stimulation of apoptotic pathways, and myocardial
hypertrophy (17, 20, 35), whereas chronic overexpression of
B2-ARs was well tolerated in mice (34). Interestingly, PEA
may phosphorylate and desensitize the P2-ARs that switch
their coupling from the stinmlatory (G:) to the inhibitory (Gs)
G proteins, which may initiate the signaling pathways involved
in preventing the detrimental effects of B1-AR overstimulation
(15, 30). The B3-ARs represent a minor subtype in the heart
that is primarily coupled with G; proteins. Recent studies have
shown that cardiac-specifi overexpression of B3-ARs pre-
vented myocardial fibrosi (23) and hypertrophic response (5).

The present study was designed to examine whether mild,
gradual CA reduces the extent of myocardial infarction without
any negative consequences, and fo immvestigate the potential
inrvolvement of B-AR signaling.

METHODS

Acclimation and ischemia/reperfusion injury. Male Wistar mats
(7-wk-old; 200 g body wt) obtained from Velaz ILtd (htip
www.velaz cz/en) were housed in pairs m cages with sufficien bed-
ding to minimize environmental and social stress. All experiments
were performed i the “winter” season (from November till March).
The amimals were handled in accordance with the Guide for the Care
and Use of Laboratory Animals published by the T.S. National
Institutes of Health (NIH Publication, %th ed, revised 2011). The
expenimental protocol was approved by the Animal Care and Use
Commuittee of the Faculty of Science, Charles University, Prague,
Czech Republic. Two expenimental groups were adapted to 8 £ 1°C
for 8 h/day dunng the firs week and then for 24 h'day during the
following 4 wk, either without (CA; n = 50 or with 2 wk of recovery
at 24 = 1°C (CAR; n = 50). The temperature of acclimation was
set-up just above the threshold of shivering and nonshivening thermo-
genesis in rats (36). The control group (Cont; n = 50) was kept at
24 = 1°C. Rectal temperature was monitered once a day at the same
tme (between 10 and 11 AM) duning the whole expeniments. As for
infarction analysis, 24 amimals per each group were anesthetized
(Thiopental at 60 mg/kg) at the end of the acclimation at the respec-
tive acclimation temperature to prevent an acute thermoregulatory

CARDIOFROTECTION BY GRADUAL COLD ACCLIMATION AND B-ARs

response. Metoprolol tarirate (Apotex Europe, BV.. Leiden, The
Netherlands) was dissolved in a saline and administered intraperito-
neally to 12 rats from each group m a dose of 30 mgkg as a single
bolus (1 mlkg) 20 min before the coronary occlusion. Appropriate
controls were given saline in the same volume. Ammals were min-
bated and comnected to a rodent ventilator (Ugo Basile, Italy) and
ventlated at 60—70 strokes/min (fidal volume of 1.2 ml per 100 g of
body weight). The systemic blood pressure was momitored in the can-
nulated carotid artery and a single lead electrocardiogram was recorded
using PowerLab and LabChart Pro software (ADInstruments). Then the
rats were subjected to left thoracotomy and 10-min stabilization, left
coronary artery occlusion for 20 mm, and subsequent 3-h reperfusion.
Subsequently, the heart was excised and the area at risk and the infarct
area were delmeated by 3% potassium permanganate and frozen.
Frozen heartz were cut in 1-mm-thick sheces and staimed by 1%
2.3 5-triphenyltetrazolium chlonide (Sigma-Aldrich) as described pre-
viously (39). Infarct size and area at risk were gquantifie by Graphic
Cell Analyzer software (42).

Crude membrane fractions. In separate groups of animals (n = 8in
each group), hearts were rapidly excised from deeply anesthetized rats
{Thiopental, 50 mg/kg) and briefl washed in ice-cold saline. Left and
right ventricles and septa were separated. The left ventncle (LV) fiee
wall was snap frozen in liquid nitrogen, weighed, and stored in liquid
nitrogen until use as described previously (21). Briefly each frozen
LV sample was placed m the fivefol wvelume of ice-cold TMES
buffer 103 M (20 Tns, 3 MeCl,. 1 EDTA. and 250 sucrose, pH 7.4)
containing protease and phosphatase mhibitors (cOMPLETE and
PhosSTOP, Sigma-Aldrnch), cut into small pieces, and homogenized
in a glass homogenizer with a2 motor-driven Teflo pestle at 1,200 rpm
for 2 min on ice. The homogenate was centrifuged (2,100 rpm, 10
min, 4°C, Hettich Universal 320 R), the supematant was collected,
and the pellet was rehomogenized m TMES and centrifuged agam.
The supematant was mixed with the previous one and centrifuged
{23,500 rpm, 30 mun, 4°C, Beckman Optima L 90K). The supematant
{cytosolic fraction) was stored at —80°C and used for PKA analyses.
The crude membrane fraction m the pellet was rehomogenized in
TME buffer, aliquoted. and stored at —20°C untl determination of
p-ARs, G.x protein, and ademylyl cyclase activity. Protein concen-

Table 2. Heart rate and mean arterial blood pressure

a=12 =12 r=12
Heart rate, beats/min
Control
Untreated 386 =11 379 =10 380 =9
Metoprolol 33g = 8* 327+ 8* 320 + 8%
Cold acchmation
Untreated IT3 X158 365+ 14 360 = 15
Metopralal 327 = 10° 07 + 10 311 +11*
Eecovery
Untreated B9 389 + 12 3E3 + 10
Metoprolol 305 = ¢ 105 + 7% W5+ T*
Blood pressure, mmHg
Confrol
Untreated B2+ 6 Tix3 T34
Metoprolol 69 = 4 60 + 3* 64 = 4
Cold acchmation
Untreated BEl+§ T+ 4 62 = 4F
Metoprolol 60 = ¥ 552 58+3
Eecovery
Untreated 937 = T* B9 + 6*
Metoprolol 61 = 3* 65 +2* 6l = 3*

Values are means = SE. *P < 005 vs. comespondmg control group,
two-way ANOVA, Dunnett’s posttest; #F < 0L03 vs. commesponding untreated
group, two-way ANOVA, Sidak’s posttest; 7/ < 0.05 vs. comesponding
baseline, two-way AMOVA, Dunneft’s posttest.
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tration was measured using the Bradford protem assay (Sigma-
Aldrich} (8).

Western blot analysis. Individual samples from each group (20 pg
protein per lane, n = 8) were resolved by SD5-PAGE electrophoresis
using 12% polyacrylamide gels at a constant voltage (200 V) using a
Mini-Protean Tetra Cell (Bio-Fad) and subsequently electrotrans-
ferred onto mirocellulose membranes (0.2-pm pore size, Bio-Rad) at
a constant voltage of 100 V for 90 min using Wet Blot Module
(Bio-Rad) as previously descmibed (28). After blocking with
nonfat dry milk in Tris-buffered saline in 103 M (20 Tris, 500 NaCl,
0.05% Tween 20) for 1 b, the membranes were mcubated overmight at
4°C with polyclonal antibodies agamst B1-ARs (Bioss. bs-D498R).
p2-APs (Bioss, bs-0947F), B3-ARs (Bioss, bs-1063R), G.n (RCS
antibody (26), PKA {Santa Cruz Biotechnology, sc-365615), and PKA
phosphorylated at Thr198 (p-PEA. Santa Cmuz Biotechnology, sc-
32068). The next day, the membranes were washed and incubated
with horseradish peroxidase (HEP)-conjugated anti-rabbit antibody
(Sigma-Aldrich, A9169) or HEP-conjugated anti-mouse antibody
(Invitrogen, no. 31432). Protemn bands were visualized by enhanced
chemiluminescence (ECL) substrate SuperSignal West Dura Ex-
tended Duration Substrate (Thermo Fisher Scientific using the LAS-
4000 maging system (Genetica, Fujifilm) The relative protemn levels
were quantifie densitometrically using Quantity One Software (Bio-
Rad). At least four samples from each group were always mun on the
same gel, quantifie on the same membrane and normalized to the
total protein content per lane determined by Ponceau S staining.
Brown adipose tissue was used as a positive control for B3-ARs. The
accuracy and reproducibility of the chemiluminescence signal was
validated by loading samples m ascending concentrations of 10 to 40
pg of protein per lane and each determination was performed at least

A B
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three times All fipure show representative images of individual
Western blots.

Quaniitative fluorescence microscopy. In separate groups (n = 5in
each group). hearts were rapidly excised from deeply anesthetized
rats. They were immediately transferred to the L rff apparatus
and perfused with relaxing Tyrode solution in 103 M (140 NaCl, 5.4
ECL 1 Na,HPO, 1 MgCly-6H;0, 10 glucose, and 5 HEPES, pH 7.4)
and subsequently with freshly prepared 4% formaldehyde m phos-
phate salime buffer (Sigma-Aldrich) for 2 min and then fixe for 2 h
and mcubated in 20% sucrose solution overnight. Separated LV tissue
samples were frozen in liquid nitrogen and stored at —80°C. Sections
{3—7 pm) were cut using a cryostat (Leica CM3050, Leica Microsys-
tems, Wetzlar, Germany), rehydrated in PBS, permeabilized in ice-
cold methanol, and shortly incubated m 1% SDS for antigen retneval
Sections were incubated for 80 min with blocking solution at room
temperature (10% donkey serum, 10% goat serum, 0.3% Tnton
X-100, and 0.3 M glycine in PBS) and stained with rabbit polyclonal
anti-B-ABs (see Western blot analysis) and subsequently with Alex-
aFluor 482 conjugated anti-rabbit secondary antibody (LifeTechnolo-
gies, A21206). AlexaFluor 647-conjugated wheat germ agglutinin
(WGA; Thermo Fisher Scientific W7024) was applied to stain the
sarcolemma. Sections were mounted in ProLong Gold Antifade Re-
agent (Invitrogen, Molecular Probes).

To analyze the subcellular localization of B-ARs and their colo-
calization with WGA at the sarcolemma, mmages were taken from at
least fiv randomly selected positions from three sections. Images

were sequentially scanmed unsing a wide-fiel mverted fluorescenc
microscope (Olympus IX2-UCB} equipped with MT20 mercury arc
illumination wnit (Olympus), a fully motorized stage (Corvos) and a
CCD camera (Hamamatsu-Orca C4742-80-12AG). Samples were

i, = T
= # e x 7
g 40— ke 5 4014 ?
o Tk
=] - /
204 204 % Fig. 1. Myocardial mfaret size and mutochondnal
7 sl vale. The inkick . (15} cxpresed = 4
% percentage of area at nzk (AR) (A} and AR nonmalized
1o the left veninels (LV) (B} n control rats (Cont) and
0- T ' fhose acclinited for 5 whk 4o culd (CA) ind subee-
Cont CA CAR Cont CA CAR cuently recovered for 2 wh at 24°C (CAR). Respective
gray columns show the effects of metoprolol treatment
{n = 12 m each group). Eepresentative recordmgs of
C D Ca**"induced mitochondral moamal swellng rate
1100= MO Ca? (C) and maomal swelhng mte at 200 phf Ca2* ex-
| === 100 uM Co® (Cont) 0.0254 pressed as a change of the absorbance (AA) per 10 s
a —— 100 UM CaT (CA) (I (n = 7 m each group). 0D, optical density. Vahoes
2 %= 300 Ca’" {Coa) 0.020- are means + SE. ¥P < (.03, #*P < 001, ¥*P <
= 1004 = 200 um Ca (CA) § i 0.001 ws. Cont; #P = 0.05 vs. unireated.
= L
E % 0.0154 1 W
i =
S e 8
5 Z 0010
= 0.005
én
B0 T v 0.000- T 1
g % W W Cont CA CAR
Duration |s5]
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observed with a 60 * 1.33NA Plan-Apochromat objective lens with
zeto gamn and 1 * 1 binning. Filter combinations for mdividual
channels were set up as follows: B3-AR (green): U-MWIBA3 (Olym-
pus). excitation: 4775 nm (bandwidth 17.5 nm), emission: 530 nm
(bandwidth 20 nm); and WGA (red): U-N41008 (Chroma Technology
Corp.), excitaion: 620 nm (bandwidth: 60 nm), emission- 700 nm
(bandwidth 7 nm). Each pesibon was optically sectioned at 0.5-pm
steps resulting m ~8-12 layers in a Z-stack, depending on specimen
thickness.

Colocalization analyses were performed using Imagel software,
a macro for automated image analysis as follows: I) each image
was calibrated according fo magnificatioc and image size; 2)
background subtraction using sliding paraboleid option with roll-
ing ball radius fiv pixels was processed to comect uneven illumi-
nation; ) subcellular colocalization of B3-ARs with sarcolemma
and t-tubules was calculated using the Colocalization Threshold
plug-in of Imagel (33, 45).

Measurement of mitechondrial swelling. The mitochondnal frac-
tion was 1solated from fresh LVs (n = 7 in each group) as descnibed
previously (39). Mitochondrial swelling was detected as a decrease
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of absorbance at 520 nm in the Perkin Elmer Lambda spectropho-
tometer at 30°C in a swelling mediom in 10° 3 M (10 HEPES, 65
KCl, 125 sucrese, 5 succinate, and 1 KPi, pH 7.2) (13). Mitochon-
dra (~0.4 mg of protein) were added to 1 ml of the medium to
provide an absorbance of ~1. After 1 min of preincubation of the
mitochondrial suspension, CaCl, solution was added and absor-
bance changes were detected every 10 s for a further 5 min. The
extent of swelling expressed as absorbance change per 5 min
{AA5S20/5 min) and the maximum swelling rate after CaClz addi-
tion obtained after derivation of the swelling curve expressed as
absorbance change during 10 s (AA5320/10 5) were evaluated as
parameters of the swelling process (39).

Determination of adenylyl cyclase activity. Adenylyl cyclase activ-
ity in crude membrane fractions (n = 6 in each group) was determined
by measuring the conversion of [e-*"P]ATP to [#PJcAMP as previ-
ously described (47). Membrane fractions (20 g of protein) were
mcubated in a total volume 100 pl of reaction mixture in 103 M (48
Trs-HClat pH 8.0, 100 NaCl, 2 MgClz, 20 GTP, 5 phosphoenolpy-
muvate, 40 3-isobutyl-1-methylxanthine, 0.1 cAMP, ~15 000 counts/
min PH]cAMP as a tracer, 32 U of pymuvate kinase, and 0.8 mg/ml

(9]
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Fiz. 2. Myocardial expression and subcellular dismbution of Bl -adrenergic receptors (B1-ARs) and Gue. Eelative protemn levels of B1-ARs (A) and G (H) were

£} and B1-ARs colocalization with sarcolemma quantifie by Mander's M1 comelation coefficien (n =

53 (C) in samples from control rats (Cont) and those acclimated for 5 wk fo cold (CA) and subsequently recovered for 2 wk at 24°C (CAR). Representatrve
mucrographs of longitedinal cryozections of the left venineles stained with anhbodies against B1-ARs {zreen) and the sarcolemma counterstamed with wheat
germ agglutinm (WGA; red); black and white mmapes represent appropnate colocalization pixel map; scale bar = 10 pm ([¥). Values are means + SE,
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Fig. 3. Myocardial protein kinase A (PEA) expression and phosphorylation (p-PEAThr198). Relative protein levels of PEA (A), pPEA (B}, and the pPEATPEA
ratio () were determined in the cytosohe fraction (n = 8) from control rats (Cont) and those acclimated for 5 wk to cold (CA) and subsequently recovered for

2 wk at 24°C (CAR). Values are means + 5E. *F < 0.05 vs. Cont.

BSA). Stimmlated adenylyl cyclase activity was measured i the
presence of specifi agonists m 10-% M (10 dobutamine, 10 salbuta-
mol, 10 BLE. 37344, 10 isoprenaline, and 10 NaF or 10 forskolm).
After 1 min of preincubation, 0.4 * 10~3 M ATP was added together
with 2,000,000 counts/min [e->"PJATP and the incubation proceeded
for 20 min at 30°C. The reaction was stopped by addition of 200 pl
0.5 M HCI and heated at 100°C for 5 min Samples were neutralized
with 200 pl 1.5 M mmidazole. Separation of newly formed [F2PlcAMP
was performed by using dry alumina column chromatography. and the
detected amount of [*?P]lcAMP was corrected for recovery with
[PH]cAMP. Column recovery was 70—75%.

Statistical analysis. For analyses of mfarct size. 12 rats were used
in each group. Mitochondrial fractions from seven LV samples were
nsed for swelling, crude membrane fractions from eight LVs were
used for WB analyses, and six were used for adenylyl cyclase activity
in each group. For quantitative immunofluorescenc - analysis. samples
from fiv hearts per group were used. Data are expressed as
means + SE. Statistical analyses were performed using the GraphPad
Prism & software (GraphPad, San Diego, CA). The distribution of data
was analyzed by Shapiro-Wilk and Komogorov-Smimov nommality
tests. For parametric data one-way ANOVA with Tukey multiple
comparison test was used to identify significan differences between
individual group’s means. Two-way ANOVA with Dunnett’s multiple
comparison test (the effect of cold) and Sidak’s multiple companson
test (the effect of metoprolol) was used for the data from metoprolol
experiment. P <7 0.05 was considered statistically sipmificant

RESULTS

First, we validated our model of gradual cold acclimation
(CA) by determining the weight of BAT and heart parameters.
Subsequently, cardiac ischemic tolerance, blood pressure and
heart rate were assessed. Samples of LV myocardium were
used for the determination of mitochondrial resistance fo cal-
cium overload. Next, we investigated expression of B-ARs and
their association with the sarcolemma and downstream activa-
tion of PEKA_ Finally, adenylyl cyclase activities by measure-
ment of cAMP production after different specifi ligand stim-
ulation were assessed.

The efficienc of cold acclimation process was monitored by

ing BAT. The weight of BAT significantl increased by
158% after CA and remained increased by 136% after recovery
when compared with the control group. Since the rectal tem-
perature did not differ among the groups, a possible hypother-
mic state of the animals during the CA period can be excluded.
CA affected neither body and heart weight nor the heart-to-

body weight ratio (Table 1).

The baseline heart rate and mean artenial blood pressure did
not differ among the groups. Acute administration of meto-
prolol significant]l decreased heart rate in all groups at base-
line as well as after ischemia and reperfusion and tended to
decrease blood pressure, though the later effect usnally did not
reach significanc (Table 2).

The infarct size was reduced to 30% of area at nsk (AR)
after CA and to 23% after CAR compared with 56% in
controls. Acute administration of metoprolol decreased infarct
size in conirols to 40% and had no effect in CA and CAR
groups (Fig. 14). The average area at risk normalized to the LV
{AR/LV) was 46-55% and did not differ among the groups
{Fig. 1B). In line with the infarct size limiting effect of CA, the

maximal mitochondrial swelling rate at 200 pM Ca®* declined
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Fig. 4 Myocardial adenylyl cyclase. Actmaty of adenylyl cvelase (AC) m
myocardial crude membrane fraction from control rats () and those acchi-
mated for 5 wk to cold (CA) and subsequently recovered for 2 wk at 24°C
(CAR) was determined under basal condifions and after stimulation by specifi

p-adrenerzic (B-AR) agonists {dobutamme for f1-AR. salbutamol for p2-AR.
and BLE37344 for R3-AR) and isoprenaline nonspecifi B-AR agomst. MaF
was used as actvator of G proteins and forskolin as activator of AC (n = 6).
Values are means + SE. *F < 0.05, **P < 001, ¥**P < 0.00] v=. come-

sponding basal AC activaty.
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in both experimental groups by 34% and 54%. respectively,
suggesting delayed opening of the mPTP (Fig. 1. C and D).

Neither Western blot analysis nor quanfitative immumofiuo
rescence of P1-ARs showed any significan differences be-
tween control and CA or CAR samples. In line the level of
Gz was not affected (Fig. 2. A-D). After CA, the total PEA
protein amount was not chanpged and only pPEA (Thr198) was
increased by 17%; however, the ratio of pPEA/PEA was not
sipnificantl affected (Fig. 3, A-C).

Activity of adenylyl cyclase was measured under basal
conditions and in the presence of selected P-adrenergic ago-
mists in all experimental groups. Basal activity of adenylyl
cyclase did not differ among the groups. Whereas dobutamine
(selective B1-AR agonist) and salbutamol (selective P2-AR
agonist) shightly but significant] increased the adenylyl cy-
clase activity by 16—19%, BLR 37344 (selective B3-AR apo-
nist) did not have any effect. Isoprenaline (nonselective p-ad-
renergic agonist) markedly mereased the adenylyl cyclase

CARDIOFROTECTION BY GRADUAL COLD ACCLIMATION AND B-ARs

activity by 61% without any significan differences among the
groups. The ability of G: protein to activate adenylyl cyclase
was tested using fluorid ions (NaF). The MNaF increased
adenylyl cyclase activity about fourfold without any difference
among the groups. Forskolin, a direct activator of adenylyl
cyclase, increased its activity 10-fold in all expenimental
groups and neither CA nor CAR affected its ability to activate
the enzyme (Fig. 4).

CA increased the amount of P2-ARs in the membrane
fraction by 46% and the fraction that localized at the sarco-
lemma by 16%. Similarly, CAR was accompanied by a 30%
increase in the total amount of B2-ARs, while their colocal-
ization with the sarcolemma did not change compared with
controls (Fig. 5. A—C). The protein level of B3-ARs increased
after CA by 34% and remained increased after CAR by 52%.
Analysis of the subcellular distribution of P3-ARs revealed
their increased co-localization with the sarcolemma in CA and
CAR groups by 18% and 12%, respectively (Fig. 6. A-C).
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Fiz. 5. Myocardial expression and subcellular distnbution of p2-adrenergic receptors (B2-ARs). Relative protem level of B2-AFs m crude membrane frachons
(n = B) (A} and B2-ARs= colocalization with zarcolemma quantifie by Mander’s M1 conelation coefficien {n = 5) (H) in control rats (Cont) and those acclimated
for 5 wk to cold (CA) and subsequently recovered for 2 wk at 24°C (CAR). Eepresentative micrographs of longitudmal cryosections of the left ventricles stained
with antibodies agamst B2-ARs (green) and the sarcolemma counterstained with WA (red); black and white images represent appropriate colocalization prxel
map; scale bar = 10 pm (C). Values are means + SE. *P = 0.03, *##*P < (001 vs. Cont.
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Fiz. 6. Myocardial expression and subcellular distnbuhon of f3-adrenergic receptors (B3-ARs). Relative protem level of B3-ARs was determuned m myocardial
crude membrane fraction (n = &) (A) and of B3-ARs coloczhization with sarcolemma quantifie by Mander’s M1 comelation coefficien (n = 3) (F) m samples
from confrol rats (Cont) and those acclimated for 5 wk to cold (CA) and subsequently recovered for 2 wk at 24°C (CAR). Representative micrographs of
lonzitudmal cryosections of the left ventncles stamed with antbodies agamst B3-ARs {zreen) and the sarcolemma counterstained with WGA {red); black and
white images represent appropriate colocalization prxel map; scale bar = 10 pm (C). Values are means + SE. *P < 0.05, ** P < 001, ***P < 0.001 vs. Cont.

MSCUSSION

In the present study we demonstrate infarct size-limiting
effect of CA that persisted over the next ? wk that was
accompanied by decreased sensitivity of mPTP to Ca’*-in-
duced opening. Importantly, we observed neither hyvpertension
nor L'V hypertrophy. In view of the essential role of the
sympathefic system in CA we focused on examining whether
the development of a cardioprotective phenotype is associated
with altered P-AR signaling Using the specifi agomists on
criade membrane fractions. we observed that neither CA nor
CAR affected functioning of the myocardial B1/B2/B3-AR-
mediated adenylyl cyclase signaling system Acute administra-
tion of metoprolol 20 min before coronary occlusion did not
affect CA-elicited cardioprotection. Furthermore, the enhanced
myocardial protection was accompanied by increased translo-
cation of B2- and P3-ARs but not of B1-ARs to the sarco-
lemma.

Prolonged activation of B1-ARs is generally understood as
detnmental and P2-AR stimulation as protective. However, 1t
became clear that the protective and detrimental effects depend
on the duration and intensity of stimulation of both receptor
subtypes (reviewed by (6)). The effect of cold exposure on the
heart has been rarely studied at the molecular level, and there
are only two reports dealing with AR-mediated signaling. Xing
et al (58) revealed increased adenylyl cyclase activity in
skeletal muscle and liver during the firs 3 wk of intermiftent
daily cold exposure (swimming in 4°C cold water, 30 min per
day) that returned to the control value within the fourth week
Tillinger et al (51) reported that the mRNA Ievel of B1-ARs in
the rat heart after 28 days of cold exposure at 4°C did not differ
from confrol level

In this study, metoprolol admimstration decreased infarct
size in control rats, which is in agreement with previous
studies. Metfoprolol, a specifi P1-AR antagonist, blocks the
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cardiac responses of released catecholamines profecting the
myocardium when given before the onset of ischenuia (10, 31).
The metoprolol effect, seen as a drop of heart rate, may prevent
hyperactivation of the PK A pathway and thus attennate the rate
of oxygen and energy substrate depletion within affected car-
diomyocytes during ischemia Importantly, metoprolol admin-
istration did not affect the cardioprotection elicited by CA
Thiz observation may suggest that B1-ARs are not a major
plaver in the CA-elicited cardioprotection despite the fact that
they play an important role in the development of nonshivering
thermogenesis (12).

Abnormalities in G proteins, adenylyl cyclase activity, and
cAMP levels may be responsible for the altered cardiac per-
formance and vascular function observed in hypertension and
hypertrophy (7). It was repeatedly demonsirated that chronic
cold exposure mduces both systemic hypertension and hyper-
ﬁ'ophjf {18, 52). Blockade of B-ARs by propranolol confirme

the importance of these recepiors m the development of hy-
pertension (43, 57). Interestingly, pulmonary hypertension and
right ventricular hypertrophy caused by chronic hypoxia was
found to be associated with depressed responsiveness to B-ad-
renergic stimulation and deranged adenylyl cyclase signaling
(21, 24). The unaltered function of myocardial B-AR-medi-
ated adenylyl cyclase signaling after mild CA may explain
the absence of hypertension in our cardioprotective model.
Moreover, we suppose that animal housing in pairs and in
well-bedded cages can forestall additive side-effects of cold
and social stress that could otherwise result in hypertension
(48). Individual housing in a cold environment can have an
adverse effect on cardiovascular system and develop hyper-
tension accompanied with irreversible ventricular hypertro-
phy in rats (49).

The mild increase of phosphorylated PEA after CA ob-
served in the present study may be related to the dual function
of the enzyme in adrenergic signaling Besides the stimulation
of adenylyl cyclase, the second important function of PEA-
mediated phosphorylation of the B2-ARs is the attermation of
the affinit of the receptor to Guos and thus the promotion of
receptor coupling to Gia (14, 59). The observed increase in an
association of B2-ARs with the sarcolemma after CA may
suggest an activation of the p2-AR-Gi-related pathways asso-
ciated with cell survival and antiapoptotic effects in cardiac
myocytes (14, 60). Furthermore, B2-ARs influenc wvascular
reactivity and may participate in the regulation of blood pres-
sure (37).

Interestingly, the amount of f3-ARs that lack phosphoryla-
tion sites and thus are resistant to PKA-mediated phosphory-
1:1[1011 (44) was increased in both experimental groups. p3-

ARs predominantly coupled to Gy and functionally different
from other B-AR subtypes, may prevent catecholamine over-
stimulation (40). Moreover, the B2/A3-AR signaling via G
plays an important role in attenuation of hypertrophic remod-
eling through the inhibition of Ca’* overload (22). This is in
line with the absence of myocardial hypertrophy in CA rats in
the present study. Interestingly, stimmlation of the P3-ARs
during IR improved cardiac fimction through inhibition of
mPTP opening in cardiomyocytes (19). The probability of
mPTP opening plays an essenfial role in cardiac IR injury and
its attemuation is cytoprotective (1, 25, 41). The inlibitory
effect of CA on mPTP opening in our study is m line with this
view. Importantly, administration of B3-AR agonist was shown

CARDIOFROTECTION BY GRADUAL COLD ACCLIMATION AND B-ARs

to have a limiting effect on infarct size, and clinical application
of B3-AR aponists dunng ischemia and/or early reperfusion
was recommended (3, 44). Based on these data, we speculate
that the CA-elicited cardioprotection may be at least partially
based on noncanonical B2/R3-AR signaling Nevertheless, the
control of B3-ARs activity in the heart is complex (11) and
regulation of these receptors in the context of gradual CA
needs further thorough mmvestigation.

In conclusion, our study demonstrates for the firs fime that
mild gradual cold acclimation leads to a persisting infarct size
reduction without hypertension and myocardial hypertrophy.
The cardioprotective mechanism is independent of cAMP sig-
naling and may involve delayed mPTP opening. The role of
upregulated P2/B3-ARs remains to be elucidated. Our expen-
ments idenfifie gradual cold acclimation as a novel potential
preventive and therapeutic sirategy against myocardial IR
injury.
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