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Abstract: Hypoxia is known to impair mitochondrial and endoplasmic reticulum (ER) homeostasis.
Post-hypoxic perturbations of the ER proteostasis result in the accumulation of misfolded/unfolded
proteins leading to the activation of the Unfolded Protein Response (UPR). Mitochondrial chaperone
TNF receptor-associated protein 1 (TRAP1) is reported to preserve mitochondrial membrane potential
and to impede reactive oxygen species (ROS) production thereby protecting cells from ER stress as
well as oxidative stress. The first-line antidiabetic drug Metformin has been attributed a neuroprotec-
tive role after hypoxia. Interestingly, Metformin has been reported to rescue mitochondrial deficits
in fibroblasts derived from a patient carrying a homozygous TRAP1 loss-of-function mutation. We
sought to investigate a putative link between Metformin, TRAP1, and the UPR after hypoxia. We as-
sessed post-hypoxic/reperfusion longevity, mortality, negative geotaxis, ROS production, metabolic
activity, gene expression of antioxidant proteins, and activation of the UPR in Trap1-deficient flies.
Following hypoxia, Trap1 deficiency caused higher mortality and greater impairments in negative
geotaxis compared to controls. Similarly, post-hypoxic production of ROS and UPR activation was sig-
nificantly higher in Trap1-deficient compared to control flies. Metformin counteracted the deleterious
effects of hypoxia in Trap1-deficient flies but had no protective effect in wild-type flies. We provide
evidence that TRAP1 is crucially involved in the post-hypoxic regulation of mitochondrial/ER stress
and the activation of the UPR. Metformin appears to rescue Trap1-deficiency after hypoxia mitigating
ROS production and downregulating the pro-apoptotic PERK (protein kinase R-like ER kinase) arm
of the UPR.

Keywords: Hsp90 family; Hsp75; mitochondrial chaperone; ER-stress; ROS; stroke; hypoxia; ischemia

1. Introduction

Hypoxia is a key underlying condition of various devastating diseases including
pulmonary hypertension, ischemic heart failure as well as global and focal cerebral is-
chemia [1–3]. Acute ischemic stroke is one of the main causes of death and disability in
adults worldwide [3–5]. Here, occlusion of a cerebral artery results in a rapid deprivation
of oxygen and nutrients leading to neuronal cell death [3,5]. Excitotoxicity, oxidative stress,
endoplasmic reticulum (ER) stress, and mitochondrial impairment are the most frequently
observed mechanisms after hypoxia/ischemia [6]. Post-hypoxic oxidative stress and exci-
totoxicity, caused by a substantial release of glutamate, lead to an accumulation of Ca2+ in
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mitochondria [6]. Elevated Ca2+ levels open the mitochondrial permeability transition pore
(MPTP) releasing cytochrome C (CytC) into the cytosol and inducing a breakdown of the
membrane potential accompanied by an osmotic swelling of mitochondria [6,7]. Cytosolic
CytC forms a complex with the initiator caspase 9, which in turn activates the effector
caspases 3 or 7 resulting in apoptosis [7–11]

In addition, hypoxia leads to a depletion of ATP and a generation of reactive oxygen
species (ROS) due to reduced oxidative phosphorylation through ATP-Synthase (Complex
IV) and the impaired mitochondrial membrane polarization [8–13]. ROS has been reported
to cause ER-stress. The latter is defined as the result of an imbalance between a load of
unfolded proteins that enter the ER and its folding capacity [14]. As the ER is also the
intracellular Ca2+ store, a vicious cycle condition arises due to the released calcium during
ER-stress and its influence on mitochondrial ROS production [12,15].

Following ER stress, a highly conserved intracellular mechanism termed the Unfolded
Protein Response (UPR) is initiated to resolve ER stress (adaptive UPR) [16]. However, sus-
tained unresolved ER stress might result in cell death (terminal UPR) [17]. The UPR consists
of three branches, each regulated by ER transmembrane sensors: IRE1α (inositol-requiring
enzyme 1α), PERK (protein kinase R-like ER kinase), and ATF6 (activating transcription
factor 6) [14,18,19]. IRE1α cleaves the mRNA coding for the X-box binding protein (XBP1),
which encodes the transcriptional activator spliced XBP1 (XBP1s). XBP1s regulate the
expression of ER chaperones and proteins promoting ER-associated degradation (ERAD)
of misfolded proteins [14,18,20]. Activation of the PERK arm leads to reduced numbers of
newly synthesized proteins but also favors the induction of the transcription factor ATF4.
The latter is reported to be crucially involved in the induction of apoptosis upon sustained
UPR [14,17,18,21]. ATF6 is known to regulate the expression of genes encoding ERAD
components and ER chaperones [14,17,18,22].

TNF receptor-associated protein 1 (TRAP1), also known as Heat-shock protein 75
(HSP75), is a mitochondrial chaperone that is attributed to protecting cells against ER
stress [23,24]. Takemoto et al. suggested that the HSP90 family member TRAP1 might
regulate the UPR in the ER and that its downregulation in SH-SY5Y neuroblastoma cells
enhances Caspase-4, which has been associated with ER stress-induced cell death [25,26].
Increased levels of TRAP1 were found in tumor cells compared to healthy tissue. Here,
lower expression abundance levels of TRAP1 positively correlated with elevated mito-
chondrial impairment and cell death [27]. Silencing TRAP1 in-vitro has been described to
enhance the release of CytC causing Granzyme B-induced death [28]. An upregulation of
TRAP1 was reported after various acute stress conditions including glucose deprivation
(GD), oxidative injury, ultraviolet A irradiations, and cerebral ischemia [29–32]. Of note,
overexpression of TRAP1 appears to attenuate ROS production [33]. However, the exact
mechanisms of TRAP1-mediated anti-apoptotic effects and the impact of TRAP1 on the
UPR and ER stress under hypoxia have not been investigated yet.

Recently Fitzgerald and colleagues demonstrated that a homozygous TRAP1 loss-
of-function mutation in fibroblasts derived from a patient-led mitochondrial dysfunction
and was rescued by the first-line antidiabetic drug Metformin [34]. Metformin is widely
known to efficiently and safely lower blood glucose levels [35,36]. It is also associated
with renoprotective properties as well as protection against cancer and beneficial effects on
polycystic ovary syndrome [37]. Although Metformin has previously been described as
neuroprotective after experimental and clinical ischemic stroke, its mechanism of action
remains elusive [38,39]. Previous studies highlighted the antioxidant role of Metformin.
Indeed, Metformin decreased intracellular ROS production in aortic endothelial cells but
also increased the antioxidant activities of Superoxide dismutase (SOD) and Catalase [40,41].
Therefore, we sought to investigate a connection between Metformin, TRAP1, and the
post-hypoxic activation of the UPR.

We assessed the post-hypoxic longevity, mortality, negative geotaxis, ROS production,
metabolic activity, gene expression of Sod, Catalase, and Hsp70, and the UPR activation
in Trap1-deficient Drosophila melanogaster (D. melanogaster) and corresponding wild-type
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controls (Canton-S). D. melanogaster as a model species has many advantages such as a
short life cycle, large numbers of progeny, limited need for resources, and a remarkably
high degree of conservation compared to the human genome [42–44]. Our established
hypoxia system for D. melanogaster with the ability to monitor and regulate parameters
such as oxygen levels, temperature, humidity, and atmospheric pressure enabled us to
induce reproducible and valid hypoxia during each experiment [45].

In this study, we demonstrate that Trap1 deficiency leads to higher mortality rates,
a significantly lower lifespan, and a reduced negative geotaxis in flies after hypoxia. On
the molecular level, Trap1-deficient flies display an elevated ROS production and higher
metabolic activity as well as an upregulation of UPR markers and Sod, Catalase, and Hsp70
mRNAs compared to Canton-S. Metformin counteracts these post-hypoxic effects of Trap1
deficiency by leading to reduced mortality rates through lower ROS production levels and
downregulation of the pro-apoptotic PERK branch in Trap1-deficient compared to wildtype
Canton-S flies after hypoxia.

We provide evidence that TRAP1 plays an important role in the post-hypoxic regu-
lation of mitochondrial/ER stress and the activation of the UPR. Metformin appears to
rescue the effects of Trap1 deficiency after hypoxia through a reduction of ROS levels and a
downregulation of the pro-apoptotic PERK branch of the UPR.

2. Results
2.1. Trap1 Deficiency Leads to Increased Mortality Rates after Severe Hypoxia (<0.3% O2) in
D. melanogaster

To assess the impact of TRAP1 on the mortality rates of D. melanogaster after severe
hypoxia, we subjected wild-type flies (Canton-S) as well as Trap1-deficient flies (Trap1
heterozygous (Trap1+/−) and Trap1 homozygous (Trap1−/−), respectively) to severe hy-
poxia in a self-designed hypoxia chamber under controlled conditions followed by a
reperfusion period of 120 h (Figure 1a–d). With the increasing duration of hypoxia, we
observed increasing mortality rates in all genotypes. Trap1-deficient flies revealed signifi-
cantly higher mortality rates after all hypoxia durations compared to Canton-S flies (p <
0.0001). Thereby, homozygous Trap1-deficient flies consistently showed the highest level
of mortality (Figure 1c–i). While a hypoxia duration of 3 h induced a mortality rate of
47.12% in Trap−/−, only 38.18% Trap1+/− flies died after 120 h of reperfusion and 11.82%
of Canton-S died in the same period (Figure 1f). Nonlinear regression analysis of the
mortality rates after 120 h reperfusion following 1–6 h hypoxia displayed enhanced death
rates in Trap1-deficient flies (Figure 1j). In conclusion, Trap1 deficiency increases severe
hypoxia-induced mortality rates compared to the wildtype Canton-S flies.

2.2. Trap1 Deficiency Impairs Lifespan, Activity Rates, and Negative Geotaxis after Hypoxia in
D. melanogaster

To monitor the activity and mortality of D. melanogaster after hypoxia we subjected
Canton-S and Trap1-deficient flies to 3 h of hypoxia and afterward assessed their activity in
a Drosophila Activity Monitoring (DAM) system for 5 days.

Hypoxia led to reduced activity and higher mortality rates compared to normoxia.
The activity rates in Trap1-deficient flies were markedly reduced compared to Canton-S
flies (Figure 2a). Moreover, Trap1-deficient flies displayed a higher instant death rate after
hypoxia of 10.0% in Trap1+/− and 31.7% in Trap1−/− compared to 1.7% in Canton-S flies as
well as a higher demise rate of 8.3% and 11.7% compared to 3.3% in Canton-S during the
first 24 h of reperfusion (Figure 2b).
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Figure 1. Mortality rates of Canton-S, Trap1+/− and Trap1−/− flies subjected to different durations of monitored N2-induced
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hypoxia (<0.3% O2). (a) Hypoxia chamber used for the experiments. Illustration of hypoxia chamber and environmental
conditions modified from Habib et al. 2021 (b) Hypoxia conditions at 23 ◦C with controlled oxygen levels, pressure, and
humidity. (c) Genotypes of flies assessed by PCR. (d) Schematic illustration of the hypoxia-reperfusion protocol. (e–i) Death
rates of Canton-S, Trap1+/− and Trap1−/− after 1 to 6 h of severe hypoxia (<0.3% O2) followed by a reperfusion period
of 120 h. (j) Nonlinear regression of the hypoxia duration-dependent death rates of Canton-S, Trap1+/− and Trap1−/− D.
melanogaster. Data are shown as means ± SEM of 4 independent experiments, including 3 technical replicates per genotype
and experiment (total of 240 male flies for each genotype and condition). Repeated measurements one-way ANOVA
followed by Tukey post-hoc. * p < 0.05., ** p < 0.01, *** p < 0.001.

Investigating the lifespan we used 1-day old flies of all three genotypes and performed
3 h hypoxia. Noteworthy, in contrast to our mortality assessment younger flies were taken
for the lifespan assessment, which might explain the lower mortality rate in the first five
days after hypoxia.

Under normoxia, Trap1-deficient flies had a significantly reduced lifespan compared
to Canton-S (p < 0.0001). Indeed, the median overall survival was reached after 63 days
for Canton-S while Trap1+/− flies already reached it after 43 days and Trap1−/− flies after
47 days. Hypoxia-induced increased death rates in all genotypes at the beginning of the
observation period. Here the median overall survival was reached after 53 days in Canton-
S, 48 days in Trap1+/− and 38 days in Trap1−/−. However, the maximal life expectancy was
not affected by hypoxia (Figure 2c).

Assessing the negative geotaxis, Trap1+/− revealed a significantly reduced climb-
ing ability under normoxic conditions compared to Canton-S (p = 0.0043) and Trap1−/−

(p = 0.0058). After hypoxia, we observed an initial reduction of negative geotaxis in Trap1-
deficient flies compared to Canton-S (p < 0.000001) during the first 24 h of reperfusion,
which recovered after 48 h (Figure 2d).

In conclusion, Trap1 deficiency leads to a significantly lower lifespan in both normoxia
and hypoxia and negatively affects the activity and negative geotaxis.

2.3. Hypoxia-Dependent Metabolic Activity and ROS Production Are Increased in
Trap1-Deficient Flies

To assess the metabolic activity, we performed a CellTiter-Blue® Cell Viability Assay
after 3 h of hypoxia and different reperfusion times. While no difference between the
genotypes was observed under normoxic conditions, the metabolic activity of both Trap1+/−

and Trap1−/− flies was significantly enhanced after hypoxia compared to the corresponding
normoxia control at every reperfusion time point (p < 0.0001), peaking at 6 h of reperfusion
in the Trap−/− flies. Meanwhile, Canton-S displayed no difference in metabolic activity
between hypoxia and normoxia (Figure 3a–d).

Investigating the oxidative stress, we analyzed the reactive oxygen species (ROS) levels
in fly heads at different reperfusion times after 3 h of hypoxia. While the ROS levels of
Canton-S did not differ between hypoxia and normoxia, Trap1-deficient flies demonstrated
significantly higher ROS levels after hypoxia compared to normoxia during the whole
reperfusion period (p < 0.0001). We observed a significant increase of ROS production
after hypoxia in Trap1−/− flies after 0 h (p < 0.0001), 3 h (p < 0.0001), 6 h (p < 0.0001),
and 24 h (p < 0.0001), and in Trap1+/− flies after 0 h (p = 0.0026), 3 h (p < 0.0001), and
24 h (p < 0.0001) of reperfusion, whereas Canton-S presented no difference after hypoxia
compared to normoxia (Figure 3e–h).

In conclusion, Trap1 deficiency leads to significantly enhanced metabolic activity and
ROS production after hypoxia at all reperfusion timepoints which might explain the higher
mortality in Trap1-deficient flies.
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Figure 2. Activity, lifespan, and negative geotaxis of Canton-S, Trap1+/− and Trap1−/− D. melanogaster after 3 h of severe hy-
poxia followed by 120 h of reperfusion. (a) Heatmaps displaying the activity of Canton-S, Trap1+/− and Trap1−/− after 3 h of 
severe hypoxia (<0.3 % O2) or normoxia (21 % O2) followed by 120 h of reperfusion. Each cell shown is the absolute value 
of beam crosses per hour per fly, represented by color. Black: no activity, red: moderate activity, green: high activity. (b) 
Quantification of survival, instant death, and reperfusion-dependent death of Canton-S, Trap1+/− and Trap1−/− D. melano-
gaster in the first 24 h after 3 h of severe hypoxia (<0.3 % O2). (c) Kaplan-Mayer-curves of Canton-S, Trap1+/− and Trap1−/− 
flies subjected to 3 h of hypoxia or normoxia. The statistical significance was determined using the chi-squared-based 
log-rank, Mantel-Cox test. * p < 0.05, ** p < 0.01, *** p < 0.001 (d) Mortality adjusted negative geotaxis of Canton-S, Trap1+/− 

Figure 2. Activity, lifespan, and negative geotaxis of Canton-S, Trap1+/− and Trap1−/− D. melanogaster after 3 h of severe
hypoxia followed by 120 h of reperfusion. (a) Heatmaps displaying the activity of Canton-S, Trap1+/− and Trap1−/− after
3 h of severe hypoxia (<0.3% O2) or normoxia (21% O2) followed by 120 h of reperfusion. Each cell shown is the absolute
value of beam crosses per hour per fly, represented by color. Black: no activity, red: moderate activity, green: high activity.
(b) Quantification of survival, instant death, and reperfusion-dependent death of Canton-S, Trap1+/− and Trap1−/−

D. melanogaster in the first 24 h after 3 h of severe hypoxia (<0.3% O2). (c) Kaplan-Mayer-curves of Canton-S,
Trap1+/− and Trap1−/− flies subjected to 3 h of hypoxia or normoxia. The statistical significance was determined using the
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chi-squared-based log-rank, Mantel-Cox test. * p < 0.05, ** p < 0.01, *** p < 0.001 (d) Mortality adjusted negative geotaxis of
Canton-S, Trap1+/− and Trap1−/− D. melanogaster subjected to 3 h of hypoxia or normoxia followed by 120 h of reperfusion.
The statistical significance was determined using repeated measurements one-way ANOVA followed by Tukey’s post-hoc
test (multiple comparisons). Data represent means ± SEM from 3 (d) to 4 (a–c) independent experiments including 60 male
flies per experiment and genotype.
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Figure 3. Metabolic activity and ROS production of Canton-S, Trap1+/− and Trap1−/− flies during a reperfusion period of
24 h. (a–d) Metabolic activity in the supernatant in fly head lysates after 3 h of hypoxia. ROS production in the fly head
lysates is shown in (e–h). The graphs present the means ± SEM of 4 independent experiments. Two-way ANOVA followed
by Tukey post-hoc. ** p < 0.01, *** p < 0.001. § p < 0.05 indicates significance compared to corresponding normoxia.

2.4. Metformin Rescues Hypoxia-Dependent Mortality in Trap1-Deficient Flies and Impairs the
Expression Pattern of Trap1 mRNA

To assess the effect of Metformin treatment on Trap1-deficient flies after hypoxia, we
transferred the newly hatched flies on Metformin-supplemented or NaCl vehicle control
food up to 5 days and performed 3 h of severe hypoxia followed by 120 h of reperfu-
sion (Figure 4a). We did not observe any differences in the mortality rate of Canton-S
between the treated and the vehicle control group. However, Trap1-deficient flies showed
a significant decrease in post-hypoxic mortality after Metformin treatment (p = 0.0002).
Trap1-deficient flies of the vehicle group reached a mortality rate of 47.18% (Trap1−/−) and
38.18% (Trap1+/−) during the first 5 days after hypoxia. When treated with Metformin,
there was a reduction in mortality of 28.57% and 70.53% to 33.75% in Trap1−/− and 11.25%
in Trap1+/− (Figure 4b–d).
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Figure 4. Hypoxia-dependent mortality and mRNA levels of Trap1 in Canton-S and Trap1-deficient flies after Metformin
treatment. (a) Schematic illustration of hypoxia protocol after Metformin treatment. (b–d) Death rates of Canton-S, Trap1+/−

and Trap1−/− flies after Metformin treatment and 3 h of severe hypoxia (<0.3% O2) followed by a reperfusion period of 120 h.
Data are shown as means ± SEM of 4 independent experiments, including 3 technical replicates per genotype and experiment
(total of 240 male flies for each genotype and condition). Welch’s t-test, two-tailed. * p < 0.05., *** p < 0.001. (e) Trap1 transcript
levels after normoxia and hypoxia followed by different reperfusion periods are shown. The graphs present the means± SEM
of 4 independent experiments. Two-way ANOVA followed by Tukey post-hoc. * p < 0.05, *** p < 0.001. # p < 0.05 indicates
significance compared to the corresponding vehicle. § p < 0.05 indicates significance compared to corresponding normoxia.
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To investigate the impact of Metformin treatment on the expression levels of Trap1 we
subjected Canton-S and Trap1+/− flies to 3 h severe hypoxia with a reperfusion period of
up to 120 h and assessed the Trap1 mRNA expression levels. We observed no differences
in the mRNA levels under normoxic conditions. However, after hypoxia, both genotypes
showed elevated Trap1 mRNA levels. In Canton-S flies expression levels were significantly
increased in the very early reperfusion phase (p < 0.0001), whereas the upregulation in
Trap1+/− flies could be observed up to 3 h after hypoxia (p = 0.0174).

Metformin treatment led to a delayed elevation of Trap1 mRNA levels. Expression
levels peaked after 3 h in Canton-S (p = 0.0007) and after 6 h in Trap1+/− flies (p = 0.0003)
and returned to normoxic levels after 24 h (Figure 4e).

In conclusion, Metformin rescues the negative effects of Trap1 deficiency and leads to
a later upregulation of Trap1 in Canton-S and Trap1+/− flies.

2.5. ROS Production and mRNAs of Antioxidant Proteins Sod, Hsp70 and Catalase Are
Upregulated in Trap1-Deficient Flies after Hypoxia, Metformin Attenuates This Upregulation in
the Early Reperfusion Period

Assessing the impact of Metformin treatment on the ROS production after hypoxia,
we decided to only measure ROS after 24 h of reperfusion, as we expected the highest
effect at that reperfusion time in line with the previously described ROS data (Figure 3).
We found that Metformin counteracted the previously described significant post-hypoxic
elevation of ROS levels in Trap1−/− flies (p = 0.01) and led to a significant decrease of ROS
in Trap1−/− flies after hypoxia (p = 0.0125) (Figure 5a,b).

The enzymes Superoxide dismutase (SOD), Heat shock protein 70 (HSP70), and
Catalase are known to play a role in the antioxidant defense system, which is assumed to
influence oxidative stress. To further investigate oxidative stress, we measured the mRNA
levels of Sod, Hsp70, and Catalase in the heads of flies after 3 h of severe hypoxia followed
by up to 120 h reperfusion. Under normoxic conditions, no differences could be observed
between the different genotypes in the vehicle group. After hypoxia, however, Trap1−/−

flies showed a significant increase in Sod (p = 0.0004) and Hsp70 (p < 0.0001) expression levels
during the first 24 h of reperfusion compared to normoxia, peaking directly after hypoxia
at 0 h of reperfusion, whereas Canton-S flies only displayed a significant upregulation of
Hsp70 directly after hypoxia (p < 0.0001), which normalized throughout the reperfusion
period. Moreover, the mRNA levels of Sod, Hsp70, and Catalase were significantly higher
in Trap1-deficient flies at nearly all reperfusion times compared to Canton-S. Metformin
treatment significantly elevated Sod and Catalase expression levels in Trap1−/− flies under
normoxic conditions (p < 0.0001). However, Metformin significantly reduced post-hypoxic
Hsp70 (p < 0.0001) in Trap1−/− flies in the early reperfusion phase (Figure 5c–e). Our results
suggest that Metformin rescues the deleterious effects of Trap1 deficiency by reducing ROS
production and displays lower levels of antioxidant proteins.

2.6. Trap1 Deficiency Enhances the UPR Activation after Hypoxia and Metformin Reduces the
Activation of the PERK Branch of the UPR

To analyze the impact of TRAP1 on the UPR response after hypoxia, we compared
the post-hypoxic expression levels of Grp78, Edem1, Atf4, Gadd34, Xbp1s, and Manf in
Canton-S and Trap1−/− flies (Figure 6a).Under normoxic conditions, no differences in the
expression levels of the UPR markers could be observed between Canton-S and Trap1−/−

flies. However, hypoxia caused a bell-shaped increase of all UPR markers in the time
course of reperfusion, peaking after 3 h of reperfusion. Whereas there was only a mild
increase (about a 2-fold) observed in Canton-S flies, UPR markers were strongly increased
(2–8-fold) in Trap1-deficient flies (Figure 6b–g). Assessing the influence of Metformin
treatment on the UPR response, we observed that normoxic conditions displayed no
differences between vehicle and treatment group. In Canton-S flies the treatment with
Metformin led to increased expression levels of Grp78 (p < 0.0001) (Figure 6b) and Manf
(p < 0.0001) (Figure 6g) after hypoxia. Atf4, Gadd34, Edem1, and Xbp1s showed no significant
difference (Figure 6c–f). In Trap1−/− flies the expression levels of Grp78 (p = 0.0044) and
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Edem1 (p < 0.0001) were increased under Metformin treatment after hypoxia compared
to the vehicle control (Figure 6b,c). Atf4 (p < 0.0001), Gadd34 (p = 0.0255) and Manf
(p < 0.0001) were decreased following Metformin application compared to the vehicle
control (Figure 6d,e,g). Xbp1s showed no difference in expression levels between the
treatment and vehicle group (Figure 6f).
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Figure 5. ROS production and post-hypoxic mRNA levels of the antioxidant proteins SOD, HSP70, and Catalase in
Metformin or vehicle-treated Canton-S and Trap1−/− D. melanogaster after 3 h of hypoxia followed by a reperfusion
period of up to 120 h. (a,b) ROS production in Canton-S and Trap1-deficient flies after 24 h of reperfusion normalized
to the corresponding normoxia vehicle control. (c–e) Transcript levels of Sod, Hsp70, and Catalase after normoxia and
hypoxia followed by different reperfusion periods. V stands for the vehicle (NaCl) and M stands for Metformin. Two-way
ANOVA followed by Tukey post-hoc. * p < 0.05., ** p < 0.01, *** p < 0.001, # p < 0.05 indicates significance compared to
corresponding vehicle.
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Figure 6. Post-hypoxic mRNA levels of proteins involved in the UPR pathway in Canton-S and Trap1−/− D. melanogaster
after exposure to 3 h of hypoxia. (a) Heatmap displaying the mRNA levels of Grp78, Edem1, Atf4, Gadd34, Xbp1s, and Manf in
Canton-S and Trap1−/− at different post-hypoxic reperfusion timepoints (0, 3, 6, 24, and 120 h after hypoxia) as a summary
of the results of (b–g). Target genes are presented as ratios to the constitutive gene eEF1α1 and normalized to the vehicle
Canton-S normoxia. (b–e) Graphs showing the mRNA expression levels of UPR markers. Target genes are presented as
ratios to the constitutive gene eEF1α1 and normalized to the vehicle Canton-S normoxia. V: vehicle (NaCl) and M: Metformin.
Statistics: Two-way ANOVA followed by Tukey post-hoc. * p < 0.05., ** p < 0.01, *** p < 0.001. # p < 0.05 indicates significance
compared to the corresponding vehicle. § p < 0.05 indicates significance compared to corresponding normoxia.
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In conclusion, Trap1 deficiency seems to affect all three arms of the post-hypoxic UPR.
Whilst Metformin administration upregulated mainly downstream of both the ATF6 and
IRE1α arms of the UPR in Canton-S after hypoxia, it appeared to upregulate the ATF6 arm
while downregulating the IRE1a and PERK arms after Trap1 deficiency.

3. Discussion

In this study, we analyzed the impact of the mitochondrial chaperone TRAP1 on
post-hypoxic mitochondrial/ER stress and the activation of the UPR in D. melanogaster. In
addition, we sought to analyze whether the frequently reported cytoprotective effect of the
anti-diabetic drug Metformin is mediated through TRAP1 and the UPR. We demonstrated
that both heterozygous (Trap1+/−) and homozygous (Trap1−/−) Trap1-deficient flies were
more sensitive to severe hypoxia than the corresponding Canton-S controls, displaying
higher mortality rates and increased impairments in negative geotaxis. In addition, we
detected a reduction of the median overall survival in Trap1-deficient flies in comparison to
Canton-S under normoxic and hypoxic conditions. The latter is in line with Costa et al., who
also observed a reduced lifespan of Trap1-deficient flies and enhanced sensitivity to heat
stress, the pesticide paraquat, and the mitochondrial poisons rotenone and antimycin [46].
Under normoxic conditions, the lifespan of heterozygous and homozygous Trap1-deficient
flies did not differ significantly (Figure 2c). However, upon hypoxia Trap1−/− flies exhibited
a significantly reduced lifespan compared to Trap1+/− flies indicating that the protective
role of TRAP1 appears to unfold after hypoxic stress. The same was true in the post-hypoxic
assessment of the negative geotaxis. Here, both heterozygous and homozygous Trap1-
deficient flies displayed similar reduced climbing abilities in the acute phase of reperfusion
(Figure 2d). The climbing ability of the Trap1-deficient flies recovered to the level of
Canton-S later in the reperfusion period. This recovery observed in the Trap1-deficient
flies may be explained as the result of a selection bias. Note that only viable animals have
been considered for the measurement of negative geotaxis. Since the mortality rates of
the heterozygous and homozygous Trap1-knockout flies were substantially higher than
Canton-S, we cannot exclude the possibility that the surviving flies of these genotypes have
a higher resistance to hypoxia.

Under normoxic conditions, the homozygous Trap1-deficient and Canton-S flies had
comparable levels of climbing ability, while the heterozygous Trap1-deficiency flies ap-
peared to have a decreased climbing ability. This can be explained by the fact that the
heterozygous flies carry a balancer chromosome that can affect the fitness of these flies. As
Miller et al., have pointed out, balancers that are kept in stock for an extended period of
time may exhibit structural changes that can affect behavioral trials [47].

Trap1-deficient flies also presented enhanced ROS production and metabolic activity,
higher mRNA levels of antioxidant proteins, and an activation of the UPR compared to the
corresponding controls (Canton-S) (Figure 3e–h).

However, it should be noted, that the CTB assay used to assess the metabolic ac-
tivity only allows an approximate impression of the metabolic state, as it requires intact
mitochondria to allow oxidation of resazurin to resorufin. In future studies, metabolic
activity should be further investigated by additional assessment of NADPH/FADH2 and
ATP levels.

Mitochondrial damage and ER stress have been reported to play a pivotal role in the
pathophysiology of stroke [48,49]. Previous in vitro experiments in astrocytes revealed that
TRAP1 overexpression protected these cells from glucose deprivation (GD) by decreasing
ROS levels. In addition, TRAP1 overexpression also preserved ATP levels and the mito-
chondrial membrane potential during GD [50]. Moreover, overexpression of TRAP1 in
rats decreased infarct volumes after experimental stroke and improved their post-ischemic
neurobehavioral score. Furthermore, oxidative stress and mitochondrial damage were
found reduced after TRAP1 overexpression compared to the corresponding controls [50].
However, the involvement of TRAP1 in ER stress and the subsequent activation of the UPR
remains elusive.
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The expression of Trap1 has been found upregulated in various human malignancies,
including nasopharyngeal, breast, prostate, and non-small cell lung cancer leading to
reduced apoptosis [51–54]. This reduction of apoptosis is assumed to be caused by the
inhibition of the pro-apoptotic CypD-dependent MPTP opening leading to a blockade
of the mitochondria-mediated intrinsic apoptotic cascade [55,56]. In addition, TRAP1 is
reported to convey its anti-apoptotic properties through an abrogation of ROS production
as demonstrated by Zhang and colleagues in a myocardial ischemia model and through its
ability to reduce ER stress [55,56].

While under normoxic conditions no obvious differences in the activation of all three
arms of the UPR were detected between the genotypes, hypoxia resulted in a relevant
increase in the UPR in Trap1-deficient flies compared with Canton-S flies. This again points
to the crucial role of TRAP1 especially in stress conditions and suggests an important
role for TRAP1 in post-hypoxic UPR activation. We assume that elevated ROS levels in
Trap1-deficient flies might be responsible for the increased ER stress and the subsequent
activation of the UPR after hypoxia. This is supported by previous studies demonstrating
that elevated ROS production activates the UPR and Trap1 deficiency leads to higher ROS
production [57]. Furthermore, we could also observe that the highly activated detrimental
PERK arm of the UPR in Trap1-deficient flies was counteracted by Metformin. In line with
the assessment of post-hypoxic mortality rates, Metformin did not affect the activation of
the PERK arm in Canton-S flies.

Takemoto and colleagues revealed that knockdown of TRAP1 in SH-SY5Y neuronal
cells upregulated the expression of glucose-regulated protein (GRP78/BiP) accompanied by
a downregulation of CCAAT-enhancer-binding protein homologous protein (CHOP) [25].
Moreover, this study also reported that TRAP1-knockdown cells activated caspase-4 which
is observed upregulated upon ER stress and is assumed to regulate the activation of the
UPR [25,26]. Interestingly, TRAP1 knockdown cells in this study exhibited downregulation
of CHOP, which has been implicated as a pro-apoptotic marker. GRP78/BiP acted similarly
in both studies after TRAP1 knockdown or, as in our case, after TRAP1 knockout. However,
Takemoto et al., described a reduction of CHOP only after 24 h after pharmacological
ER stress using tunicamycin and thapsigargin, whereas GRP78/BiP was upregulated
throughout the 24 h. The authors stated that the detrimental effect caused by the absence of
TRAP1 might just be postponed by the upregulation of BiP. It is known that the binding of
GRP78/BiP to the three UPR sensors respectively abrogates their activation, while CHOP
as a downstream of the PERK arm of the UPR may induce cell death during sustained
ER stress. Matassa and colleagues observed a decreased activation of PERK followed by
reduced phosphorylation of eukaryotic initiation factor-2α (eIF2α) in TRAP1 knockdown
cells. Phosphorylated eIF2α enhances the synthesis of selective stress-responsive proteins
such as the transcription factor ATF4 and its downstream effector GRP78, leading to
protection against ER stress and oxidative damage. Our current study did not assess
Chop, instead, we measured Gadd34 and Atf4 of the PERK-branch of the UPR. Following
hypoxia, we observed a bell-shaped regulation curve of the above-mentioned markers of
the PERK arm, which peaked after 3 h of reperfusion. However, the Trap1-deficient flies
presented a higher level of these markers than the wildtype control flies throughout the
entire observation phase (Figure 6)

A previous study has reported that a homozygous TRAP1 loss-of-function mutation in
fibroblasts derived from one patient was rescued by the antidiabetic drug Metformin [34].
Besides several positive studies on the cytoprotective capacity of Metformin after stroke,
there are also conflicting reports [39,58,59]. In fact, administration of Metformin directly af-
ter stroke exacerbated brain damage while chronic prophylactic medication with Metformin
appeared to be protective improving neurological outcomes in rats [58].

Metformin decreased mortality rates in Trap1-deficient flies. However, there was no
beneficial effect on the Canton-S flies (Figure 4b). Furthermore, Metformin treatment in
Trap1-deficient flies decreased ROS production and lowered post-hypoxic mRNA levels of
antioxidant proteins such as HSP70 and Catalase suggesting an anti-oxidative property of
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Metformin [60,61]. In line with Fitzgerald et al., our data provide evidence that Metformin
rescues the Trap1 deficiency [46]. Under normoxic conditions, Trap1 mRNA of Canton-S
flies and Trap1 heterozygous flies was not upregulated. However, after hypoxia Trap1
transcripts were found enhanced in Canton-S and Trap1 heterozygous flies. This indicates
that Trap1 is upregulated in response to hypoxic stress in agreement with the suggested
protective role of Trap1. After Metformin treatment, however, we observed significantly
reduced Trap1 mRNA levels in Canton-S and Trap1-deficient flies compared to the vehicle
group. In association with the evidence that ROS was reduced after Metformin treatment
in Trap1-deficient flies, we assume that Metformin counteracts oxidative stress through
an alternative non-TRAP1 dependent pathway. If this pathway is as potent as the TRAP1
pathway, it might also explain why the ROS production shows no significant difference
with or without Metformin treatment in Canton-S flies. Our results suggest that TRAP1
plays a crucial role in mitochondrial homeostasis impeding oxidative stress and resolving
ER stress after hypoxia. A possible explanation for the lack of neuroprotection in Canton-S
flies might be that the induced hypoxic stress and resulting mortality rates were too low to
be affected by Metformin. In addition, the administration of Metformin might have been
too short in regards to the lifespan of the Canton-S flies. To ensure the consistency of our
experiments and the comparability of our results we decided to use flies that were treated
with Metformin for 1–5 days. As a result of different treatment periods, a high variability
could occur in the outcome and influence the statistics. Further studies are needed to
investigate the effects of longer Metformin treatment.

4. Materials and Methods
4.1. Drosophila melanogaster

D. melanogaster wild-types Canton-S (#64349) were obtained from the Bloomington
Drosophila Stock Centre (Bloomington, IN, USA). Trap1 mutant flies (w*; Trap1∆4/CyO
#58767) were generated by an imprecise excision of the p-element and kindly provided
by Miguel Martins [46]. All flies were raised and maintained in plastic vials containing
standard cornmeal food at 23 ◦C under a 12 h/12 h light/dark cycle. Every five days, flies
were transferred to new vials with fresh food.

4.2. Metformin Treatment

Metformin (STEMCELL Technologies #73254, Cologne, Germany) was added to stan-
dard cornmeal food at 55 ◦C to obtain a final concentration of 10 mM. Flies were put on the
Metformin for 1–5 days prior to hypoxia and for the reperfusion period of 5 days.

4.3. Hypoxia Chamber

As previously described [45] hypoxia was induced with nitrogen (N2) in a self-
constructed hypoxia chamber, consisting of a heated water chamber, gas-flow regulator,
humidifier, and an airtight acrylic glass compartment with a stainless-steel bottom plate and
lid (Figure 1a). The chamber enables control and monitoring of oxygen levels (Greisinger
GOX 100 T O2 – Sensor, Greisinger, Regenstauf, Germany), humidity, temperature (Habor
Thermo-Hygrometer, Habor, Deggenhausertal, Germany), and pressure (Fluke 700RG06
100 PSIG pressure gauge, Fluke, Glottertal, Germany).

4.4. Mortality Rate

To study the impact of hypoxia on survival, male Canton-S, Trap1+/− and Trap1−/−

flies from age 1 to 5 days were subjected to 1 to 6 h of severe hypoxia (<0.3% O2). The
mortality rate was assessed daily for the following 5 days under normoxic conditions. Tem-
perature, pressure, and humidity inside the chamber were recorded regularly during this
time. Due to slight differences between sexes, the following experiments were conducted
with male flies only. Each experiment was repeated 4 times for the examined hypoxia
period. Per experiment and genotype 3 technical replicates were used. We utilized a total
of 240 male flies for each condition and genotype. We subjected all flies only once to a



Int. J. Mol. Sci. 2021, 22, 11586 15 of 19

hypoxia period. After the establishment of the half-lethal hypoxia duration, the following
experiments were conducted utilizing 3 h of severe hypoxia (<0.3% O2).

4.5. Drosophila Activity Monitoring Assay (DAM)

The activity of each fly was assessed as previously reported [45]. After hypoxia,
each fly was transferred into the Drosophila Activity Monitoring system (Model DAM2,
Trikinetics Inc., Waltham, MA, USA). Each fly was placed individually in a polycarbonate
vial containing food (2% agar and 4% sucrose). The activity was monitored by recording
the light beam interruptions, e.g., caused by the fly passing through, in the center of each.
The flies were kept in the DAM system for a total of 5 days, during which the number of
interruptions of the light beams was recorded every hour. The experiment was conducted
3 times in total, including 60 flies for each genotype and treatment.

4.6. Negative Geotaxis Assay

The negative geotaxis assay was conducted as described previously [62] with slight
modifications. The climbing ability was assessed 3, 6, 24, 48, 72, 96, and 120 h after hypoxia
and each vial contained a group of 20 male flies.

4.7. Semiquantitative PCR and RT-qPCR

Gene expression analyses were performed as previously reported [38] with tissue from
fly heads. In brief: snap-frozen fly heads were homogenized in PeqGold (PeqLab #30–2010,
Erlangen, Germany) and total RNA was prepared by phenol-chloroform extraction as
previously described [56]. Complementary DNA was synthesized using the iScriptTM
cDNA Synthesis Kit (BioRad Laboratories, Hercules, CA, USA) and random hexanucleotide
primers (Invitrogen, Germany) using 1 µg of total RNA according to the manufacturer’s
protocol. RNase free H2O (Merck, 64293, Darmstadt, Germany) served as no template
control (NTC). Semiquantitative PCR was used for genotyping of flies after cDNA synthesis
with the following configurations: 3 min at 95 ◦C, 30 cycles of 30 s at 95 ◦C, 30 s at 60 ◦C, and
30 s at 72 ◦C, followed by 72 ◦C for 3 min, and a 20 ◦C hold (T Professional Basic, Biometra,
Göttingen, Germany). PCR was performed using the Trap1 primers (fwd: TTCCCGCA-
GAACAGCAGAAT, rev: TCGTTGCGCTTCTTCAGACT) and Elongation factor 1-alpha 1
(eEF1α1) primers (fwd: ATCCGTCGCGCTTAGACTT, rev: CCCTTTCCCATCTCCTGGGC)
as a housekeeper gene. The PCR products were loaded into the sample wells of a 2% agarose
gel, supplemented with a 1:25.000 dilution of Midori Green (Biozym Scientific #617004, Hes-
sisch Oldendorf, Germany) and gel electrophoresis was performed at 120 V for 25 minutes
followed by visualization of the PCR product using UV transillumination (UVSolo, Biome-
tra, Göttingen, Germany). Quantitative gene expression levels were assessed with tissue
from fly heads collected after 3 h of hypoxia or normoxia at different reperfusion timepoints.
RT-qPCR analysis was performed using the MyIQ RT-qPCR detection system (Bio-Rad,
München, Germany). The target genes (see below) and housekeeping gene (eEF1α1) were
measured as cycle threshold (Ct values) and relative quantification was calculated by the
∆∆Ct method using the qbase+ software (Biogazelle, Gent, Belgium). Data are expressed
as the relative amount of the housekeeper gene eEF1α1. The following forward (fwd) and
reverse (rev) primers were used (5’→3’): eEF1α1 (fwd: ATCCGTCGCCGCTTAGACTT,
rev: CCCTTTCCCATCTCCTGGGC), Grp78 (fwd: TCTTGTACACACCAACGCAGG, rev:
CAAGGAGCTGGGCACAGTGA), Edem1 (fwd: GAAGCAGTATTCCAAGGCAAGA, rev:
GGCGCAGGTAACCATCGTAG), Atf4 (fwd: AGGCCATAGTACCCGCAAAC, rev: CCGC-
CTGTTTGTAAGCATCG), Gadd34 (fwd: CGAGCAATATCGGTTCGGG, rev: TGATG-
CACCTTGTTTGGCTTC), Xbp1s (fwd: CTCGAGTTCGGGATACGCAT, rev: CCAGGT-
TAGATGGTCCAGGC), Manf (fwd: AGATCGAAACGGCCTTCAAAA, rev: GTGGCG-
GATTCTTCCAGACC), Sod (fwd: GGAGTCGGTGATGTTGACCT, rev: GTTCGGTGA-
CAACACCAATG), Hsp70 (GCTGACGTTCAGGATTCCAT, rev: CGGAGTCTCCATTC-
AGGTGT), Catalase (fwd: ACCAGGGCATCAAGAATCTG, rev: AACTTCTTGGCCT-
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GCTCGTA), Trap1 (fwd: TTCCCGCAGAACAGCAGAAT, rev: TCGTTGCGCTTCTTCA-
GACT).

4.8. Metabolic Activity Assay

The CellTiter-Blue® Cell Viability assay (Promega, Madison, WI, USA) was used
to assess the metabolic activity after hypoxia. This test was performed as previously
described [63]. Procedure in brief: 40 fly heads were homogenized using the Speedmill P12
(Analytik Jena AG, Jena, Germany) in 1 mL of 20 mM Tris buffer, pH 7.0, and centrifuged at
1600 g for 10 minutes at 4 ◦C. The supernatant was incubated with 0.2 mg/mL resazurin for
4 h. The fluorescence of the converted resazurin was measured at an excitation wavelength
of 573 nm and an emission of 584 nm. The metabolic activity of Canton-S was evaluated 0,
6, and 24 h after hypoxia.

4.9. ROS Assay

To determine the ROS level after hypoxia, fly head lysates were incubated in 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA) as previously described [64]. The fly
head lysates were incubated with 5 mM DCFH-DA for 30 min and centrifuged at 400 g for
5 minutes at 4 ◦C. The pellet was washed once and resuspended in Tris buffer. Fluorescence
of DCFH-DA was measured at an excitation wavelength of 488 nm and emission of 525 nm.
The ROS production of Canton-S and Trap1-deficient flies were evaluated at 0, 24, and 120
h after hypoxia.

4.10. Statistics

Data analysis and visualization were performed using GraphPad Prism (version 8.4.3,
San Diego, CA, USA). Data of each experiment comprises three to four independent exper-
iments with three technical replicates. Residuals were analyzed for normal distribution
using the Shapiro–Wilk and D’Agostino–Pearson omnibus normality test. Variance ho-
mogeneity was tested using the Bartlett test or the Spearman’s rank correlation test for
heteroscedasticity. For the identification of outliers, a ROUT test was utilized. In case the
normality or homogeneity tests were significant, instead of one-way or two-way ANOVA,
non-parametric tests were applied. Data are given as arithmetic means ± SEM. The level
of significance was set at p < 0.05. Asterisks indicating significance between group differ-
ences, “#” compares hypoxia vs. the corresponding vehicle (Figures 4e and 6b–g) and “§”
compares hypoxia to the corresponding normoxia (Figure 3a–h, Figures 4e and 6b–g). The
individual data of each experiment are shown in the legends.

5. Conclusions

We provide evidence that TRAP1 is a crucial regulator of mitochondrial and ER
stress and counteracts the pro-apoptotic PERK-arm of the UPR. Metformin rescues Trap1
deficiency but has no beneficial effect on Canton-S flies after hypoxia (graphical abstract).
Further studies with different Metformin concentrations and animal models are needed to
fully understand the effects conveyed by Metformin.

Author Contributions: Conceptualization, A.K.-V. and P.H.; methodology, A.K.-V., P.H., and A.V.;
validation, J.J., A.T.F., N.K., A.V., and R.N.; formal analysis, A.K.-V., A.T.F., P.H., and M.H.; investiga-
tion/experiments, A.K.-V., J.J., A.T.F., N.K., and P.H.; resources, J.B.S. and P.H.; writing—original
draft preparation, A.K.-V.; writing—review and editing, A.K.-V., J.J., A.T.F., N.K., R.N., A.V., A.R.,
J.B.S., M.H., and P.H.; visualization, A.K.-V., J.J., A.T.F., N.K., and P.H.; supervision, P.H..; project
administration, P.H.; funding acquisition, P.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by an internal grant (START grant 111/17, P.H.) and supported by
the “Clinician Scientist program” of the Faculty of Medicine, RWTH Aachen University. The funding
body did not influence the design of the study, data acquisition, or analyses and interpretation
of data.



Int. J. Mol. Sci. 2021, 22, 11586 17 of 19

Institutional Review Board Statement: All experiments were approved by the local ethics committee
at RWTH Aachen University.

Informed Consent Statement: Not applicable.

Acknowledgments: We thank Sabine Hamm and Irmgard Diepolder for their excellent technical
assistance. We also thank Axel Honné (Wissenschaftliche Werkstatt Uniklinik RWTH Aachen) for the
construction of the hypoxia chamber.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results. The study was not pre-registered. The datasets of the current
study are available from the corresponding author on reasonable.

References
1. Peacock, A. Pulmonary hypertension due to chronic hypoxia. BMJ Clin. Res. Ed. 1990, 300, 763. [CrossRef] [PubMed]
2. Zhao, H.W.; Haddad, G.G. Review: Hypoxic and oxidative stress resistance in Drosophila melanogaster. Placenta 2011, 32

(Suppl. 2), S104–S108. [CrossRef]
3. Shekhar, S.; Liu, Y.; Wang, S.; Zhang, H.; Fang, X.; Zhang, J.; Fan, L.; Zheng, B.; Roman, R.J.; Wang, Z.; et al. Novel Mechanistic

Insights and Potential Therapeutic Impact of TRPC6 in Neurovascular Coupling and Ischemic Stroke. Int. J. Mol. Sci. 2021,
22, 2074. [CrossRef]

4. Johnson, C.O.; Nguyen, M.; Roth, G.A.; Nichols, E.; Alam, T.; Abate, D.; Abd-Allah, F.; Abdelalim, A.; Abraha, H.N.; Abu-Rmeileh,
N.M.E.; et al. Global, regional, and national burden of stroke, 1990–2016: A systematic analysis for the Global Burden of Disease
Study 2016. Lancet Neurol. 2019, 18, 439–458. [CrossRef]

5. Katan, M.; Luft, A. Global Burden of Stroke. Semin. Neurol. 2018, 38, 208–211. [CrossRef]
6. Fiskum, G. Mitochondrial participation in ischemic and traumatic neural cell death. J. Neurotrauma. 2000, 17, 843–855. [CrossRef]
7. Cao, S.S.; Kaufman, R.J. Endoplasmic reticulum stress and oxidative stress in cell fate decision and human disease. Antioxid.

Redox Signal. 2014, 21, 396–413. [CrossRef]
8. Wheaton, W.W.; Chandel, N.S. Hypoxia. 2. Hypoxia regulates cellular metabolism. Am. J. Physiol. Cell Physiol. 2011, 300,

C385–C393. [CrossRef] [PubMed]
9. Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS release. Physiol. Rev.

2014, 94, 909–950. [CrossRef]
10. Chen, R.; Lai, U.H.; Zhu, L.; Singh, A.; Ahmed, M.; Forsyth, N.R. Reactive Oxygen Species Formation in the Brain at Different

Oxygen Levels: The Role of Hypoxia Inducible Factors. Front. Cell Dev. Biol. 2018, 6, 132. [CrossRef]
11. Almeida, A.; Delgado-Esteban, M.; Bolaños, J.P.; Medina, J.M. Oxygen and glucose deprivation induces mitochondrial dysfunction

and oxidative stress in neurones but not in astrocytes in primary culture. J. Neurochem. 2002, 81, 207–217. [CrossRef]
12. Malhotra, J.D.; Kaufman, R.J. Endoplasmic reticulum stress and oxidative stress: A vicious cycle or a double-edged sword?

Antioxid. Redox Signal. 2007, 9, 2277–2293. [CrossRef] [PubMed]
13. Chen, K.; Lu, P.; Beeraka, N.M.; Sukocheva, O.A.; Madhunapantula, S.V.; Liu, J.; Sinelnikov, M.Y.; Nikolenko, V.N.; Bulygin, K.V.;

Mikhaleva, L.M.; et al. Mitochondrial mutations and mitoepigenetics: Focus on regulation of oxidative stress-induced responses
in breast cancers. Semin. Cancer Biol. 2020. [CrossRef]

14. Ron, D.; Walter, P. Signal integration in the endoplasmic reticulum unfolded protein response. Nat. Rev. Mol. Cell Biol. 2007, 8,
519–529. [CrossRef]

15. Haynes, C.M.; Titus, E.A.; Cooper, A.A. Degradation of misfolded proteins prevents ER-derived oxidative stress and cell death.
Mol. Cell 2004, 15, 767–776. [CrossRef]

16. Xin, Q.; Ji, B.; Cheng, B.; Wang, C.; Liu, H.; Chen, X.; Chen, J.; Bai, B. Endoplasmic reticulum stress in cerebral ischemia. Neurochem.
Int. 2014, 68, 18–27. [CrossRef] [PubMed]

17. Hetz, C.; Chevet, E.; Oakes, S.A. Proteostasis control by the unfolded protein response. Nat. Cell Biol. 2015, 17, 829–838. [CrossRef]
18. Kaufman, R.J. Orchestrating the unfolded protein response in health and disease. J. Clin. Investig. 2002, 110, 1389–1398. [CrossRef]

[PubMed]
19. Harding, H.p.; Zhang, Y.; Ron, D. Protein translation and folding are coupled by an endoplasmic-reticulum-resident kinase.

Nature 1999, 397, 271–274. [CrossRef]
20. Lee, A.H.; Iwakoshi, N.N.; Glimcher, L.H. XBP-1 regulates a subset of endoplasmic reticulum resident chaperone genes in the

unfolded protein response. Mol. Cell. Biol. 2003, 23, 7448–7459. [CrossRef]
21. Harding, H.P.; Zhang, Y.; Bertolotti, A.; Zeng, H.; Ron, D. Perk is essential for translational regulation and cell survival during the

unfolded protein response. Mol. Cell 2000, 5, 897–904. [CrossRef]
22. Hillary, R.F.; FitzGerald, U. A lifetime of stress: ATF6 in development and homeostasis. J. Biomed. Sci. 2018, 25, 48. [CrossRef]
23. Felts, S.J.; Owen, B.A.; Nguyen, P.; Trepel, J.; Donner, D.B.; Toft, D.O. The hsp90-related protein TRAP1 is a mitochondrial protein

with distinct functional properties. J. Biol. Chem. 2000, 275, 3305–3312. [CrossRef]

http://doi.org/10.1136/bmj.300.6727.763
http://www.ncbi.nlm.nih.gov/pubmed/2182162
http://doi.org/10.1016/j.placenta.2010.11.017
http://doi.org/10.3390/ijms22042074
http://doi.org/10.1016/S1474-4422(19)30034-1
http://doi.org/10.1055/s-0038-1649503
http://doi.org/10.1089/neu.2000.17.843
http://doi.org/10.1089/ars.2014.5851
http://doi.org/10.1152/ajpcell.00485.2010
http://www.ncbi.nlm.nih.gov/pubmed/21123733
http://doi.org/10.1152/physrev.00026.2013
http://doi.org/10.3389/fcell.2018.00132
http://doi.org/10.1046/j.1471-4159.2002.00827.x
http://doi.org/10.1089/ars.2007.1782
http://www.ncbi.nlm.nih.gov/pubmed/17979528
http://doi.org/10.1016/j.semcancer.2020.09.012
http://doi.org/10.1038/nrm2199
http://doi.org/10.1016/j.molcel.2004.08.025
http://doi.org/10.1016/j.neuint.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24560721
http://doi.org/10.1038/ncb3184
http://doi.org/10.1172/JCI0216886
http://www.ncbi.nlm.nih.gov/pubmed/12438434
http://doi.org/10.1038/16729
http://doi.org/10.1128/MCB.23.21.7448-7459.2003
http://doi.org/10.1016/S1097-2765(00)80330-5
http://doi.org/10.1186/s12929-018-0453-1
http://doi.org/10.1074/jbc.275.5.3305


Int. J. Mol. Sci. 2021, 22, 11586 18 of 19

24. Sisinni, L.; Maddalena, F.; Lettini, G.; Condelli, V.; Matassa, D.S.; Esposito, F.; Landriscina, M. TRAP1 role in endoplasmic
reticulum stress protection favors resistance to anthracyclins in breast carcinoma cells. Int. J. Oncol. 2014, 44, 573–582. [CrossRef]

25. Takemoto, K.; Miyata, S.; Takamura, H.; Katayama, T.; Tohyama, M. Mitochondrial TRAP1 regulates the unfolded protein
response in the endoplasmic reticulum. Neurochem. Int. 2011, 58, 880–887. [CrossRef]

26. Hitomi, J.; Katayama, T.; Eguchi, Y.; Kudo, T.; Taniguchi, M.; Koyama, Y.; Manabe, T.; Yamagishi, S.; Bando, Y.; Imaizumi, K.; et al.
Involvement of caspase-4 in endoplasmic reticulum stress-induced apoptosis and Abeta-induced cell death. J. Cell Biol. 2004, 165,
347–356. [CrossRef]

27. Song, H.Y.; Dunbar, J.D.; Zhang, Y.X.; Guo, D.; Donner, D.B. Identification of a protein with homology to hsp90 that binds the
type 1 tumor necrosis factor receptor. J. Biol. Chem. 1995, 270, 3574–3581. [CrossRef]

28. Alimonti, J.B.; Shi, L.; Baijal, P.K.; Greenberg, A.H. Granzyme B induces BID-mediated cytochrome c release and mitochondrial
permeability transition. J. Biol. Chem. 2001, 276, 6974–6982. [CrossRef]

29. Lee, A.S. The glucose-regulated proteins: Stress induction and clinical applications. Trends Biochem. Sci. 2001, 26, 504–510.
[CrossRef]

30. Hadari, Y.R.; Haring, H.U.; Zick, Y. p75, a member of the heat shock protein family, undergoes tyrosine phosphorylation in
response to oxidative stress. J. Biol. Chem. 1997, 272, 657–662. [CrossRef]

31. Carette, J.; Lehnert, S.; Chow, T.Y. Implication of PBP74/mortalin/GRP75 in the radio-adaptive response. Int. J. Radiat. Biol. 2002,
78, 183–190. [CrossRef]

32. Massa, S.M.; Longo, F.M.; Zuo, J.; Wang, S.; Chen, J.; Sharp, F.R. Cloning of rat grp75, an hsp70-family member, and its expression
in normal and ischemic brain. J. Neurosci. Res. 1995, 40, 807–819. [CrossRef]

33. Hua, G.; Zhang, Q.; Fan, Z. Heat shock protein 75 (TRAP1) antagonizes reactive oxygen species generation and protects cells
from granzyme M-mediated apoptosis. J. Biol. Chem. 2007, 282, 20553–20560. [CrossRef]

34. Fitzgerald, J.C.; Zimprich, A.; Carvajal Berrio, D.A.; Schindler, K.M.; Maurer, B.; Schulte, C.; Bus, C.; Hauser, A.K.; Kubler, M.;
Lewin, R.; et al. Metformin reverses TRAP1 mutation-associated alterations in mitochondrial function in Parkinson’s disease.
Brain 2017, 140, 2444–2459. [CrossRef]

35. Kasznicki, J.; Sliwinska, A.; Drzewoski, J. Metformin in cancer prevention and therapy. Ann. Transl. Med. 2014, 2, 57. [CrossRef]
36. Bailey, C.J.; Turner, R.C. Metformin. N. Engl. J. Med. 1996, 334, 574–579. [CrossRef]
37. Nasri, H.; Rafieian-Kopaei, M. Metformin: Current knowledge. J. Res. Med. Sci 2014, 19, 658–664.
38. Rena, G.; Hardie, D.G.; Pearson, E.R. The mechanisms of action of metformin. Diabetologia 2017, 60, 1577–1585. [CrossRef]
39. Jia, J.; Cheng, J.; Ni, J.; Zhen, X. Neuropharmacological Actions of Metformin in Stroke. Curr. Neuropharmacol. 2015, 13, 389–394.

[CrossRef]
40. Ouslimani, N.; Peynet, J.; Bonnefont-Rousselot, D.; Thérond, P.; Legrand, A.; Beaudeux, J.L. Metformin decreases intracellular

production of reactive oxygen species in aortic endothelial cells. Metabolism 2005, 54, 829–834. [CrossRef]
41. Chukwunonso Obi, B.; Chinwuba Okoye, T.; Okpashi, V.E.; Nonye Igwe, C.; Olisah Alumanah, E. Comparative Study of

the Antioxidant Effects of Metformin, Glibenclamide, and Repaglinide in Alloxan-Induced Diabetic Rats. J. Diabetes Res 2016,
2016, 1635361. [CrossRef]

42. Bilen, J.; Bonini, N.M. Drosophila as a Model for Hu.uman Neurodegenerative Disease. Annu. Rev. Genet. 2005, 39, 153–171.
[CrossRef]

43. Lloyd, T.E.; Taylor, J.P. Flightless flies: Drosophila models of neuromuscular disease. Ann. N. Y. Acad. Sci. 2010, 1184, e1–e20.
[CrossRef]

44. Xia, Y.; Xu, W.; Meng, S.; Lim, N.K.H.; Wang, W.; Huang, F.D. An Efficient and Reliable Assay for Investigating the Effects of
Hypoxia/Anoxia on Drosophila. Neurosci. Bull. 2018, 34, 397–402. [CrossRef]

45. Habib, P.; Jung, J.; Wilms, G.M.; Kokott-Vuong, A.; Habib, S.; Schulz, J.B.; Voigt, A. Posthypoxic behavioral impairment and
mortality of Drosophila melanogaster are associated with high temperatures, enhanced predeath activity and oxidative stress.
Exp. Mol. Med. 2021, 53, 264–280. [CrossRef] [PubMed]

46. Costa, A.C.; Loh, S.H.; Martins, L.M. Drosophila Trap1 protects against mitochondrial dysfunction in a PINK1/parkin model of
Parkinson’s disease. Cell Death Dis 2013, 4, e467. [CrossRef] [PubMed]

47. Miller, D.E.; Cook, K.R.; Hemenway, E.A.; Fang, V.; Miller, A.L.; Hales, K.G.; Hawley, R.S. The Molecular and Genetic Characteri-
zation of Second Chromosome Balancers in Drosophila melanogaster. G3 Genes Genomes Genet. 2018, 8, 1161–1171. [CrossRef]
[PubMed]

48. Liu, F.; Lu, J.; Manaenko, A.; Tang, J.; Hu, Q. Mitochondria in Ischemic Stroke: New Insight and Implications. Aging Dis. 2018, 9,
924–937. [CrossRef] [PubMed]

49. Su, Y.; Li, F. Endoplasmic reticulum stress in brain ischemia. Int. J. Neurosci. 2016, 126, 681–691. [CrossRef]
50. Voloboueva, L.A.; Duan, M.; Ouyang, Y.; Emery, J.F.; Stoy, C.; Giffard, R.G. Overexpression of mitochondrial Hsp70/Hsp75

protects astrocytes against ischemic injury in vitro. J. Cereb. Blood Flow Metab. 2008, 28, 1009–1016. [CrossRef]
51. Agorreta, J.; Hu, J.; Liu, D.; Delia, D.; Turley, H.; Ferguson, D.J.P.; Iborra, F.; Pajares, M.J.; Larrayoz, M.; Zudaire, I.; et al. TRAP1

regulates proliferation, mitochondrial function, and has prognostic significance in NSCLC. Mol. Cancer Res. 2014, 12, 660–669.
[CrossRef]

52. Fang, W.; Li, X.; Jiang, Q.; Liu, Z.; Yang, H.; Wang, S.; Xie, S.; Liu, Q.; Liu, T.; Huang, J.; et al. Transcriptional patterns, biomarkers
and pathways characterizing nasopharyngeal carcinoma of Southern China. J. Transl. Med. 2008, 6, 32. [CrossRef] [PubMed]

http://doi.org/10.3892/ijo.2013.2199
http://doi.org/10.1016/j.neuint.2011.02.015
http://doi.org/10.1083/jcb.200310015
http://doi.org/10.1074/jbc.270.8.3574
http://doi.org/10.1074/jbc.M008444200
http://doi.org/10.1016/S0968-0004(01)01908-9
http://doi.org/10.1074/jbc.272.1.657
http://doi.org/10.1080/09553000110097208
http://doi.org/10.1002/jnr.490400612
http://doi.org/10.1074/jbc.M703196200
http://doi.org/10.1093/brain/awx202
http://doi.org/10.3978/j.issn.2305-5839.2014.06.01
http://doi.org/10.1056/NEJM199602293340906
http://doi.org/10.1007/s00125-017-4342-z
http://doi.org/10.2174/1570159X13666150205143555
http://doi.org/10.1016/j.metabol.2005.01.029
http://doi.org/10.1155/2016/1635361
http://doi.org/10.1146/annurev.genet.39.110304.095804
http://doi.org/10.1111/j.1749-6632.2010.05432.x
http://doi.org/10.1007/s12264-017-0173-7
http://doi.org/10.1038/s12276-021-00565-3
http://www.ncbi.nlm.nih.gov/pubmed/33564101
http://doi.org/10.1038/cddis.2012.205
http://www.ncbi.nlm.nih.gov/pubmed/23328674
http://doi.org/10.1534/g3.118.200021
http://www.ncbi.nlm.nih.gov/pubmed/29420191
http://doi.org/10.14336/AD.2017.1126
http://www.ncbi.nlm.nih.gov/pubmed/30271667
http://doi.org/10.3109/00207454.2015.1059836
http://doi.org/10.1038/sj.jcbfm.9600600
http://doi.org/10.1158/1541-7786.MCR-13-0481
http://doi.org/10.1186/1479-5876-6-32
http://www.ncbi.nlm.nih.gov/pubmed/18570662


Int. J. Mol. Sci. 2021, 22, 11586 19 of 19

53. Leav, I.; Plescia, J.; Goel, H.L.; Li, J.; Jiang, Z.; Cohen, R.J.; Languino, L.R.; Altieri, D.C. Cytoprotective mitochondrial chaperone
TRAP-1 as a novel molecular target in localized and metastatic prostate cancer. Am. J. Pathol. 2010, 176, 393–401. [CrossRef]
[PubMed]

54. Zhang, B.; Wang, J.; Huang, Z.; Wei, P.; Liu, Y.; Hao, J.; Zhao, L.; Zhang, F.; Tu, Y.; Wei, T. Aberrantly upregulated TRAP1 is
required for tumorigenesis of breast cancer. Oncotarget 2015, 6, 44495–44508. [CrossRef]

55. Kang, B.H.; Plescia, J.; Dohi, T.; Rosa, J.; Doxsey, S.J.; Altieri, D.C. Regulation of tumor cell mitochondrial homeostasis by an
organelle-specific Hsp90 chaperone network. Cell 2007, 131, 257–270. [CrossRef] [PubMed]

56. Wang, Y.; Lin, J.; Chen, Q.Z.; Zhu, N.; Jiang, D.Q.; Li, M.X.; Wang, Y. Overexpression of mitochondrial Hsp75 protects neural stem
cells against microglia-derived soluble factor-induced neurotoxicity by regulating mitochondrial permeability transition pore
opening in vitro. Int. J. Mol. Med. 2015, 36, 1487–1496. [CrossRef] [PubMed]

57. Zhang, P.; Lu, Y.; Yu, D.; Zhang, D.; Hu, W. TRAP1 Provides Protection Against Myocardial Ischemia-Reperfusion Injury by
Ameliorating Mitochondrial Dysfunction. Cell Physiol. Biochem. 2015, 36, 2072–2082. [CrossRef]

58. Li, J.; Benashski, S.E.; Venna, V.R.; McCullough, L.D. Effects of metformin in experimental stroke. Stroke 2010, 41, 2645–2652.
[CrossRef]

59. Arbeláez-Quintero, I.; Palacios, M. To Use or Not to Use Metformin in Cerebral Ischemia: A Review of the Application of
Metformin in Stroke Rodents. Stroke Res. Treat. 2017, 2017, 9756429. [CrossRef]

60. Abd-Elsameea, A.A.; Moustaf, A.A.; Mohamed, A.M. Modulation of the oxidative stress by metformin in the cerebrum of rats
exposed to global cerebral ischemia and ischemia/reperfusion. Eur. Rev. Med. Pharm. Sci. 2014, 18, 2387–2392.

61. Correia, S.; Carvalho, C.; Santos, M.S.; Proença, T.; Nunes, E.; Duarte, A.I.; Monteiro, P.; Seiça, R.; Oliveira, C.R.; Moreira,
P.I. Metformin protects the brain against the oxidative imbalance promoted by type 2 diabetes. Med. Chem. 2008, 4, 358–364.
[CrossRef] [PubMed]

62. Dinter, E.; Saridaki, T.; Nippold, M.; Plum, S.; Diederichs, L.; Komnig, D.; Fensky, L.; May, C.; Marcus, K.; Voigt, A.; et al. Rab7
induces clearance of α-synuclein aggregates. J. Neurochem. 2016, 138, 758–774. [CrossRef]

63. Habib, P.; Stamm, A.S.; Zeyen, T.; Noristani, R.; Slowik, A.; Beyer, C.; Wilhelm, T.; Huber, M.; Komning, D.; Schulz, J.B.; et al. EPO
regulates neuroprotective Transmembrane BAX Inhibitor-1 Motif-containing (TMBIM) family members GRINA and FAIM2 after
cerebral ischemia-reperfusion injury. Exp. Neurol. 2019, 320, 112978. [CrossRef] [PubMed]

64. Saraiva, M.A.; da Rosa Avila, E.; da Silva, G.F.; Macedo, G.E.; Rodrigues, N.R.; de Brum Vieira, P.; Nascimento, M.S.; Picoloto,
R.S.; Martins, I.K.; de Carvalho, N.R.; et al. Exposure of Drosophila melanogaster to Mancozeb Induces Oxidative Damage and
Modulates Nrf2 and HSP70/83. Oxid. Med. Cell Longev. 2018, 2018, 5456928. [CrossRef] [PubMed]

http://doi.org/10.2353/ajpath.2010.090521
http://www.ncbi.nlm.nih.gov/pubmed/19948822
http://doi.org/10.18632/oncotarget.6252
http://doi.org/10.1016/j.cell.2007.08.028
http://www.ncbi.nlm.nih.gov/pubmed/17956728
http://doi.org/10.3892/ijmm.2015.2380
http://www.ncbi.nlm.nih.gov/pubmed/26500047
http://doi.org/10.1159/000430174
http://doi.org/10.1161/STROKEAHA.110.589697
http://doi.org/10.1155/2017/9756429
http://doi.org/10.2174/157340608784872299
http://www.ncbi.nlm.nih.gov/pubmed/18673148
http://doi.org/10.1111/jnc.13712
http://doi.org/10.1016/j.expneurol.2019.112978
http://www.ncbi.nlm.nih.gov/pubmed/31211943
http://doi.org/10.1155/2018/5456928
http://www.ncbi.nlm.nih.gov/pubmed/30116484

	Introduction 
	Results 
	Trap1 Deficiency Leads to Increased Mortality Rates after Severe Hypoxia (<0.3% O2) inD. melanogaster 
	Trap1 Deficiency Impairs Lifespan, Activity Rates, and Negative Geotaxis after Hypoxia in D. melanogaster 
	Hypoxia-Dependent Metabolic Activity and ROS Production Are Increased in Trap1-Deficient Flies 
	Metformin Rescues Hypoxia-Dependent Mortality in Trap1-Deficient Flies and Impairs the Expression Pattern of Trap1 mRNA 
	ROS Production and mRNAs of Antioxidant Proteins Sod, Hsp70 and Catalase Are Upregulated in Trap1-Deficient Flies after Hypoxia, Metformin Attenuates This Upregulation in the Early Reperfusion Period 
	Trap1 Deficiency Enhances the UPR Activation after Hypoxia and Metformin Reduces the Activation of the PERK Branch of the UPR 

	Discussion 
	Materials and Methods 
	Drosophila melanogaster 
	Metformin Treatment 
	Hypoxia Chamber 
	Mortality Rate 
	Drosophila Activity Monitoring Assay (DAM) 
	Negative Geotaxis Assay 
	Semiquantitative PCR and RT-qPCR 
	Metabolic Activity Assay 
	ROS Assay 
	Statistics 

	Conclusions 
	References

