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M O L E C U L A R  B I O L O G Y

The adenine nucleotide translocase family underlies 
cardiac ischemia-reperfusion injury through the 
mitochondrial permeability pore independently  
of cyclophilin D
Pooja Patel1†, Arielys Mendoza1†, Daniel Ramirez1, Dexter Robichaux1,  
Jeffery D. Molkentin2, Jason Karch1,3*

The mitochondrial permeability transition pore (mPTP) is implicated in cardiac ischemia-reperfusion (I/R) injury. Dur-
ing I/R, elevated mitochondrial Ca2+ triggers mPTP opening, leading to necrotic cell death. Although nonessential 
regulators of this pore are characterized, the molecular identity of the pore-forming component remains elusive. Two 
of these genetically verified regulators are cyclophilin D (CypD) and the adenine nucleotide translocase (ANT) family. 
We investigated the ANT/CypD relationship in mPTP dynamics and I/R injury. Despite lacking all ANT isoforms, Ca2+-
dependent mPTP opening persisted in cardiac mitochondria but was desensitized. This desensitization conferred re-
sistance to I/R injury in ANT-deficient mice. CypD is hypothesized to trigger mPTP opening through isomerization of 
ANTs at proline-62. To test this, we generated mice that expressed a P62A mutated version of ANT1. These mice 
showed similar mPTP dynamics and I/R sensitivity as the wild type, indicating that P62 is dispensable for CypD regula-
tion. Together, these data indicate that the ANT family contributes to mPTP opening independently of CypD.

INTRODUCTION
The opening of the mitochondrial permeability transition pore 
(mPTP) is a major contributing factor to cardiac ischemia-reperfusion 
(I/R) injury (1). The mPTP is an unidentified nonselective pore that 
resides within the inner mitochondrial membrane and is activated by 
increased matrix Ca2+ (2). Regulators of this pore include cyclophilin 
D (CypD), the Bcl-2 family, and the adenine nucleotide translocase 
(ANT) family (3–5). CypD is a cis-trans peptidyl-prolyl isomerase 
(PPIase) that resides in the mitochondrial matrix (6). Genetic dele-
tion or pharmacological inhibition of CypD desensitizes the mPTP to 
Ca2+-dependent opening and decreases the infarct size in animal 
models subjected to I/R injury (7, 8). Deletion of proapoptotic Bcl-2 
family members BAX and BAK1 inhibits Ca2+-dependent mitochon-
drial swelling and leads to a reduction in infarct size in mice following 
I/R injury (4, 9, 10). The ANT family is responsible for transporting 
adenosine diphosphate (ADP) into the mitochondrial matrix and ad-
enosine triphosphate (ATP) into the intermembrane space (11). 
Originally, the ANT family was thought to be the pore-forming com-
ponent of the mPTP due to inhibitors and substrates of the family 
having severe effects on mPTP kinetics. In addition, because of its 
association with CypD, it has been speculated that CypD is able to 
trigger mPTP opening through the ANT family, specifically at the 
highly conserved proline-62 within the first matrix facing loop of the 
ANT (12). However, genetic deletion of the ANT family in the liver 
revealed that they are not essential for mPTP opening to occur 
(13, 14). Recently, we showed that the loss of the ANT family coupled 
with the loss or inhibition of CypD completely blocks mPTP opening 
in liver mitochondria, suggesting the existence of two distinct 

mechanisms of permeability transition (13). This “two-pore” hypoth-
esis was pursued and affirmed in skeletal muscle mitochondria in 
context to muscular dystrophy. Dystrophic mice lacking ANT1 have 
reduced cell death, and cell death is further reduced in dystrophic 
mice lacking both ANT1 and CypD (15).

Here, we genetically removed all isoforms in the ANT family in 
the heart and found that cardiac ANT-null (ANT-cTKO) mitochon-
dria have a greater Ca2+ retention capacity (CRC) than controls and 
the CRC was further increased when treated with CypD inhibitor, 
cyclosporine A (CsA). In addition, ANT-cTKO mice have reduced 
infarct size compared to controls following I/R injury. Furthermore, 
wild-type (WT) and ANT2-only expressing mice treated with CsA 
were less resistant to I/R injury than cTKO mice treated with 
CsA. To determine whether CypD could regulate the mPTP through 
P62 within the ANT, we generated ANT1P62A expressing mice 
(ANT1P62A/P62A). We found that proline-62 is dispensable for CypD-
dependent mPTP activation. Mice and mitochondria only express-
ing this mutant version of ANT1 were still responsive to CypD 
inhibition through CsA measured by infarct size reduction and 
mPTP desensitization.

RESULTS
Inhibition of the mPTP through the ANT family and CypD 
regulators increases the CRC in cardiac mitochondria
Recently, we published that the mPTP can be completely inhibited in 
liver mitochondria treated with ADP and CsA (13). To determine 
whether these results could translate to cardiac mitochondria, we 
treated mitochondria isolated from WT mice hearts to Ca2+ boluses 
following treatment with CsA, ADP, or a combination of both (Fig. 1, 
A to C). The amount of Ca2+ necessary to activate the mPTP in-
creased upon the treatment of either CsA or ADP (Fig. 1B); however, 
the combination of ADP and CsA led to the complete inhibition of 
the mPTP indicated by the loss of Ca2+ uptake with the simultaneous 
absence of mitochondrial swelling (Fig. 1, A and C). To confirm 
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these results genetically, we subjected cardiac mitochondria isolated 
from Ppif −/− mice (Ppif is the gene that encodes for CypD) to a similar 
set of assays treated with or without CsA, ADP, or in combination 
prior to Ca2+ boluses. Because CypD null mitochondria are already 
desensitized to Ca2+-dependent swelling, their baseline CRC is high-
er than WT mitochondria and the treatment of CsA did not affect 
mPTP kinetics (Fig. 1, D to F). Treatment of ADP is able to inhibit 
Ca2+-induced mPTP opening in CypD null mitochondria similarly 
to the combination treatment CSA and ADP (Fig. 1, D to F).

To test how the genetic loss of the Ant family affects mPTP 
dynamics and cell death in the heart, we generated mice lacking 
all ANT isoforms. We crossed previously generated Slc25A4−/− 
(Ant1−/−), Slc25a5-LoxP (fl) (Ant2fl/fl), Slc25a31−/− (Ant4−/−), and 
αMHC-MerCreMer (MCM) transgenic mice to generate Ant1−/−, 
Ant2fl/fl-MCM, Ant4−/− (ANT-cTKO), and controls, Ant1−/−, Ant2fl/fl, 
Ant4−/− (ANT2-only). Both groups of these mice and WT mice were 
subjected to the same tamoxifen regimen, and deletion of the ANT 
isoforms was confirmed by Western blot analysis (Fig. 2, A to C). 

Fig. 1. CypD inhibition or deletion plus ADP treatment synergistically desensitizes mPTP opening in heart mitochondria. (A) Representative traces of cardiac mitochon-
drial CRC assay of WT heart mitochondria untreated (black), pretreated with 300 μM ADP (blue), 2 μM CsA (purple), or a combination of 300 μM ADP and 2 μM CsA (red). Each bolus 
of calcium (20 μM CaCl2) is indicated by black triangles. The addition of 7 μM alamethicin is indicated by a red triangle. AU, arbitrary units. (B) Quantification of (A). (C) Representative 
trace of the mitochondrial swelling assay corresponding to (A). (D) Representative traces of cardiac mitochondrial CRC assay of CypD null heart mitochondria untreated (black), 
pretreated with 300 μM ADP (blue), 2 μM CsA (purple), or a combination of 300 μM ADP and 2 μM CsA (red). Each bolus of calcium (20 μM CaCl2) is indicated by black triangles. 
(E) Quantification of (D). (F) Representative trace of corresponding mitochondrial swelling of (D). For all panels of data, n = 3. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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Deletion of Ant1 and Ant4 led to a ~3-fold increase in ANT2 in 
the ANT2-only expressing mice (Fig. 2C). This increase was sig-
nificantly reduced similarly to WT levels of ANT2 in the ANT-
cTKO mice (Fig. 2C). This is likely the lowest achievable level of 
ANT expression in the heart without inducing lethality or aber-
rant changes in heart size or function following tamoxifen treat-
ment (Fig. 2, D to F, and fig. S1). Furthermore, no differences were 
observed in oxygen consumption rates (OCRs) between heart mi-
tochondria isolated from ANT2-only and ANT-cTKO mice and 
subjected to a mitochondrial stress test (fig. S2).

Once the cardiac ANT null model was established, we isolated 
heart mitochondria from ANT-cTKO and ANT2-only mice and 

subjected them to the CRC and mitochondrial swelling assays (Fig. 
3, A to L). There were no significant differences between the ANT2-
only versus WT mice at baseline; however, the ANT-cTKO mito-
chondria have significantly increased the CRC (Fig. 3, A to C). 
When pretreated with ADP, both ANT2-only and ANT-cTKO mi-
tochondria had significantly increased the CRC compared to WT 
controls (Fig. 3, D to F), However, when pretreated with CsA or a 
combination of CsA and ADP, ANT-cTKO mitochondria had a sig-
nificantly higher level of CRC compared to the WT or ANT2-only 
mitochondria (Fig. 3, G to L). Together, these results show that the 
deletion of the ANT family leads to mPTP desensitization, which is 
further exacerbated when CypD is inhibited compared to controls.

Fig. 2. Baseline characterization of cardiac-specific triple ANT knockout hearts. (A) Schematic of genetic generation of Ant2fl/fl αMHC-MerCreMer mice and tamoxifen 
(Tam) regimen. ip, intraperitoneally. (B) Representative Western blots of ANT1, ANT2, ANT4, CypD, and OXPHOS (UQCRC2, loading control) using WT, ANT2-only, and 
ANT-cTKO heart mitochondrial protein isolates. (C) Protein quantifications of ANT1, ANT2, and CypD over UQCR2 expression relative to the WT sample. (D) Quantifications 
of heart weight over body weight (HW/BW) and heart weight over tibia length (HW/TL) of 3.5-month-old WT (gray), ANT2-only (blue) and ANT-cTKO (purple). (E) Repre-
sentative gross and histological images of H&E and Masson’s trichrome staining on cross sections of WT, ANT2-only, and ANT-cTKO hearts. (F) Echocardiographic analysis 
was performed on 3.5-month-old WT, ANT2-only, and ANT-cTKO hearts 2 months after tamoxifen treatment; ejection fraction and fractional shortening are graphed. 
*P ≤ 0.05; ****P ≤ 0.0001; n.s., not significant.
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Fig. 3. Mitochondria isolated from ANT cTKO hearts have increased the CRC. (A) Representative traces of cardiac mitochondrial CRC assay of WT (black), ANT2-only 
(blue), and ANT-cTKO (purple) cardiac mitochondria treated with boluses of calcium (20 μM CaCl2) as indicated by black triangles. (B) Representative trace of mitochondria 
swelling corresponding to (A). (C) Quantification of the mitochondrial CRC calculated from calcium uptake, as in (A). (D) Representative traces of cardiac mitochondrial CRC 
assay of WT, ANT2-only, and ANT-cTKO cardiac mitochondria pretreated with 300 μM ADP and then treated with boluses of calcium (20 μM CaCl2) as indicated by black 
triangles. (E) Representative trace of mitochondria swelling corresponding to (D). (F) Quantification of the mitochondrial CRC calculated from calcium uptake, as in 
(D). (G) Representative traces of cardiac mitochondrial CRC assay of WT, ANT2-only, and ANT-cTKO cardiac mitochondria pretreated with 2 μM CsA and then treated with 
boluses of calcium (20 μM CaCl2) as indicated by black triangles. (H) Representative trace of mitochondria swelling corresponding to (G). (I) Quantification of the mitochon-
drial CRC calculated from calcium uptake, as in (G). (J) Representative traces of cardiac mitochondrial CRC assay of WT, ANT2-only, and ANT-cTKO cardiac mitochondria 
pretreated with 300 μM ADP and 2 μM CsA and then treated with boluses of calcium (20 μM CaCl2) as indicated by black triangles. (K) Representative trace of mi-
tochondria swelling corresponding to (J). (L) Quantification of the mitochondrial CRC calculated from calcium uptake, as in (J). *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001; n.s., 
not significant.
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Hearts lacking all isoforms of the ANT family are protective 
during I/R injury
Because the ANT family positively regulates the mPTP, we hypoth-
esize that the deletion of all isoforms of the ANT family in the heart 
would be cardioprotective during I/R injury. To test this hypothesis, 
we subjected WT, ANT2-only, and ANT cTKO mice to 60 min of 
ischemia via ligation of the left anterior descending (LAD) artery 
followed by 24 hours of reperfusion. We found that ANT-cTKO 
hearts had smaller infarct sizes than both WT and ANT2-only 
hearts (Fig. 4, A to E).

Because dual inhibition of the ANT family and CypD provided 
the greatest desensitization of the mPTP, we treated WT, ANT2-
only, and ANT-cTKO mice with CsA prior to subjecting them to I/R 
surgery. CsA treatment was able to significantly reduce infarct sizes 
in WT, ANT2-only, and ANT-cTKO mice (Fig. 5, A to I). However, 
ANT-cTKO mice treated with CsA had a significantly lower infarct 
size compared to both WT and ANT2-only mice treated with CsA 
(Fig. 5, J and K). These data suggest that the ANT-dependent mPTP 
and CypD-dependent mPTP are both regulators of cell death during 
I/R injury and that they may lead to mitochondrial dysfunction in-
dependently of one another.

Proline-62 within ANT1 is dispensable for mPTP regulation
An untested long-standing hypothesis has been that proline-62 with-
in the first matrix loop of the ANT is the site of CypD isomerization 
activity to trigger mPTP opening. To test this hypothesis, we generated 
a novel proline-62 to alanine mutant ANT1 mouse line (ANT1P62A: 

Ant1P62A/P62A) using CRISPR-Cas9–mediated gene editing (Fig. 6A). 
We also introduced an Nru I cut site, for genotyping purposes (Fig. 
6A). We confirmed expression of the mutant ANT1 through Western 
blot analysis (Fig. 6B). Last, we crossed these ANT1P62A mice with 
the Ant2fl/fl, Ant4−/−, and βMHC-Cre transgenic mice to generate 
Ant1P62A/P62A, Ant2fl/f-βMHC-Cre, Ant4−/− (ANT1P62A-only) mice to 
isolate the mutant ANT1 in the heart. Baseline characterization of 
these mice revealed no significant differences in heart weight, histo-
logical analysis, or functional analysis between WT, ANT1P62A, or 
ANT1P62A-only mice (Fig. 6, D to G, and fig. S3). Analysis of mito-
chondrial OCR revealed that ANT1P62A-only expressing mice have 
overall lower OCR and maximal respiratory capacity (fig. S4).

To determine whether this proline within ANT1 is responsible 
for regulating mPTP dynamics, we subjected WT and ANT1P62A 
heart mitochondria to the CRC and swelling assays and found no 
changes in Ca2+-dependent mPTP opening kinetics (Fig. 7, A and 
B). The ANT1P62A expressing mutant mitochondria still respond-
ed to both CypD inhibition through CsA and ADP to desensitize 
the mPTP. To rule out the contribution of ANT2 or ANT4, we also 
subjected the ANT1P62-only heart isolated mitochondria to a simi-
lar set of experiments (Fig. 7, C and D). No significant differences 
were observed in mitochondrial CRC between ANTP62A-only, 
WT, or ANT1P62A (Fig. 7, E to H). These data suggest that proline-
62 within the first matrix loop of the ANT family is dispensable for 
regulating CypD-dependent mPTP opening or ANT-dependent 
mPTP opening; therefore, this proline is not the site of CypD isom-
erization for triggering the mPTP.

Inhibition of CypD reduces the infarct size in ANT1P62A-only 
expressing mutant mice
To corroborate our ex vivo findings, we subjected WT and ANT1P62A-
only cardiac expressing mice to I/R injury with and without CsA 
treatment. We found that the ANT1P62A-only mice display similar 
infarct sizes to that of WT mice and that CsA treatment shows sim-
ilar efficacy in both groups of mice (Fig. 8, A to F). These data com-
bined with the mitochondrial CRC/swelling analysis definitively 
show that CypD does not regulate the mPTP through proline-
62 on ANT1.

DISCUSSION
The original model of the mPTP consisted of the ANT family being 
regulated by CypD to trigger pore opening in the presence of high 
Ca2+ (13). When either the ANT family or CypD are genetically de-
leted, the mPTP still opens but requires more Ca2+ to open. Previ-
ously, it was shown in liver and skeletal muscle mitochondria that 
dual inhibition or deletion of both CypD and the ANTs leads to a 
complete inhibition of the mPTP (13, 15), suggesting that the mPTP 
requires at least one of these regulators to open. These results sup-
port the hypothesis that the mPTP may be composed of two pores. 
Here, we show that this model is supported in the heart as dual in-
hibition of the ANTs and CypD provides the strongest inhibitory 
effect against mPTP opening. Furthermore, we showed that the 
ANT family positively contributes to infarct size during I/R injury. 
Notably, deletion of the ANTs from the heart significantly reduced 
the infarct size in mice that were pretreated with CsA. These data 
suggest that the ANT family positively contributes to infarct size 
independently of CypD. CypD-independent mPTP activity through 
the ANT family may explain why CsA treatment was not effective at 

Fig. 4. ANT cTKO hearts are protected from I/R injury. (A to C) Representative 
cross section of Evans blue dye and 2,3,5-triphenyltetrazolium chloride stained WT 
(n = 9) (A), ANT2-only (n = 18) (B), and ANT cTKO (n = 12) (C) hearts after 60 min of 
ischemia followed by 24 hours of reperfusion. (D) Quantification of the area at risk 
of WT, ANT2-only, and ANT cTKO hearts. (E) Quantification of the infarct region over 
area at risk of WT, ANT2-only, and ANT cTKO hearts. **P ≤ 0.01; ***P ≤ 0.001.
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improving clinical outcome following a myocardial infarction in 
human clinical trials (16).

Previous studies have shown that CypD and ANTs are binding 
partners, which suggests that CypD may trigger mPTP opening 
through the ANT family (17, 18). CypD is a cis-trans PPIase, and 
sanglifehrin A and CsA inhibit its PPIase activity and hamper mPTP 

opening, which suggests that the PPIase activity is important for 
mPTP opening (12, 19). In addition, Baines et al. showed that the 
expression of PPIase-dead CypD into CypD-deficient mouse embry-
onic fibroblasts was unable to restore their sensitivity to H2O2-
dependent cell death (7). In another study, Casin et al. generated 
a CypD isomerase-dead mutant mouse that had increased the 

Fig. 5. Inhibition of CypD and deletion of the ANT family conveys additive protection from I/R injury. (A) Representative heart cross sections stained with Evans blue 
dye and 2,3,5-triphenyltetrazolium chloride from WT mice pretreated with vehicle or CsA (10 mg/kg) hearts and then subjected to 60 min of ischemia followed by 24 hours 
of reperfusion. (B) Quantification of the area at risk of (A). (C) Quantification of the infarct region over area at risk of (A). (D) Representative heart cross sections stained with 
Evans blue dye and 2,3,5-triphenyltetrazolium chloride from ANT2-only mice pretreated with vehicle or CsA (10 mg/kg) hearts and then subjected to 60 min of ischemia 
followed by 24 hours of reperfusion. (E) Quantification of the area at risk of (D). (F) Quantification of the infarct region over area at risk of (D). (G) Representative heart cross 
sections stained with Evans blue dye and 2,3,5-triphenyltetrazolium chloride from ANT-cTKO mice pretreated with vehicle or 10 mg/kg CsA hearts and then subjected to 
60 min of ischemia followed by 24 hours of reperfusion. (H) Quantification of the area at risk of (G). (I) Quantification of the infarct region over area at risk of (G). (J and 
K) Quantification of the area at risk (J) and infarct region over area at risk (K) of WT, ANT2-only, and ANT-cTKO mice pretreated with CsA (10 mg/kg) and then subjected to 
I/R injury. **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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mitochondrial CRC and decreased swelling, which suggests that 
CypD isomerase activity is important for mPTP activation (20). Pri-
or investigations have hypothesized that the proline isomerization 
event targeted by CypD was proline-62 within the first matrix loop of 
the ANT family (8, 12). Proline-62 is a highly conserved residue in 
ANT isoforms among mammals and is believed to be important for 
the matrix-facing state (m-state)–to–cytosol-facing state (c-state) 
transition of the ANT family; the latter state is associated with mPTP 
activation (11, 21). Notably, yeast mitochondria have mPTP activity 
that is unresponsive to CsA treatment and proline-62 is not present 
in the yeast ANT ortholog (12, 22, 23). To test whether proline-62 is 
a regulator of the mPTP, we generated mutant mice that contain an 
alanine in place of proline-62 of ANT1. In addition, we isolated this 
mutant isoform of ANT1 in the heart. We found that this proline is 

dispensable for regulating the mPTP as mPTP kinetics were un-
changed in the mutant expressing mitochondria measured by CRC 
and mitochondrial swelling assays. Furthermore, when we subjected 
these mice to I/R injury, CsA pretreatment was effective at reducing 
the infarct size and the infarct size in the vehicle treatment cohort 
was indistinguishable from WT mice. Together, these data show that 
proline-62 within ANT1 is not the proline targeted by CypD to trig-
ger mPTP opening.

Although CypD does not activate the mPTP through proline-62 
within the ANT family, there may be other candidates to consider. 
Beyond the ANT family, previous studies have shown that CypD 
can bind to the ATP Synthase Peripheral Stalk Subunit OSCP 
(ATPO), leading to a conformational change that results in pore 
opening at the interface of the F0 domain (24–26). In addition, there 

Fig. 6. Generation and baseline characterization of ANT1P62A expressing mice. (A) Left: Schematic and sequence analysis of the generation of Ant1P62A mutant allele. 
Right: Genotyping gel for Ant1 spanning the P62A allele cut with or without Nru I was run using DNA isolated from Ant1WT/WT and Ant1P62A/P62A mice. bp, base pairs. 
(B) Representative Western blots using cardiac mitochondrial protein isolates from WT, ANT1P62A, and ANT1P62A-only expressing mice of ANT1, ANT2, ANT4, CypD, and 
UQCRC2 (loading control). (C) Protein quantifications of ANT1 and ANT2 over UQCR2 expression relative to the WT sample. (D) Quantification of the heart weight to body 
weight and heart weight to tibia length ratios of WT, ANT1P62A, and ANT1P62A-only mice. (E) Representative whole hearts and cross sections of WT, ANT1P62A, and 
ANT1P62A-only hearts stained with H&E or Masson’s trichrome (MT). (F) Echocardiographic analysis for ejection fraction and fractional shortening of WT, ANT1P62A, and 
ANT1P62A-only mice.



Patel et al., Sci. Adv. 10, eadp7444 (2024)     11 December 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 10

is a group of SLC25a carrier proteins that exchange inorganic Mg2+ 
and ATP across the inner mitochondrial membrane that could bind 
to CypD called the ATP-Mg/Pi (inorganic phosphate) carriers (27). 
These proteins contain EF hands, which are Ca2+ regulatory do-
mains and have been shown to modulate Ca2+ uptake as well as oxi-
dative stress–induced cell death (27, 28). Moreover, these proteins 
have conserved prolines within the mitochondrial matrix that could 
potentially be targeted by CypD. Because the isomerization activity 
of CypD is critical for mPTP activity, the essential proline targeted 
by CypD has yet to be identified.

MATERIALS AND METHODS
Animal models
Slc25a4−/− (Ant1−/−), Slc25a5-LoxP (fl) (Ant2fl/fl), and Slc25a31−/− 
(Ant4−/−) mice were described previously (14,  29). To generate 
cardiac-specific deletion of Ant2fl/fl mice, we crossed in transgenic mice 
expressing the tamoxifen-inducible Cre recombinase (MerCreMer) 
under the control of αMHC (α-myosin heavy chain) promoter 
transgenic mice (MCM) or transgenic mice expressing the Cre recom-
binase under the βMHC (β-myosin heavy chain) promoter (30, 31). 
Ant-triple-null hearts (ANT-cTKO) were generated using Ant1−/−, 
Ant2fl/fl-MCM, Ant4−/− that were injected intraperitoneally with tamoxi-
fen (50 mg/kg) every other day for 2 weeks. Control mice, Ant1−/−, 
Ant2fl/fl, Ant4−/− (ANT2-only) littermates not expressing the MCM 
and WT mice, were subjected to an identical tamoxifen regimen. 
ANT1P62A mice were generated using CRISPR-Cas9 with cytosolic 
Cas9 protein embryo microinjections. Mice were generated on a 
C57BL/6 background and backcrossed with WT C57BL/6 mice seven 
generations prior to being used for experimentation to eliminate 
CRISPR-Cas9 off-target gene editing. To generate ANT1P62A mutant-
only expressing mice, we crossed the Ant1P62A/P62A with Ant2fl/fl-βMHC-Cre 
and Ant4−/− mice. All experimental procedures with animals were 
approved by the Institutional Animal Care and Use Committee 
(IACUC) of Baylor College of Medicine (protocol IACUC AN-7915). 
All mice were treated humanely as per compliance with the rules and 
regulations of animal care and euthanasia under this committee. The 

Fig. 7. Proline-62 within ANT1 is dispensable for regulating mitochondrial 
CRC and swelling. (A) Representative mitochondrial calcium uptake of cardiac 
mitochondria isolated from WT and ANT1P62A expressing mice treated with or 
without 300 μM ADP and/or 2 μM CsA. Each bolus of calcium is 20 μM CaCl2 and 
is indicated by black triangles, and red triangles indicate the addition of 7 μM 
alamethicin. (B) Mitochondrial swelling corresponding to (A). (C) Representative 
mitochondrial calcium uptake of cardiac mitochondria isolated from ANT1P62A-
only expressing mice treated with or without 300 μM ADP and/or 2 μM CsA. Each 
bolus of calcium is 20 μM CaCl2 and is indicated by black triangles, and a red tri-
angle indicates the addition of 7 μM alamethicin. (D) Mitochondrial swelling cor-
responding to (C). (E to H) Quantification of the mitochondrial CRC calculated 
from (A) and (C). Three independent experiments (n = 3) were performed for 
every panel.

Fig. 8. ANT1P62A-only expressing mice are sensitive to CypD inhibition for 
reducing the infarct size. (A to D) Representative cross section of Evans blue dye 
and 2,3,5-triphenyltetrazolium chloride stained WT and ANT1P62A-only mice treat-
ed with vehicle [(A) and (C)] or CsA (10 mg/kg) [(B) and (D)]. Mice were then sub-
jected to cardiac I/R injury by 60 min followed by 24 hours of reperfusion. Scale 
bars, 1 mm. (E and F) Quantification of the area at risk and infarct region over area 
at risk of WT mice (E) and ANT1P62-only mice (F). *P ≤ 0.05; **P ≤ 0.01.
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minimal number of mice was used in this study to attain statistical 
significance based on power analysis calculations.

Heart mitochondrial isolations
Heart ventricles were isolated from WT, Ppif−/−, ANT-cTKO, ANT2-
only, ANT1P62A, or ANT1P62A-only mice and washed in a mito-
chondrial isolation buffer and then minced into 1- to 2-mm pieces in 
1.5 ml mitochondrial isolation buffer (225 mM mannitol, 75 mM su-
crose, 5 mM Hepes, and 1 mM EGTA). The tissue was homogenized 
using a Teflon/glass tissue grinder (~15 strokes). All steps were per-
formed on ice. The homogenates were then centrifuged at 800g for 
5 min, and the supernatants were then collected and centrifuged at 
10,000g for 10 min. The supernatants were aspirated, and the pellet 
was washed with 7 ml of an isolation buffer and then centrifuged at 
10,000g for 10 min. All centrifugations were performed at 4°C. The 
pellet from the last spin was suspended in 1 ml of a KCl buffer [125 mM 
KCl, 20 mM Hepes, 2 mM KH2PO4, and 40 μM EGTA (pH 7.2)], and 
mitochondrial concentration was measured using a Nanodrop.

CRC and mitochondrial swelling assays
Two milligrams of isolated mitochondria was suspended in a total vol-
ume of 1 ml consisting of a KCl buffer, 1 mM malic acid (Sigma-Aldrich), 
7 mM pyruvate (Sigma-Aldrich), and 50 nM Calcium Green-5N 
(Invitrogen) in a quartz cuvette, which was placed inside the fluorimeter 
(PTI QuantaMaster 800, Horiba Scientific). Calcium uptake was mea-
sured by fluorescence emission of Calcium Green-5N. Simultaneously, 
mitochondrial swelling was measured by transmittance light. Some ex-
periments included ADP (300 μM) (Sigma-Aldrich, A2754) or CsA 
(2 μM) (Sigma-Aldrich, 30024) to desensitize the mPTP. CaCl2 (20 μM) 
(Sigma-Aldrich, C4901) was added into this system in succession until 
mPTP opening occurred, indicated by an increase in Calcium Green-5N 
fluorescence or when mitochondria were saturated with Ca2+ and were 
no longer able to take up further additions of CaCl2, indicated by a stair 
stacking of Calcium Green-5N fluorescence. CRC was quantified as pre-
viously described (32).

Western blotting
Mitochondrial pellets were suspended in a radioimmunoprecipitation 
assay buffer [10 mM tris-HCl (pH 7.49), 100 nM NaCl, 1 mM EDTA, 
1 nM EGTA, 1% Triton X-100, 10% glycerol, 0.1% SDS, and 0.5% 
sodium deoxycholate] containing protease inhibitor cocktails (Roche). 
Then, these samples were sonicated before centrifugation (21,000g for 
10 min at 4°C). Afterward, the supernatant fractions were diluted in an 
SDS sample buffer [250 mM tris-HCl (pH 7.0), 10% SDS, 5% β-
mercaptoethanol, 0.02% bromophenol blue, and 30% glycerol] before 
boiling at 100°C for 5 min. Protein samples were then loaded onto 10 to 
15% acrylamide gels and then transferred onto polyvinylidene fluoride 
transfer membranes (MilliporeSigma). The following primary antibod-
ies were used: ANT1 (Signalway, 32484; 1:500), ANT2 (Cell Signaling 
Technology; E2B9D; 1:800), ANT4 (Signalway, 40596; 1:800), CypD 
(Abcam, ab110324; 1:10,000), and Total OXPHOS rodent WB anti-
body cocktail (OXPHOS) (Abcam; ab110413; 1:10,000). These blots 
were incubated in their respective secondary antibody, goat anti-mouse 
Alexa Fluor 488 (Thermo Fisher Scientific, A11029; 1:10,000) for CypD 
and OXPHOS and goat anti-mouse immunoglobulin G (H+L) 
(NOVUS, NB7157; 1:10,000) for 2 hours before washing with 1X TBST 
(20 mM Tris base, 150 mM NaCl, and 0.1% Tween 20) for five washes, 
each being 5 min long. These blots were incubated in an ECF substrate 
for 1 min (ANT2) before being imaged using fluorescence (ANT1, 

ANT4, CypD, and OXPHOS) or ECF (ANT2 and ANT4) and the 
Thermo Fisher Scientific iBright imaging system.

Mitochondrial stress test
Mitochondria from WT, ANT2-only, ANT-cTKO, ANT1P62A, and 
ANT1P62A-only mice were isolated in mitochondria isolation buffer 
[210 mM d-mannitol, 70 mM sucrose, 5 mM Hepes (pH 7.2), 1 mM 
EGTA, and 0.1% bovine serum albumin (BSA)], and the resulting mi-
tochondrial pellet was resuspended in 500 μl of a mitochondrial assay 
buffer [220 mM d-mannitol, 70 mM sucrose, 10 mM KH2PO4, 5 mM 
MgCl2, 2 mM Hepes (pH 7.2), 1 mM EGTA, and 0.02% BSA]; mito-
chondrial concentration was measured using Bradford assay. OCR 
was analyzed using the Seahorse XF Extracellular Flux Analyzer 
(Agilent Technologies). Four micrograms of mitochondria per well 
were plated on XF96 microplates (Agilent Technologies). The mito-
chondria were then brought up in an isolation buffer with 0.02% BSA 
and 5 mM pyruvate and 0.5 mM malic acid. Basal respiration was 
measured before treatments with 500 μM ADP, 10 μM oligomycin, 
5 μM carbonyl cyanide p-trifluoromethoxyphenylhydrazone, and 
then 1 μM rotenone (all diluted in an isolation buffer with 5 mM py-
ruvate and 0.5 mM malic acid).

I/R injury surgery
Mice were placed in an anesthesia induction chamber followed by 
a nosecone with isoflurane flowing at 5% at 1 to 2% oxygen and 
locally anesthetized using bupivacaine (1 to 2 mg/kg) prior to a 
1-cm ventral incision on the neck to intubate the trachea with 
more global anesthetic (isoflurane), following a left lateral thora-
cotomy (1-cm incision) for isolation of the anterolateral heart. 
Next, the LAD artery was ligated for 60 min via a slipknot followed 
by 24-hour reperfusion. Mice were then euthanized, and hearts 
were excised; the sutures were retied around the LAD artery, and 
hearts were injected and stained with Evans blue dye and then 
sliced into 1-mm-thick cross sections and incubated and stained 
with 2,3,5-triphenyltetrazolium to visualize and quantify the area 
at risk and infarct regions. Before surgery, some mice were intra-
peritoneally injected with CsA [10 mg/kg; 2.5% CsA (100 mg/kg) 
in dimethyl sulfoxide (DMSO), 29.5% polyethylene glycol, mo-
lecular weight 300 (PEG-300), 5% Tween 80, and 63% saline] or 
vehicle (2.5% DMSO, 29.5% PEG-300, 5% Tween 80, and 62% saline) 
for four consecutive days. On the fourth day of injections, mice 
were subjected to the surgery.

Histological analysis
Hearts were isolated and washed in Hanks’ balanced salt solution 
(MilliporeSigma) and before fixation in 10% formalin overnight at 
4°C. Afterward, the hearts were dehydrated in 70% ethanol before 
embedding in paraffin. Hearts were then sectioned to 5 μm in thick-
ness before being stained with hematoxylin and eosin (H&E) or 
Masson’s trichrome. The slides were then imaged by digital scanning 
bright-field microscopy using the Aperio AT2 spinning disk confo-
cal microscope.

Echocardiography
Measurements were taken on mice anaesthetized with isoflurane 
(1.5%) using the VisualSonics F2 Ultrasound 15-MHz microprobe. 
Both M-mode and B-mode echocardiography were performed. 
Quantifications were performed using the Vevo LAB program for 
M-mode in duplicate per mouse and averaged.
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Statistical analysis
The data are presented as the mean with the error bars representing 
the SEM. When comparing two groups, an unpaired two-tailed Stu-
dent’s t test was performed, and when comparing multiple groups to 
the same control, a one-way analysis of variance (ANOVA) was per-
formed followed by a Dunnett’s test for post hoc analysis; for multi-
ple comparisons with multiple variables, a two-way ANOVA was 
performed followed by a Bonferroni test for post hoc analysis using 
GraphPad Prism. All values were considered statistically significant 
when P < 0.05 as labeled in the figure legends. The sample number 
of biological replicates for each experiment is indicated as dots with-
in the histograms. Sample number was predetermined using power 
analysis based on previously generated data. All surgeries, infarct 
analysis, and echo measurements were performed blinded.

Supplementary Materials
This PDF file includes:
Figs. S1 to S4
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