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Aim: After successful cardiopulmonary resuscitation (CPR), most survivors will develop

acute kidney injury and intestinal barrier dysfunction, both of which contribute to the

poor outcomes of cardiac arrest (CA) victims. Recently, the aldehyde dehydrogenase 2

(ALDH2) agonist, Alda-1 was shown to effectively alleviate regional ischemia/reperfusion

injury of various organs. In the present study, we investigated the effects of Alda-1

treatment on renal and intestinal injuries after CA and resuscitation in pigs.

Methods: Twenty-four male domestic pigs were randomly divided into one of the

three groups: sham (n = 6), CPR (n = 10), or CPR+Alda-1 (n = 8). CA was induced

and untreated for 8min, and then CPR was performed for 8min in the CPR and

CPR+Alda-1 groups. At 5min after resuscitation, a dose of 0.88 mg/kg of Alda-1

was intravenously administered in the CPR+Alda-1 group. The biomarkers of renal

and intestinal injuries after resuscitation were regularly measured for a total of 24 h.

Subsequently, the animals were euthanized, and then renal and intestinal tissues were

obtained for the measurements of ALDH2 activity and expression, and cell apoptosis

and ferroptosis.

Results: Five of the 10 animals in the CPR group and six of the eight animals in

the CPR+Alda-1 group were successfully resuscitated. After resuscitation, the levels

of biomarkers of renal and intestinal injuries were significantly increased in all animals

experiencing CA and resuscitation compared with the sham group; however, Alda-1

treatment significantly alleviated renal and intestinal injuries compared to the CPR group.

Post-resuscitation ALDH2 activity was significantly decreased and its expression was

markedly reduced in the kidney and intestine in those resuscitated animals compared

with the sham group; nevertheless, both of them were significantly greater in those

animals receiving Alda-1 treatment compared to the CPR group. In addition, renal,

intestinal apoptosis and ferroptosis after resuscitation were observed in the CPR and
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FIGURE 3 | The changes of aldehyde dehydrogenase 2 (ALDH2) activity and expression in the kidney and intestine in the three groups. (A) Renal ALDH2 activity. (B)

Intestinal ALDH2 activity. (C) Renal ALDH2 expression. (D) Intestinal ALDH2 expression. CPR, cardiopulmonary resuscitation; GAPDH, glyceraldehyde-3-phosphate

dehydrogenase. Tissue samples were measured at 24 h after resuscitation, in which the sham, CPR, and CPR+Alda-1 groups contained 5 pigs, respectively. *P <

0.05 vs. Sham group; #P < 0.05 vs. CPR group.

six of the eight animals in the CPR+Alda-1 group were
successfully resuscitated, and thereafter all those resuscitated
animals survived for 24 h; in which the rates of resuscitation
success and 24-h survival were not significantly different between
the two groups (both P = 0.367).

After resuscitation, the levels of Cr and BUN in serum
were significantly increased at all time points in those animals
experiencing CA and resuscitation when compared with the
sham group. However, the increases in Cr and BUN were slower
in those animals treated with Alda-1, in which the serum levels of
Cr at 1, and 2 h post-resuscitation and the serum levels of BUN at
4, and 24 h post-resuscitation were significantly decreased when
compared to the CPR group (Figure 1).

After resuscitation, the serum levels of IFABP and
DAO indicating the severity of intestinal mucosal injury
were significantly greater at all time points in those
resuscitated animals when compared with the sham
group. However, both of them were always lower in the
CPR+Alda-1 group than in the CPR group, in which
the serum levels of IFABP at 24 h post-resuscitation and
the serum levels of DAO starting 2 h after resuscitation

were significantly different between the two groups
(Figure 2).

At 24 h post-resuscitation, the activities of ALDH2 in the
kidney and intestine were significantly decreased in the CPR
and CPR+Alda-1 groups when compared with the sham group.
However, renal and intestinal ALDH2 activities were partly
restored in those animals treated with Alda-1, and its values were
significantly greater than those in the CPR group (Figures 3A,B).
Likewise, the expression levels of ALDH2 in the kidney and
intestine were significantly reduced in the CPR and CPR+Alda-1
groups when compared with the sham group. Nevertheless, Alda-
1 treatment significantly increased renal and intestinal ALDH2
expression when compared to the CPR group (Figures 3C,D).

At 24 h post-resuscitation, the percentage of TUNEL-positive
cells was significantly increased in the kidney and intestine
in the CPR and CPR+Alda-1 groups when compared with
the sham group. However, the percentage of TUNEL-positive
cells was significantly lower in those animals receiving Alda-1
treatment, which indicated that renal and intestinal apoptosis
was significantly alleviated in the CPR+Alda-1 group when
compared to the CPR group (Figure 4).
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FIGURE 4 | The changes of cell apoptosis in the kidney and intestine in the three groups. (A) Representative photomicrographs of TdT-mediated dUTP nick end

labeling (TUNEL) assay. (B) The percentage of TUNEL-positive cells. CPR, cardiopulmonary resuscitation. Tissue samples were measured at 24 h after resuscitation,

in which the sham, CPR, and CPR+Alda-1 groups contained 5 pigs, respectively. *P < 0.05 vs. Sham group; #P < 0.05 vs. CPR group.

To investigate the effects of Alda-1 on renal and intestinal
ferroptosis after CA/CPR in pigs, we examined the changes
of iron overload, lipid peroxidation product, antioxidant and
ferroptosis-related proteins in the kidney and intestine at 24 h
after resuscitation. Consequently, iron deposition, MDA and 4-
HNE contents, ACSL4 expression were significantly increased
while GSH content and GPX4 expression were significantly
decreased in the kidney and intestine in the CPR and CPR+Alda-
1 groups when compared with the sham group. However, all
of these changes were significantly milder in the CPR+Alda-
1 group than in the CPR group, which indicated that Alda-1
treatment significantly alleviated renal and intestinal ferroptosis
when compared to the CPR group (Figures 5–7).

DISCUSSION

The present study employed a clinically relevant, large-animal
model, and demonstrated that the activator of ALDH2, Alda-
1 administered after successful CPR effectively alleviated post-
resuscitation renal and intestinal injuries when compared with
the CPR group. Additionally, Alda-1 treatment produced post-
resuscitation renal and intestinal protection possibly through the
inhibition of cell apoptosis and ferroptosis.

ALDH2 is one kind of mitochondrial enzyme expressed in a
variety of organs, which plays an important role in the clearance
of toxic aldehydic products through its oxidation under various
stress conditions (11). In the setting of regional IR injury, the
activation of ALDH2 by its specific agonist Alda-1 has been
confirmed to be an effective approach for organ protection. In
2013, Fu et al. (20) demonstrated that the activation of ALDH2
by Alda-1 treatment decreased the accumulation of reactive
aldehydes after cerebral IR injury and therefore improved brain
infarct volume and neurological function. In 2016, ding et al.
(21) demonstrated that Alda-1 pre-treatment attenuated lung
IR injury possibly through the activation of ALDH2 to remove
4-HNE in pulmonary alveolar epithelial cells. The same year,
Ji et al. (22) demonstrated that Alda-1 treatment protected
the heart against IR injury by suppressing mitophagy through
reducing reactive oxygen species production. In 2018, Li et al.
(23) demonstrated that Alda-1 treatment alleviated liver IR
injury through direct clearance of reactive aldehydes and indirect
enhancement of autophagy via AMPK activation. Recently, one
study demonstrated for the first time that Alda-1 treatment
alleviated intestinal IR injury through the inhibition of oxidative
stress, inflammatory response, and cell apoptosis (13). Two other
studies demonstrated that ALDH2 overexpression mitigated
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FIGURE 5 | The changes of oxidative stress in the kidney and intestine in the three groups. (A–C) Renal malondialdehyde (MDA), 4-hydroxy-2-nonenal (4-HNE), and

glutathione (GSH) contents. (D–F) Intestinal MDA, 4-HNE, and GSH contents. CPR, cardiopulmonary resuscitation. Tissue samples were measured at 24 h after

resuscitation, in which the sham, CPR, and CPR+Alda-1 groups contained 5 pigs, respectively. *P < 0.05 vs. Sham group; #P < 0.05 vs. CPR group.

FIGURE 6 | The changes of ferroptosis-related proteins in the kidney and intestine in the three groups. (A) The expression levels of ACSL4 (acyl-CoA synthetase

long-chain family member 4) and glutathione peroxidase 4 (GPX4) in the kidney. (B) The expression levels of ACSL4 and GPX4 in the intestine. CPR, cardiopulmonary

resuscitation. Tissue samples were measured at 24 h after resuscitation, in which the sham, CPR, and CPR+Alda-1 groups contained 5 pigs, respectively. *P < 0.05

vs. Sham group; #P < 0.05 vs. CPR group.
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FIGURE 7 | The changes of iron deposition in the kidney and intestine in the three groups. (A) Representative photomicrographs of Prussian blue staining

(200×magnification); (B) The percentage of positive staining area. CPR, cardiopulmonary resuscitation. Tissue samples were measured at 24 h after resuscitation, in

which the sham, CPR, and CPR+Alda-1 groups contained 5 pigs, respectively. *P < 0.05 vs. Sham group; #P < 0.05 vs. CPR group.

IR-induced acute kidney injury by regulating cell autophagy via
the beclin-1 pathway, and its activation by Alda-1 treatment
alleviated renal IR injury in hypothermic machine perfusion
through the Akt-mTOR autophagy signaling pathway (12, 18).

In the setting of systemic IR injury, two studies have explored
the protective role of Alda1 in post-resuscitation myocardial
dysfunction, in which cardiac outcome was improved through
suppressing mitochondrial reactive oxygen species production
and restoring calcium/calmodulin-dependent protein kinase II
homeostasis, respectively (14, 15). However, no investigation
has reported the potential effects of Alda-1 treatment on renal
and intestinal injuries after CA and resuscitation. In the present
study, significantly decreased ALDH2 activity and expression
in the kidney and intestine was observed in those animals
experiencing CA and resuscitation; however, both of them
were markedly restored in animals treated with Alda-1 when
compared with the CPR group. Accordingly, the activation of
ALDH2 by Alda-1 treatment significantly reduced the levels
of biomarkers of renal and intestinal injuries accompanied
with significantly milder renal and intestinal apoptosis when
compared to the CPR group. Thus, Alda-1 treatment could
become an effective approach for renal and intestinal protection
after CA and resuscitation.

Ferroptosis is a newly discovered, non-apoptotic form
of regulated cell death driven by iron overload and lipid
peroxidation, which has been considered as the key factor
leading to IR injury and organ failure (24). In the setting of
renal IR injury, Su et al. (16) demonstrated that Pannexin
1 deletion protected against renal IR injury by targeting
ferroptotic cell death via the mitogen-activated protein
kinase/extracellular signal-regulated kinase pathway. Zhao
et al. (25) demonstrated that XJB-5-131 attenuated IR-induced
renal injury and inflammation by specifically inhibiting
tubular epithelial ferroptosis rather than necroptosis and
pyroptosis. In the setting of intestinal IR injury, Deng et al. (17)
demonstrated that capsiate alleviated ferroptosis-dependent
intestinal I/R injury by enhancing GPX4 expression through
activating transient receptor potential vanilloid 1. Li et al.
(26) demonstrated that ACSL4 expression was promoted by
special protein 1 after intestinal I/R injury, and its inhibition
protected against ferroptotic cell death and thereby alleviated
intestinal tissue injury. Currently, almost no investigation has
reported the phenomenon of cell ferroptosis in the kidney and
intestine after CA and resuscitation. In addition, it is unknown
whether cell ferroptosis is a potential target by which Alda-1
alleviates IR-induced organ injury. However, a recent study
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demonstrated for the first time that Alda-1 could rescue cardiac
contractile dysfunction induced by Alzheimer’s disease through
the inhibition of ACSL4-dependent ferroptosis (27). In the
present study, significantly increased iron deposition, MDA
and 4-HNE contents, and ACSL4 expression, and meanwhile
significantly decreased GSH content and GPX4 expression
were observed in the kidney and intestine in those resuscitated
animals, which indicated the occurrence of cell ferroptosis in
these two organs after CA and resuscitation. Nevertheless, Alda-1
treatment significantly reversed these changes mentioned above
when compared with the CPR group. Thus, Alda-1 treatment
could alleviate post-resuscitation renal and intestinal injuries
through the inhibition of cell ferroptosis.

There were some limitations in this study. First, only one
single dose of Alda-1 was administered after successful CPR
to investigate its effectiveness in this pig study. Thus, its
feasible dose range and therapeutic time window need to
be further confirmed. Second, a shorter duration of 24 h of
observation was set to evaluate the protective role of Alda-
1 in the present study. Considering that renal and intestinal
injuries were still severe at the end of the experiment, a longer
observation period is needed to fully confirm the protective
effects produced by Alda-1 treatment in the future. Third,
although cell apoptosis and ferroptosis observed in the kidney
and intestine after resuscitation was successfully inhibited by
Alda-1 treatment; however, the potential protective mechanism
requires further investigation.

CONCLUSIONS

In a pig model of CA and resuscitation, the activation of ALDH2
by Alda-1 treatment significantly alleviated post-resuscitation

renal and intestinal injuries, in which the protective effects were
related to the inhibition of cell apoptosis and ferroptosis.
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