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Preclinical validation of human recombinant
glutamate-oxaloacetate transaminase
for the treatment of acute ischemic stroke
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SUMMARY

The blood enzyme glutamate-oxaloacetate transaminase (GOT) has been postulated as an effective ther-
apeutic to protect the brain during stroke. To demonstrate its potential clinical utility, a new human re-
combinant form of GOT (rGOT) was produced for medical use.
We tested the pharmacokinetics and evaluated the protective efficacy of rGOT in rodent and non-human
primate models that reflected clinical stroke conditions.
We found that continuous intravenous administration of rGOTwithin the first 8 h after ischemic onset signif-
icantly reduced the infarct size in both severe (30%) and mild lesions (48%). Cerebrospinal fluid and prote-
omics analysis, in combination with positron emission tomography imaging, indicated that rGOT can reach
thebrainand inducecytoprotectiveautophagyand induce localprotectionbyalleviatingneuronalapoptosis.
Our results suggest that rGOT can be safely used immediately in patients suspected of having a stroke.
This study requires further validation in clinical stroke populations.
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INTRODUCTION

Glutamate-oxaloacetate transaminase (GOT), also known as aspartate transaminase, is a pyridoxal phosphate-dependent transaminase

enzyme that exists in cytoplasmic and inner-membrane mitochondrial forms, known as GOT1 and GOT2, respectively. Both forms catalyze

the reversible transamination of oxaloacetate and glutamate to aspartate and a-ketoglutarate and play an essential role in amino acid

metabolism in the urea and tricarboxylic acid cycles1,2 (critical pathways of cell energy homeostasis), as well as in other metabolic

programs.3

In clinical settings, blood GOT levels are used as indicators of liver and muscle damage or myocardial infarction.4 However, based on its

ability tomodulate glutamatemetabolism, exogenous administration of the recombinant form of GOT1 (rGOT) has been proposed as a ther-

apy to reduce neuronal damage in pathologies such as traumatic brain injury,5 post-stroke depression,6 glioma,7 Alzheimer’s disease,8 amyo-

trophic lateral sclerosis,9 and acute stroke.10–13

In the field of stroke pathology, the therapeutic mechanisms postulated to be responsible for the protective effect of rGOT are mainly

associated with the metabolism and reduction of blood glutamate, which results in a lower increase in pathological glutamate caused

by stroke in the cerebral parenchyma.10 Other studies have also reported that GOT metabolizes brain glutamate as an energy substrate

in anaerobic conditions such as ischemia.7,11 This hypothesis is substantiated by the fact that the overexpression of GOT in the brain reduces

the increase of glutamate and prevents the loss of ATP in ischemic conditions.14,15 A recent study has also reported that mitochondrial GOT

protects against energy failure after ischemia.16

The protective effect of rGOT against stroke has been mainly investigated through rodent ischemic models where intravenous rGOT

administration has been associated with a reduction in ischemic lesions and better recovery.17 Moreover, in the same animal models, inhibi-

tion of endogenous blood GOT activity prior to the induction of ischemic stroke resulted in more significant damage.18 In two retrospective

studies19,20 of patients with stroke, high blood GOT activity levels were associated with good outcomes at 3 months, which suggests that

exogenous administration of rGOT may be a potential stroke therapy.

To demonstrate the clinical value of GOT as a novel neuroprotective therapy for stroke, a new human form of rGOT for medical use was

manufactured, and its tolerability and pharmacokinetics were tested in rat and non-human primate (NHP) models. We aimed to

investigate the protective efficacy of rGOT using different experimental approaches that reflect clinical acute stroke conditions following

arterial recanalization. Finally, we investigated the underlying mechanisms to clarify the observed protective response.
RESULTS
Pharmacokinetics and toxicity analysis of rGOT in rats and NHPs

To analyze the pharmacokinetics of this new human version of rGOT, increasing doses (0.06, 0.12, 0.24, 0.5, 1, 2, and 4 mg/kg) were

administered intravenously (i.v.) to healthy rats. Blood samples were collected pre-dose (basal), hourly up to 6 h, and 10 days post-dose. Basal

whole-blood GOT activity levels in rodents were determined to be 60–90 U/L, which is higher than that reported in humans (�40 U/L).4 The

mean whole blood GOT activity levels 1 h after treatment administration were 270 G 40; 630G 100; 1,400G 90; 3,600G 900; 6,800G 400;

16,700G 2,200; and 30,000G 2,250 U/L, representing�4-fold, 9-fold, 20-fold, 50-fold, 100-fold, 230-fold, and 400-fold increases, respectively

(Figure 1A), with respect to basal levels. The activity levels returned to basal levels 24 h after administration. The mean half-life (T1/2) of blood

GOT activity following rGOT administration was �2 h (Figure 1B). The tested doses did not have adverse effects on body weight, food

consumption, or death in rodents.

Increasing doses of rGOT (0.12, 0.5, and 1 mg/kg) were later tested individually in the three NHPs. The average basal GOT level was

20–40 U/L, which is similar to that expected for healthy adults. The increase in blood GOT activity at 1 h was 101; 2,600; and 6,600 U/L, rep-

resenting 5-fold, 100-fold, and 260-fold increases, respectively, relative to basal levels (Figure 1C). Pharmacokinetic analysis following a single

dose of 1 mg/kg rGOT in a new group of four NHPs revealed a longer clearance time in NHPs than that in rats (T1/2: 5 vs. 2 h) (Figure 1D). For

safety and toxicity analyses, the same group of four NHPs treated with 1 mg/kg rGOT received a second dose of 5 mg/kg on day 14 after the

first dose. Hematological (Table S1), biochemical (Table S2), and hemostatic (Table S3) parameters were evaluated on days 0, 1, 7, 14, 15, 21,

and 42, as indicated in Figure S1A. Urine analysis (Table S4) was performed on days 0, 7, 14, and 21.

Treatment with rGOT was well tolerated by all the animals. No clinical signs or unexpected symptoms were observed at the injection sites

following rGOT administration to the NHPs. No changes in food consumption or adverse variations in body weight were observed during

the study. Hematology, biochemistry, coagulation, and urinalysis parameters did not show any significant variations and revealed no adverse

effects of rGOT (Tables S5–S10). Immunogenicity analysis on days 0, 14, and 42 did not reveal the development of antibodies against rGOT in

any of the NHP blood samples (Figure S1B). Only blood GOT activity levels showed significant variation in line with treatment response.

Manufacturing and characterization of rGOT are presented in the supplemental information and Figures S2A–S2C.
Neuroprotective dose-response analysis for rGOT in in vivo models of ischemia

A previous study from our group established that a single dose of 0.12 mg/kg rGOT resulted in blood GOT levels of �1,500 U/L (21-fold in-

crease with respect to basal levels) and neuroprotection in ischemic animal models.17 Based on these previous findings, the new human form

of rGOT was tested in the same ischemic model using 75 min of transient intra-filament occlusion of the middle cerebral artery (tMCAO),

starting with a dose of 0.24 mg/kg required to achieve a blood GOT activity level close to 1,500 U/L (1,400G 90 U/L). Treatment was admin-

istered as a single i.v. bolus at different time points in independent groups of ischemic animals (i.e., either immediately after artery reperfusion
2 iScience 27, 111108, November 15, 2024



Figure 1. Pharmacokinetic analysis of rGOT in rats and primates

(A) Dose-response curve of blood GOT activity measured 1 h after rGOT i.v. administration in healthy rats (n = 3).

(B) Time course of blood GOT activity in healthy rats treated with rGOT. Rats were i.v. treated with saline (control group) and rGOT (0.06, 0.12, 0.24, 0.5, 1, 2, and

4 mg/kg). Blood GOT activity was measured under basal conditions (before treatment administration) and 1, 2, 3, 4, 5, and 6 h and 1, 2, 4, 6, 8, and 10 days after

administration. The dashed line represents the half-life (T1/2 = 2 h) of rGOT.

(C) Dose-response analysis in healthy primates (n = 1/dose) treated with 0.12, 0.5, and 1 mg/kg rGOT. Blood GOT activity before treatment was considered the

basal value. GOT blood activity was determined 1 h after treatment administration.

(D) Pharmacokinetic analysis of a 1 mg/kg dose in healthy primates (n = 3). Blood GOT activity was measured under basal conditions (before treatment

administration) and 1, 2, 3, 5, 6, 8, and 10 h, and 1 and 3 days after administration. The T1/2 of rGOT was estimated to be around 5 h. Data are shown as

mean G standard deviation of the mean. The data were analyzed using SPSS statistical software (v19.0) and GraphPad Prism software (v.8.3.0) for

representation of graphs. i.v., intravenous; NHPs, non-human primates; rGOT, recombinant glutamate-oxaloacetate transaminase. BioRender (https://

biorender.com/) was used for creating the figures.
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[75 min post-cerebral occlusion] or 1, 2, 4, and 6 h after reperfusion; see schematic representation in Figure S3A). In all rGOT-treated groups,

the blood GOT activity increased to �1,500 U/L from the basal value of 70 U/L (Figure S3B). To evaluate the protective efficacy of rGOT, the

size of the ischemic lesion was measured by MRI on day 0 (during cerebral artery occlusion) and on days 1, 7, and 14 after ischemia induction.

Basal lesion assessment at day 0 and before treatment administration confirmed similar lesion volumes in all the included animals (35%–45%,

established as the percentage of ischemic damagewith respect to the ipsilateral hemisphere volume, corrected for brain edema, Figures S3C

and S3D). At this dose of rGOT, no effect on infarct volume was observed in any of the treated groups.

This lack of effectiveness led to a dose-escalation study (0.24, 0.5, 1, 2, and 4mg/kg rGOT) with rGOT administered in all cases immediately

after arterial reperfusion (75 min after tMCAO) (Figure 2A). All treatments caused a significant dose-response increase in blood GOT activity

with respect to the basal levels (70 G 10 U/L), with peak activities at 1 h: 1,300 G 100; 2,700 G 600; 6,000 G 2,000; 10,000 G 3,000; and

23,000G 4,000 U/L (Figure 2B) in order of increasing dose. Assessment of infarct volume (Figures 2C and 2D) showed no significant reduction

in infarct size in treated animals at any of the doses tested. Only the 1mg/kg dose (which resulted in a�100-fold increase in bloodGOT levels)

induced a significant functional improvement compared to the control group at day 7 (Figure 2E).

Oxaloacetate acid (OAA) is a critical co-substrate for the transamination of glutamate to aspartate and a-ketoglutarate by GOT.17 To eval-

uate whether this co-substrate could act as a limiting factor in the activity of rGOT, a dose of 1 mg/kg rGOT was supplemented with OAA at

three increasing doses of 0.35, 3.5, and 35 mg/kg. The results (Figures S4A–S4C) show that OAA did not enhance the effect of 1 mg/kg rGOT

in terms of blood GOT activity or brain protection.

Tomaintain a sustained increase in GOT activity within the first hours after the ischemia onset, a new study was initiated based onmultiple

injections of rGOT. Different administration protocols were evaluated in healthy rats (Figures S5A–S5C). The selected protocol, validated in

rodent ischemic conditions and healthy NHP models (Figures S5D and S5E), consisted of four doses of rGOT over an 8 h period, with an in-

terval of 2–3 h between doses.

The therapeutic effect of the selected protocol was evaluated using the dose range tested previously, starting at 0.24, 0.5, 1, 2, and

4 mg/kg, as shown in Figure 2F. All rGOT treatments induced an increase in blood GOT activity, which was maintained for up to 24 h after

the first administration (Figure 2G). The values of blood GOT activity at 8 h were 2,100G 700; 4,000G 2,000; 8,000G 2,000; 17,000G 3,000;
iScience 27, 111108, November 15, 2024 3

https://biorender.com/
https://biorender.com/


ll
OPEN ACCESS

4 iScience 27, 111108, November 15, 2024

iScience
Article



Figure 2. Therapeutic study of rGOT in rats with severe cerebral ischemia

(A) Schematic representation of the experimental design. Treatments (saline and rGOT at 0.24, 0.5, 1, 2, and 4 mg/kg) were administered as a single i.v. bolus

immediately after artery reperfusion (75 min after cerebral occlusion) in independent groups of ischemic animals. Dose of 1 mg/kg administered 2 h after

reperfusion was tested in an additional experimental group. Ischemic lesion was measured by MRI at day 0 by ADC maps (during cerebral artery occlusion),

and at days 1, 7, and 14 after ischemia induction by T2-maps. Basal lesion assessment at day 0 was used to confirm similar lesion volumes (35%–45%) in all

included animals before treatment administration. Motor and somatosensory tests were evaluated by means of rotarod test, grip strength, and cylinder test

at 1 day before surgery (basal) and 7 and 14 days after ischemia.

(B) Time course of blood GOT activity in ischemic rats.

(C) MRI analysis of the ischemic evolution.

(D) Infarct size assessment in ischemic rats. Ischemic lesion is represented as percentage adjusted to the ipsilateral hemisphere. The dashed line represents the

infarct volume at 14 days of the control group used as reference to see the effect of treatments.

(E) Boxplots showing the assessment of sensorimotor function using rotarod test (evaluated as maintenance time in seconds), cylinder test (evaluated as

percentage of laterality), and grip strength (evaluated as percentage with respect to the basal condition). The dashed line in the rotarod and cylinder tests

represents the healthy condition of the animals before the ischemic induction. In the grip strength, natural increase of muscular strength is reduced by

ischemic lesion.

(F) Schematic representation of the experimental design. Treatments (saline and rGOT, 0.24, 0.5, 1, 2, and 4 mg/kg) were administered (i.v.) in independent

groups of ischemic animals four times over a period of 8 h. The first dose was initiated after artery reperfusion (75 min after cerebral occlusion), followed by

three consecutive doses at 2, 5, and 8 h after artery reperfusion. The ischemic lesion was measured by MRI at day 0 by ADC maps (during cerebral artery

occlusion), and at days 1, 7, and 14 after ischemia induction by T2-maps. Basal lesion assessment at day 0 was used to confirm similar lesion volumes (35%–

45%) in all included animals before treatment administration. Motor and somatosensory tests were evaluated by means of the rotarod test, grip strength

test, and cylinder test at 1 day before surgery (basal), and 7 and 14 days after ischemia.

(G) Time course of blood GOT activity in ischemic rats.

(H) MRI analysis of the ischemic evolution.

(I) Infarct size assessment in ischemic rats.

(J) Boxplots showing the assessment of sensorimotor function using the rotarod test (evaluated as maintenance time in seconds), cylinder test (evaluated as

percentage of laterality), and grip strength (evaluated as percentage with respect to the basal condition). The dashed line in the rotarod and cylinder tests

represents the healthy condition of the animals before the ischemic induction. In the grip strength, natural increase of muscular strength is reduced by

ischemic lesion. All data are expressed as mean G standard deviation of the mean. p * < 0.05 compared with the basal. p # < 0.05 compared with the

control group at same time point. The data were analyzed using SPSS statistical software (v19.0) and GraphPad Prism software (v.8.3.0) for representation of

graphs. The criterion for statistical significance was set at p < 0.05. The Shapiro–Wilk test was used to determine whether the data were normally distributed.

Based on the results of normality tests and the sample size, statistical analysis was performed using non-parametric tests, Wilcoxon test for paired data, and

Mann-Whitney test for unpaired data. ADC, apparent diffusion coefficient; i.v., intravenous; MRI, magnetic resonance imaging; R or Rep, reperfusion;

tMCAO, transient middle cerebral artery occlusion; rGOT, recombinant glutamate-oxaloacetate transaminase; T2-WI, T2-weighted imaging. BioRender

(https://biorender.com/) was used for creating the figures.
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and 50,000 G 10,000 U/L (in order of increasing dose). Assessment of the ischemic lesion showed a significant protective effect with doses

ranging from 0.5 to 2 mg/kg relative to the control group at day 14 (control group, infarct volume: 23%G 2% vs. 0.5 mg/kg dose, 16%G 5%;

1 mg/kg dose, 17% G 3%; 2 mg/kg dose, 20% G 5%; p < 0.05, Figures 2H and 2I). For these three doses, the data indicate an approximate

20%–30% reduction in ischemic lesions. Infarct protection was correlated with functional motor recovery in the rotarod and grip tests at

14 days in the 1 mg/kg rGOT group only compared to the control group, although the p values did not reach a significant level (p = 0.048

and p = 0.046) (Figure 2J).

Protective effect of rGOT in ischemic rats with mild lesions

To investigate if the reperfusion time could determine the efficacy of the therapy, themost effective doses obtained from the previous analysis

(0.5 and 1 mg/kg) were tested in a mild ischemic animal model that was subjected to 45 min of tMCAO (Figure 3). Forty-five minutes of ce-

rebral occlusion caused an average infarct size of 24%G 4% at 24 h, which was significantly smaller than that achieved after 75 min of severe

ischemia (34% G 4%). A single 1 mg/kg dose of rGOT did not improve the protective efficacy against mild lesions (Figures 3A–3D). On the

other hand, four consecutive administrations of 0.5 or 1 mg/kg rGOT led to significant infarct reduction, mainly at 14 days (lesion size on day

14, control: 11%G 3% vs. 0.5 mg/kg dose, 9%G 4%; 1mg/kg dose: 6%G 3%, p< 0.05, comparedwith the control; Figures 3E–3I). These data

reflect a lesion reduction of�20% with a dose of 0.5 mg/kg and 48% with a dose of 1 mg/kg on day 14 under mild ischemic conditions. Infarct

reduction was correlated with functional motor recovery in the rotarod test (Figure 3J). The benefit of protection was lost when the 1 mg/kg

dose was delayed to 2 h after reperfusion.

Bioconjugation of rGOT to extend the circulatory half-life

The aforementioned dose-response analyses with one and four consecutive administrations suggest that the protective effect of rGOT is

mainly time dependent rather than dose dependent. Indeed, the protective benefit of rGOT disappeared at doses >2 mg/kg.

In a recent study, a bioconjugate form of rGOT modified with polyethylene glycol (rGOT-PEG) was able to maintain high levels of GOT

activity (between 3,000 and 6,000 U/L) over a period of �6 days following a single administration.21 To investigate the hypothesis that the

protective effects of rGOT are time dependent, a new experiment was designed to compare the administration of one and four doses of

1 mg/kg rGOTwith one dose of 1mg/kg rGOT-PEG, administered 75min after cerebral occlusion in the same ischemic rat model (Figure 4A).
iScience 27, 111108, November 15, 2024 5
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Figure 3. Therapeutic study of rGOT in rats with mild cerebral ischemia

(A) Schematic representation of the experimental design. Treatments (control and 1mg/kg rGOT) were administered as a single i.v. bolus immediately after artery

reperfusion (45 min after cerebral occlusion) in independent groups of ischemic animals. The ischemic lesion was measured using MRI at day 0 by ADC maps

(during cerebral artery occlusion), and at days 1, 7, and 14 after ischemia induction by T2-maps. Basal lesion assessment at day 0 was used to confirm similar

lesion volumes (35%–45%) in all included animals before treatment administration.

(B) Time course of blood GOT activity in ischemic rats.

(C) MRI analysis of the ischemic evolution.

(D) Infarct size assessment in ischemic rats. The ischemic lesion is represented as the percentage adjusted to the ipsilateral hemisphere. The dashed line

represents the infarct volume at 14 days after ischemia in the control group (used as reference) to see the effects of treatments.

(E) Schematic representation of the experimental design. Treatments (control and rGOT 0.5 and 1 mg/kg) were administered (i.v.) in independent groups of

ischemic animals four times over a period of 8 h. The first dose was initiated after artery reperfusion (45 min after cerebral occlusion), followed by three

consecutive doses at 2, 5, and 8 h after artery reperfusion. A dose of 1 mg/kg administered 2 h after reperfusion was tested in an additional experimental

group. The ischemic lesion was measured by MRI at day 0 by ADC maps (during cerebral artery occlusion), and at days 1, 7, and 14 after ischemia induction

by T2-maps. Basal lesion assessment at day 0 was used to confirm similar lesion volumes (35%–45%) in all included animals before treatment administration.
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Figure 3. Continued

Motor and somatosensory tests were evaluated by means of the rotarod test, cylinder test, and grip strength test 1 day before surgery (basal) and 7 and 14 days

after ischemia.

(F) Time course of blood GOT activity in ischemic rats.

(G) MRI analysis of the ischemic evolution.

(H) Infarct size assessment in ischemic rats.

(I) Boxplots showing the assessment of sensorimotor function using the rotarod test (evaluated as maintenance time in seconds), cylinder test (evaluated as

percentage of laterality), and grip strength (evaluated as percentage with respect to the basal condition). The dashed lines in the rotarod and cylinder tests

represent the healthy condition of the animals before ischemic induction. In the grip strength test, a natural increase in muscular strength is reduced by an

ischemic lesion. All data are expressed as mean G standard deviation of the mean. p * <0.05 compared with the basal. p # < 0.05 compared with the control

group at same time point. The data were analyzed using SPSS statistical software (v19.0) and GraphPad Prism software (v.8.3.0) for representation of graphs.

The criterion for statistical significance was set at p < 0.05. The Shapiro–Wilk test was used to determine whether the data were normally distributed. Based

on the results of normality tests and the sample size, statistical analysis was performed using non-parametric tests, Wilcoxon test for paired data, and Mann-

Whitney test for unpaired data. ADC, apparent diffusion coefficient; i.v., intravenous; MRI, magnetic resonance imaging; R or Rep, reperfusion; tMCAO,

transient middle cerebral artery occlusion; rGOT, recombinant glutamate-oxaloacetate transaminase; T2-WI, T2-weighted imaging. BioRender (https://

biorender.com/) was used for creating the figures.
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Consistent with our previous report,21 one dose of 1 mg/kg rGOT-PEG increased GOT activity levels in the blood to over 4,000 U/L for at least

5 days, while basal GOT activity levels were recovered at 24 h for the rats receiving four doses of rGOT (Figure 4B). Protection efficacy, deter-

mined by infarct volume reduction, showed similar profiles at 7 and 14 days in both treatment groups (one dose of rGOT-PEG and four doses

of rGOT) (Figures 4C and 4D).

In vitro and in vivo biocompatibility analysis between rGOT and the recombinant tissue plasminogen activator

Intravenous thrombolysis with alteplase@ (recombinant tissue plasminogen activator, rtPA) is currently the only approved drug for acute

ischemic stroke, with a maximum therapeutic time window of 4.5 h after the onset of stroke.22 Considering that participants who received

rtPA could be included in a future clinical trial with rGOT for acute stroke, an in vitro interaction assay to determine if its thrombolytic mech-

anism could be adversely affected by the rGOT drug candidate was first conducted. The results of the in vitro interaction (Figure 5A) demon-

strated that the thrombolytic activity of rtPAwas not affected by rGOT in a dose-dependentmanner. Moreover, the enzymatic activity of rGOT

was not affected by the proteolytic activity of rtPA (Figure 5B).

The interaction between rtPA and rGOT was later evaluated under in vivo conditions in healthy and ischemic animals. In both cases, two

clinical situations were evaluated: the first situation was where rGOT was administered immediately in cases of suspected stroke before

thrombolytic therapy, and the second was where both therapies were administered simultaneously, as illustrated in Figure 5C. In healthy an-

imals, the increase in plasminogen activity after rtPA perfusion was not altered by rGOT treatment (Figure 5D). Similarly, the increase in GOT

blood activity induced by the four doses of 1 mg/kg rGOT was not affected by rtPA in either clinical experimental approach (Figure 5E).

To analyze the treatment interaction of the two therapies in ischemic conditions, a thromboembolic rat model of MCAO (eMCAO)

accepted to evaluate the recanalization effect of rtPA was used.23,24 All animals included in this new analysis showed similar baseline lesion

volumes before treatment administration (�48%). Only three animals (37.5% of the total) without recanalization therapy (control) showed tran-

sient events (less than 10 min) of spontaneous reperfusion. Meanwhile, in line with the experimental and clinical data,25,26 complete or partial

arterial reperfusion was observed in the three groups treated with rtPA (50%–60% reperfusion rate, Figure 5F). A mortality rate of 100% was

observed at 24 h after ischemia (Figure 5G) in the control group with permanent occlusion, due to the massive ischemic lesion that this model

causes. In contrast, the groups treated with rtPA alone or in combination with rGOT showed lowermortality rates (25% and 38%, respectively),

which complement the previous analysis indicating that there is no interaction between both therapies.MRI analysis at 24 h in the three exper-

imental groups (rtPA, rGOT30_min_before + rtPA, and rGOT + rtPA) revealed infarct volumes of 43% G 2%, 43% G 3%, and 38% G 3% in the

three groups, respectively (Figures 5H and 5I). Therefore, this analysis indicated that both treatments can be safely combined (individually or

simultaneously) as thrombolytic and protective therapies.

Brain evaluation of rGOT-mediated protection

Blood glutamate levels were analyzed in parallel with GOT activity at the same time points in treated animals subjected to severe ischemia,

with one and four doses of rGOT (Figure S6). Basal levels of glutamate in the blood ranged from 75 to 200 mM; however, the new form of rGOT

did not affect the concentration of this metabolite at any dose tested. One possible reason for this could be the fast recovery of glutamate

levels, in which any possible changes in glutamate levels were not detected at the selected blood sampling time points. To test this hypoth-

esis, an artificial increase in blood glutamate levels to�500 mM (from basal levels of�100 mM) was induced in healthy rats by i.v. injection of a

glutamate solution (1mL, 1M). Treatment with 1mg/kg rGOT (tested before or after glutamate injection) did notmodify the blood glutamate

profile, which was analyzed every 10 min, as shown in Figure S7.

Non-invasive MR spectroscopy (MRS) was later used to monitor dynamic changes in metabolites in the brain and, more specifically,

whether rGOT treatment could affect the levels of glutamate (Figure 6A), lactate (Figure 6B), and aspartate (Figure 6C). We conducted an

analysis in a new set of ischemic rats (75 min after tMCAO) treated with saline (control group) or one dose of rGOT (1 or 4 mg/kg); this analysis

revealed an immediate increase in the threemetabolites after the ischemia onset, mainly during the occlusion period, and a decline following
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Figure 4. Therapeutic study of sustained rGOT-PEG activity in ischemic rats

(A) Schematic representation of the experimental design. Independent groups of ischemic animals were treated (i.v.) with saline (control), one dose of rGOT, four

doses (defined as 43) of rGOT, and one dose of rGOT-PEG (all doses 1mg/kg of rGOT protein). All treatments were initiated immediately after artery reperfusion

(75 min after cerebral occlusion). Four doses of rGOT were administered in a period of 8 h, with intervals of 2, 3, and 3 h after artery reperfusion. The ischemic

lesion was measured by MRI at day 0 by ADC maps (during cerebral artery occlusion), and at days 1, 7, and 14 after ischemia induction by T2-maps. Basal lesion

assessment at day 0 was used to confirm similar lesion volumes (35%–45%) in all included animals before treatment administration.

(B) Time course of blood GOT activity in ischemic rats.

(C) MRI analysis of the ischemic evolution.

(D) Infarct size assessment in ischemic rats. The ischemic lesion is represented as the percentage adjusted to the ipsilateral hemisphere. The dashed line

represents the infarct volume of the control group at 14 days after ischemia (used as a reference) to see the effect of treatments. All data are expressed as

mean G standard deviation of the mean. p * <0.05 compared with the basal. p # < 0.05 compared with the control group at same time point. The data were

analyzed using SPSS statistical software (v19.0) and GraphPad Prism software (v.8.3.0) for representation of graphs. The criterion for statistical significance

was set at p < 0.05. The Shapiro–Wilk test was used to determine whether the data were normally distributed. Based on the results of normality tests and the

sample size, statistical analysis was performed using non-parametric tests, Wilcoxon test for paired data, and Mann-Whitney test for unpaired data. ADC,

apparent diffusion coefficient; i.v., intravenous; MRI, magnetic resonance imaging; R or Rep, reperfusion; tMCAO, transient middle cerebral artery occlusion;

rGOT, recombinant glutamate-oxaloacetate transaminase; PEG, polyethylene glycol; T2-WI, T2-weighted imaging. BioRender (https://biorender.com/) was

used for creating the figures.
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reperfusion. This result is in line with the metabolic changes related to the ischemic cascade and agrees with other studies using MRS.27–29

Intriguingly, treatment with rGOT did not show a clear or significant effect on the concentration profiles of these threemetabolites compared

with the control.

The lack of an effect of rGOT on blood and brain glutamate levels led to the hypothesis that rGOT could potentially reach the brain pa-

renchyma and promote other neuroprotective pathways, which would challenge the currently hypothesized mechanism of action of rGOT.

Cerebrospinal fluid (CSF) is directly linked to the central nervous tissue and therefore can be used to monitor drug penetration into

the CNS.30 We conducted a longitudinal assessment of GOT activity in the CSF of healthy and ischemic rats (75 min after tMCAO)

treated with either saline (control), one dose of rGOT (1 and 4 mg/kg), or four doses of rGOT (1 mg/kg each). GOT activity was

detected in the CSF under basal conditions with an average value of 12 G 4 U/L (Figures 6D and 6F). The ischemic lesion in untreated

animals caused an increase to 20G 3 U/L 2 h after lesion induction, likely due to brain cell damage and the release of the endogenous enzyme

into the extracellular space (Figure 6F). In both healthy and ischemic animals, the increase in GOT activity in the CSF correlated with the dose

of rGOT administered (Figures 6D and 6F), although the rate at which it increased was lower than that observed in the blood (Figures 6E

and 6G).

Using quantitative liquid chromatography and tandem mass spectrometry (LC-MS/MS) with sequential window acquisition of all theoret-

ical mass spectra (SWATH-MS) analysis in brain tissues, the diffusion of rGOT from the blood to the brain parenchyma was confirmed in

healthy and ischemic animals treated with one dose of 1 mg/kg rGOT (Figure 6H). This increase correlated with the blood analysis in the

same animals (Figure 6I).

The biodistribution of rGOT at the whole-body level was finally investigated in both control and tMCAO animals using positron emission

tomography (PET) imaging. For this, animals were intravenously administered [18F]rGOT (1 mg/kg), and dynamic images were acquired over

2 h. Images revealed an increased accumulation of [18F]rGOT in the brain of diseased animals compared to aged-matched controls

(Figures 6J–6L). Whole-body images of tMCAO animals confirmed slower kidney elimination, higher liver accumulation, and longer residence

time of [18F]rGOT in the blood (Figure S8).
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Figure 5. In vitro and in vivo interaction between rtPA and rGOT

(A) In vitro analysis of rtPA activity analyzed in combination with the increasing concentration of rGOT. Leupeptin was used as an inhibitor control of rtPA activity.

(B) In vitro analysis of rGOT activity determined in the presence of increasing concentrations of rtPA.

(C) Schematic representation of the experimental design of the interaction study between rtPA and rGOT in healthy and ischemic model induced by

the thromboembolic occlusion of the MCAO (eMCAO). Independent groups of animals were treated with saline (control), rtPA 10 mg/kg (1 mL; 10%

administered in an initial loading bolus, the other 90% of the dose was continuously infused), rGOT 1 mg/kg, rGOT 1 mg/kg treated simultaneously with rtPA

10 mg/kg, and a final group treated with rGOT 1 mg/kg 30 min before rtPA 10 mg/kg. The ischemic lesion was measured by MRI at day 0 by ADC maps

(during cerebral artery occlusion, 75 min) and at day 1 by T2-maps. Basal lesion assessment at day 0 confirmed similar lesion volumes in all included animals

before treatment administration.

(D) In vivo interaction of rtPA with rGOT (four doses of 1 mg/kg) activity and (E) interaction of rGOT (four doses of 1 mg/kg) with rtPA activity, in healthy animals.

Blood levels of rtPA and GOT activity were determined in the blood before treatment administration (basal values), and 24 h after treatment.

(F) Reperfusion rate determined at 30 min after treatment administration. Successful reperfusion was considered to be when at least 40% of the basal cerebral

blood flow was recovered within the first 40 min after treatment administration.

(G) Mortality rate (%) at 24 h after ischemic induction.

(H) MRI analysis of the ischemic evolution.

(I) Infarct size assessment in ischemic rats. Ischemic lesions are represented as the percentage adjusted to the ipsilateral hemisphere. All data are expressed as

meanG standard deviation of the mean. The data were analyzed using SPSS statistical software (v19.0) and GraphPad Prism software (v.8.3.0) for representation

of graphs. BioRender (https://biorender.com/) was used for creating the figures. The criterion for statistical significance was set at p < 0.05. The Shapiro–Wilk test

was used to determine whether the data were normally distributed. Based on the results of normality tests and the sample size, statistical analysis was performed

using non-parametric tests, Wilcoxon test for paired data, and Mann-Whitney test for unpaired data. ADC, apparent diffusion coefficient; eMCAO, embolic

middle cerebral artery occlusion rat model; i.v., intravenous; MRI, magnetic resonance imaging; rtPA, recombinant tissue plasminogen activator; R/Rep,

reperfusion; rGOT, recombinant glutamate-oxaloacetate transaminase; T2-WI, T2-weighted imaging.
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Figure 6. Analysis of rGOT treatment in the brain of healthy and ischemic animals

MRS analysis of (A) glutamate, (B) lactate, and (C) aspartate in independent groups of ischemic animals who underwent transient occlusion (75 min) of the middle

cerebral artery. Treatments (saline, one dose of 1 and 4 mg/kg of rGOT) were initiated immediately after arterial perfusion. Metabolite levels were determined in

basal conditions (before ischemic induction), during artery occlusion, and 30, 60, 90, and 120 min after reperfusion.

(D) Analysis of GOT activity in CSF and (E) blood samples from healthy animals treated (i.v.) with saline (control group), one dose of rGOT 1 mg/kg, four doses of

rGOT 1 mg/kg, and one dose of rGOT 4 mg/kg. Levels of GOT were analyzed before treatment administration (basal levels) and 2, 4, and 24 h after treatment

administration.

(F) Analysis of GOT activity in CSF and (G) blood samples from ischemic animals treated with saline (control group), one dose of rGOT 1 mg/kg, four doses of

rGOT 1 mg/kg, and one dose of rGOT 4 mg/kg. Ischemic lesion was induced by the transient occlusion (75 min) of the middle cerebral artery. Treatments were

initiated immediately after arterial perfusion. Levels of GOT were analyzed before ischemia, during artery occlusion (before reperfusion), and 2, 4, and 24 h after

treatment administration.

(H) LC-MS/MS by sequential window acquisition of all theoretical mass spectra (SWATH-MS) analysis of GOT levels in brain tissue from healthy and ischemic

animals (45 min of tMCAO) treated with saline (control) and one dose of rGOT 1 mg/kg. GOT was analyzed in the brain and blood (I) 1 h after treatment

administration in the perfused brain tissues and blood, respectively.

(J) Evaluation of cerebral [18F]GOT-PET signal uptake in healthy and ischemic rat brains at 2 h after i.v. treatment administration. The healthy brain in control and

ischemic lesion in tMCAO animals was evaluated at 24 h using MRI. PET brain images of axial planes at the level of the ischemic lesion are co-registered with the

CT of the same animal. The time-activity curve of the VOI placed on the whole brain of control and ischemic animals after i.v. administration of [18F]GOT.

(K) Representation of mean SUV values of the last 20 min of PET acquisition in control and tMCAO rat brains.

(L) Values are presented as scatter dot blot. All data are expressed as mean G standard deviation of the mean. p * <0.05 compared with the basal. p # < 0.05

compared with the control group at same time point. The data were analyzed using SPSS statistical software (v19.0) and GraphPad Prism software (v.8.3.0) for

representation of graphs. The criterion for statistical significance was set at p< 0.05. The Shapiro–Wilk test was used to determine whether the data were normally

distributed. Based on the results of normality tests and the sample size, statistical analysis was performed using non-parametric tests, Wilcoxon test for paired

data, and Mann-Whitney test for unpaired data. CSF, cerebrospinal fluid; CT, computed tomography; i.v., intravenous; LC-MS/MS, liquid chromatography with

tandem mass spectrometry; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; PET, positron emission tomography; rGOT,

recombinant glutamate-oxaloacetate transaminase; tMCAO, transient middle cerebral artery occlusion; SUV, standardized uptake values; VOI, volume of

interest. BioRender (https://biorender.com/) was used for creating the figures.
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Quantitative LC-MS/MS by SWATH-MS used to analyze GOT in the brain parenchyma is also a powerful technique to detect changes in

protein expression affected by rGOT treatment. In this case, the protein expression profile in the brain of ischemic animals treated with saline

was compared to that in animals treated with four doses of 1 mg/kg rGOT following the protocol indicated in Figure S9. Dysregulated pro-

teins were identified when p < 0.05, and fold change > 1.5 or <0.8 was chosen as cutoffs. Eleven proteins were identified as being significantly

dysregulated (six upregulated and five downregulated) in the treated animals compared with the control (Figures S10A and S10B). The up-

regulated and downregulated proteins were subjected to functional analysis using FunRich. From this analysis, the upregulated proteins were

found to be mainly involved in metabolic processes, such as ATP biosynthesis, the glycolytic process, mitochondrial dynamics, NADHmeta-

bolism, and pyridoxal phosphate catabolism (represented in Figure S10C). The downregulated proteins were associatedwith other biological

processes, including the glycerol-3-phosphate catabolic process, the glycerophosphate shuttle, and RNA transcription.

Analysis of in vitro neuronal protection of rGOT

Since we observed that rGOT was able to cross the blood-brain barrier after administration and induce changes in protein expression pat-

terns, we scrutinized any direct protective effect of rGOT on neuronal cells that could justify the in vivo infarct volume reduction observed for

treated ischemic animals. Protection analysis was evaluated in primary cortical neurons subjected to an ischemic model of oxygen-glucose

deprivation (OGD) for 90 min and incubated for 24 h either in the absence or presence of increasing concentrations of rGOT. As shown in

Figure 7A, rGOT protected neurons against OGD-induced neuronal apoptosis, as revealed by the decrease in both caspase-3 activation

and the percentage of apoptotic neurons, indicated in Figure 7B. Interestingly, the neuroprotective effect of rGOT was evident at the lowest

(1.8 mg/mL) concentration tested. Moreover, the neuroprotection provided by rGOT was even detected at higher concentrations of the

enzyme, providing a wide therapeutic window. rGOT also prevented mitochondrial membrane potential depolarization in neurons caused

by OGD and related to apoptotic death (Figure 7C).31 In vitro rGOT protection was also independently analyzed by a second laboratory

via cell viability under model glutamate excitotoxicity and OGD in HT-22 and SH-5YSY neuronal cell lines (Figure 7D). Exposing HT-22 cells

to 20mMglutamate for 5 h induced an approximate 40% reduction in cell viability. Replenishing themedia with 10 mg/mL rGOTenhanced cell

survival; however, the protective effect was not statistically significant. A 1.6-fold increase in the glutamate level was detected after induction

of glutamate excitotoxicity, which was reduced to about the level of the control after rGOT exposure (Figure 7E). Similarly, exposing human

neuroblastoma SH-SY5Y cells to 20 mM glutamate for 6 h reduced cell viability to 60%, and replenishing the media with rGOT significantly

improved cell survival to 70%. Concomitantly, the glutamate level that increased 1.6-fold after glutamate excitotoxicity was significantly

reduced to the level of the negative control. Subjecting the HT-22 cells to glutamate + OGD for 5 h significantly reduced cell viability to

64% in mouse hippocampal HT-22 cells, and following reperfusion with rGOT added to the culture media, viability significantly improved

to 75%. The glutamate level in the HT-22 cell medium was significantly elevated by 1.5-fold compared to untreated cells, and reperfusion

after OGD with rGOT reduced the glutamate level. Similarly, exposing human neuroblastoma SH-SY5Y cells to glutamate + OGD reduced

cell viability to 67%, and reperfusion with rGOT improved cell survival to 85%. Additionally, the glutamate level measured after OGDexposure

showed a significant 2.5-fold increase as compared to the untreated cells. Following reperfusion with rGOT, the glutamate level was signif-

icantly reduced again. These data clearly suggest that rGOT had a direct neuroprotective effect in both mouse hippocampal HT-22 and hu-

man neuroblastoma SH-SY5Y cells in response to glutamate excitotoxicity.

rGOT labeling with rhodamine used for in vitro imaging confocal tracking demonstrated a time-dependent uptake (tested from 1 to 24 h)

of the enzyme in the primary culture neuronal cells (Figures 7F and 7G) and also in astrocytes (Figures 7H and 7I).

The finding that rGOTwas uptaken by the cells led to the evaluation of whether it could cause any toxic effect on them. Four cell lines were

used to test the cytotoxicity and genotoxicity of rGOT: human lymphoblastoid TK6, HT-22, SH-SY5Y, and human astrocytes cell lines (1321N1).

No cytotoxicity (Figures S11A and S11B) or genotoxicity, by DNA strand breaks, (Figures S11C–S11F) was detected, respectively, in any of the

cell lines after exposure to rGOT for 3 and 24 h. Chromosomal damage analyzed by micronuclei formation was not detected after the expo-

sure of TK6 cells to rGOT (Figure S11G). GOT did not induce any mutagenic effect detected by the HPRT gene mutation assay in V79-4 cells,

compared to the negative control (Figure S11H).

DNAdouble-strand breaks (DSBs) are one of themost deleterious lesions that can be induced by a genotoxic agent. UponDSB formation,

histone H2AX molecules are rapidly phosphorylated at serine 139 near the site of DNA DSBs, termed as ƴ-H2AX marks.32 No induction of

ƴ-H2AX foci was detected after neuronal HT-22, SH-SY5Y, and astrocytic 1321N1 cells exposed to 30 mg/mL rGOT (Figure S11I). The cells

treated with positive control etoposide showed massive induction of ƴ-H2AX. Thus, no genotoxicity of rGOT was detected in any of the

cell lines subjected to the genotoxicity tests (Figure S11J).

rGOT promotes autophagy during hypoxia-induced ER stress in neuronal cells

Autophagy is a critical and well-described mechanism that is activated by hypoxia and/or ischemia-reperfusion and contributes to the cell

death/survival balance in ischemic lesions.33–35 Therefore, we evaluated whether rGOT protection could mediate this phenomenon. We eval-

uated two modulators of autophagy during hypoxia: hypoxia-inducible factor-1 a (HIF1a) and endoplasmic reticulum (ER) stress.36–38 As a

model, we used HT-22 mouse hippocampal neuronal and SH-SY5Y human neuroblastoma cell lines. We identified that HIF1a prominently

accumulated in both HT-22 and SH-SY5Y neuronal cells following hypoxia in comparison to the normoxic condition (Figure 8A). We observed

that hypoxia caused significant accumulation of HIF1a that was abolished following reoxygenation in HT-22 and SH-SY5Y cell lines (Figure 8A).

In this setup, we also tested the effect of rGOT (10 mg/mL) onHIF1a accumulation. The administration of rGOTpartially or totally abolished the

accumulation of HIF1a in HT-22 and SH-SY5H neuronal cell lines (Figure 8A). To analyze the function of HIF1a, we checked the transcription
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Figure 7. In vitro protection analysis of rGOT in neuronal cultures

(A) rGOT protection in primary neuronal culture. Neurons were subjected to normoxia or oxygen and glucose deprivation (OGD) conditions, for 90min, and were

further incubated in culture medium for 24 h, in the absence of presence of increasing concentrations of rGOT (1.8–50 mg/mL). Caspase-3 activity and (B) neuronal

apoptosis (AnnexinV+/7AAD� neurons) were analyzed by fluorimetry and flow cytometry, respectively.

(C) Mitochondrial depolarization was determined by flow cytometry. Data are represented as mean G standard deviation from 4 different neuronal cultures

(*p < 0.05 versus normoxia; #p < 0.05 versus OGD).

(D) Neuroprotective effect of rGOT upon glutamate excitotoxicity or OGD. Cell viability was measured by the AlamarBlue assay after exposure to 20 mM

glutamate or glutamate and rGOT (10 mg/mL) for 5 or 6 h in HT-22 cells and SH-5YSY cell, respectively. OGD was induced during 5 h with or without rGOT

(10 mg/mL) during reperfusion in the same cell lines.

(E) Glutamate levels were measured in parallel in HT-22 and SH-5YSY cells. As positive control, cells were treated with chlorpromazine hydrochloride (CHL,

50 mM), leading to 2%–10% viability (data not shown). Data are expressed as the average value of three independent experiment replicates G standard

deviation. One-way ANOVA followed by Bonferroni’s multiple comparison test. *p < 0.5, **p < 0.01, ***p < 0.001; h, hours.

(F) Confocal images of cortical neuron primary cultures and (G) astrocyte primary cultures treatedwith GOT labeled with rhodamine B isothiocyanate (GOT-RITC).

The incubation with the GOT-RITC was conducted during 1, 2, 3, 4, 5, 6, 7, 8, and 24 h to study the internalization throughout the hours. The quantification of the

internalization in neurons (I) and astrocytes (H) was performed through corrected total cell fluorescence (CTCF). Scale bar: 50 mm. Purity of neuronal and astrocytes

cultures is indicated in Figures S12 and S13 respectively. Data are represented as meanG standard deviation (*p < 0.05; ***p < 0.001 versus 1 h). The data were

analyzed using SPSS statistical software (v19.0) and GraphPad Prism software (v.8.3.0) for representation of graphs. CTCF, Ctrl, control; corrected total cell

fluorescence; Glu, glutamate; OGD, oxygen and glucose deprivation; rGOT, recombinant glutamate-oxaloacetate transaminase.
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Figure 8. In vitro analysis of rGOT on autophagy in neuronal cultures

(A) HIF1a immunoblots of HT-22 and SH-SY5Y cells following hypoxia (H) and hypoxia/reoxygenation (H/R) with or without rGOT (10 mg/mL) treatment conditions.

An anti-B-actin antibody was used as a loading control. Full western blots (WB) images are shown in Figure S14A.

(B and C) qRT-PCR analyses of VEGFA andATF4mRNAexpression levels following hypoxia (H) and hypoxia/reoxygenation (H/R) with or without rGOT (10 mg/mL)

treatment conditions in both cell lines. GAPDH mRNA level was used as a control.

(D) Immunoblots of p-PERK and PERK, p-EIF2a and EIF2a following hypoxia (H) and hypoxia/reoxygenation (H/R) with or without rGOT (10 mg/mL) treatment

conditions in both cell lines. ImageJ quantifications of p-PERK:PERK and p-eIF2a:eIF2a ratios were shown under the blots. Full WB images are shown in

Figure S14B.

(E) LC3 (autophagy marker, green/Alexa 488) and DAPI (blue) were used to depict the nucleus staining following hypoxia (H) and hypoxia/reoxygenation (H/R)

with or without rGOT (10 mg/mL) treatment conditions in both cell lines.

(F and G) Quantification and graphical representation of LC3 positivity. At least LC3 puncta of 150 cells were counted under each condition.

(H) Immunoblot analyses of LC3-shift assays following hypoxia (H) and hypoxia/reoxygenation (H/R) with or without rGOT (10 mg/mL) treatment conditions in both

cell lines. b-actin was used as a loading control. ImageJ quantifications of LC3 II:LC3 I ratios were shown under the blots. Full WB images are shown in Figure S14C.

(I and J) qRT-PCR analyses ofMAP1LC3B andATG5mRNA expression levels following hypoxia (H) and hypoxia/reoxygenation (H/R) with or without rGOT (10 mg/

mL) treatment conditions in both cell lines. GAPDH mRNA level was used as a control. Statistical analyses were performed using Student’s two-tailed t test or

ordinary one-way ANOVA. Data were presented as means G standard deviation of R3 independent experiments. Values of p < 0.05 were considered as

significant. ***: p < 0.001, **: p < 0.01, *: p < 0.05. The data were analyzed using SPSS statistical software (v19.0) and GraphPad Prism software (v.8.3.0) for

representation of graphs. H, hypoxia; N, normoxia; R, reperfusion; rGOT, recombinant glutamate-oxaloacetate transaminase.
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level of two oxidative stress mediators, VEGFA and ATF4.39 While mRNAs of both genes can be directly controlled by HIF1a, ER stress was

shown to improve ATF4mRNA stability and translation.40,41 Quantitative reverse-transcription PCR (qRT-PCR) was performed using RNA iso-

lated from treated or control cells. Expression of both genes was significantly increased under the hypoxic condition in both cell lines

(Figures 8B and 8C). Reoxygenation in both cell lines caused a decrease in VEGFAmRNA in comparison to their hypoxic counterparts, while

ATF4 levels were sustained (Figures 8B and 8C).

Moreover, we also wanted to check changes following rGOT administration. While the increase in the mRNA levels of VEGFA was sus-

tained upon rGOT addition, a prominent increase in the mRNA level of ATF4 was observed in both cell lines during hypoxia (Figures 8B

and 8C). These results indicated that GOT might have an effect on hypoxia-induced cellular responses. We subsequently checked the status

of ER stress response proteins, such as PRKR-like endoplasmic reticulum kinase (PERK), eukaryotic translation initiation factor 2, and subunit 1

a (eIF2a) under hypoxia and/or reoxygenation conditions. PERK is one of the major sensor proteins that detect protein folding in the ER.42

Under these conditions, phosphorylation and activation of PERK causes phosphorylation of eIF2a and switches off cap-dependent translation

and stimulates numerous stress resilience and survival-related effectors.43 Therefore, we evaluated the phosphorylation status of both PERK

and eIF2a in our model. We observed that there was some activation of ER stress under hypoxia in our system, and the addition of rGOT

positively regulated ER stress responses indicated by phosphorylation of PERK and its target protein eIF2a (Figure 8D). Since ATF4 is also

downstream to the PERK/eIF2a pathway, these results might explain a further increase that was observed in ATF4 mRNA levels upon

rGOT addition (Figures 8B and 8C). Therefore, rGOT treatment alleviated hypoxia-associated responses, but on the other hand, also poten-

tiated the survival-related ER stress response of cells.

Autophagy can be activated by both hypoxia and ER stress, and it is crucial for determining the cells’ fate, including neuronal cells.

Upon autophagic stimuli, soluble autophagy protein LC3 (MAP1LC3) is conjugated to phosphatidylethanolamine resulting in the formation

of autophagosome-associated LC3-II.44 LC3-II lipidation causes LC3 puncta formation and LC3 shift in immunoblots. These assays are used as

markers of autophagic activity. In our system, we observed an accumulation of LC3 puncta in both cells following hypoxia (Figures 8E–8G).

Reoxygenation further increased LC3 puncta formation in both cell lines. The presence of rGOT under hypoxia resulted in further accumu-

lation of LC3, indicating further activation of autophagy in both cell lines (Figures 8E–8G). rGOT treatment further potentiated hypoxia/reox-

ygenation-induced autophagy in HT-22 cells, and the effect was not prominent in SH-SY5Y cells (Figures 8E–8G). To further validate these

results, we performed immunoblotting analyses. Similar to confocal results, LC3-II formation was increased following hypoxia, and it was sus-

tained following reoxygenation in both cell lines. rGOT treatment in this context further stimulated LC3-II formation in both cell lines. Upon

reoxygenation, addition of rGOT increased (Figure 8F) or sustained (Figure 8G) autophagic activity.ATF4modulates autophagy transcription-

ally by controlling the mRNA levels of MAP1LC3B and ATG5.45 In our model, we also tested the expression of these autophagy-related

mRNAs. In line with changes in ATF4 expression (Figures 8B and 8C), mRNA levels ofMAP1LC3B and ATG5 were upregulated following hyp-

oxia and/or reoxygenation (Figures 8I and 8J). rGOT treatment under hypoxia resulted in a further increase in autophagy-related mRNA

expression. Yet, rGOT treatment of reoxygenated cells did not result in a significant change in mRNA levels in both cell lines (Figures 8I

and 8J). All these results indicated that hypoxic stress induced autophagy in neuronal cells. rGOT treatment resulted in a further upregulation

of survival-related autophagy through the ER-related PERK/eIF2a/ATF4-dependent pathway, leading to rGOT-dependent neuroprotective

effects.
DISCUSSION

The preclinical analysis developed in this study provides strong evidence to suggest that the administration of a recombinant human-identical

GOT enzyme could potentially become a useful pharmacological agent for neuroprotection after ischemic stroke.15–17,46 This is indicated by

the pharmacokinetics, safety, and protection analysis described in the following text.

Pharmacokinetic analysis of this new version of rGOT revealed a T1/2 of 2 h in rats and 5 h in primates, returning to basal values within the

first 24 h. From a clinical perspective, this characteristic reduces the potential risk of long-term adverse effects, which is associated with other

failed drugs that initially had promising results.47,48 It is also unlikely that the administration of rGOT will induce toxic effects in humans, as the

levels of this enzyme vary widely among healthy human (7–45 U/L) and have been shown to increase >10-fold in patients with liver damage.49

However, considering that GOT is a key enzyme involved in different pathways of cell metabolism, a safety analysis in the NHP models and

neuronal cell lines was included in this study. Although a subsequent regulatory safety phase 1 trial in humans is now required, these results

support the future biocompatibility of the therapy and that it may be a safe drug.

Once demonstrated the safety of the therapy and, in line with the new recommendations for neuroprotection assessments adapted to the

new era of reperfusion therapies,50 the protective efficacy was evaluated later in a variety of in vivo experimental conditions that reflect the

clinical conditions encountered during the acute phase of stroke after arterial recanalization. This study established that four consecutive

doses of 1 mg/kg rGOT administered during the first 8 h (beginning before 2 h after arterial reperfusion) were the most protective protocol

in bothmild and severe ischemia. In this regard, we have also shown that the use of rGOT-PEGbioconjugate, which extends the half-life of the

therapy, could circumvent the need for four consecutive doses of rGOT.

Initially, due to safety reasons, the most common clinical trials investigating neuroprotection for stroke opted to initiate therapeutic

intervention after hospital arrival and neuroimaging diagnostics; this significantly reduces drug efficacy, as the drugs are designed to

interfere with the initial pathways of the ischemic cascade.51 With a narrow therapeutic window of 2 h after reperfusion (�3 h if we

consider the ischemic onset), it is recommended that rGOT therapy be initiated as soon as possible as prehospital therapy, in the ambu-

lance or at an outlying hospital, even in cases of suspected ischemic stroke without previous imaging diagnosis. This recommendation
14 iScience 27, 111108, November 15, 2024
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requires that the drug be highly safe and compatible with hemorrhagic conditions and reperfusion therapies, such as rtPA. For those

cases with stroke hemorrhage, previous preclinical studies have demonstrated that rGOT does not interfere with hematoma lesions and

outcomes.18 Secondly, our interaction analysis between rGOT and rtPA demonstrated that both enzymes can be combined simulta-

neously without interfering with each other’s activities. A lack of biocompatibility with reperfusion therapies is an important aspect

that limits the development of new protective agents for acute stroke. For instance, nerinetide, a promising protective agent against

glutamate excitotoxicity, is sensitive to proteolytic cleavage when administered after rtPA, and therefore loses its effects in patients

receiving thrombolytic therapy.52

The reduction in blood and brain glutamate levels has been described as the main mechanism related to the protective effect of rGOT. Its

blood glutamate scavenging and protective effects have been described17 with a previous recombinant hexahistidine-tagged formproduced

in Escherichia coli using a single dose of 0.12 mg/kg rGOT. With this new human version, four doses of 1 mg/kg were required to obtain suf-

ficient protection without affecting blood or brain glutamate levels. One of the most rational explanations that could justify this discrepancy

between the two versions of the enzyme could be the hexahistidine tag, which may affect the protein’s intrinsic activity, stability, or three-

dimensional structure, as reported for other recombinant proteins.53

The lack of effect of rGOT on blood glutamate aimed to develop consecutive CSF, proteomic, and PET analyses, indicating that rGOT can

reach the brain and induce a local protective effect. This finding is also in line with a recent study that described the capability of the blood

transaminases (includingGOT) to be actively transported by the blood-brain barrier,54 providing insight into pathophysiological CNS-periph-

eral organ communication.

It is generally accepted that after cerebral vessel occlusion, the ischemic region can be divided into two regions, an inner core region char-

acterized by immediate necrotic cell death within the first minutes after stroke and a potentially salvageable region surrounding the ischemic

core, defined as the penumbra and associated with delayed death caused by cellular apoptosis and autophagy events.55 To elucidate

whether both processes might underlie the protective effects of the therapy, in vitro assays were developed in primary culture and neuronal

cell lines. The results showed that rGOT acts directly on neuronal cells by both reducing apoptosis and inducing cytoprotective autophagy.

Therefore, these results seem to indicate the ability of the enzyme to cross the blood-brain barrier and reach the brain, providing a direct

protection to the ischemic.

In conclusion, our findings established that tissue neuroprotection and improved functional outcomes are achievable by rGOT

treatment given early in the acute phase of ischemic stroke after reperfusion. A sustained increase (�100-fold) in GOT activity for at least

8 h was needed to achieve protection, and treatment needed to begin within the first 3 h after stroke, considering the ischemia onset.

This indicates the importance of initiating rGOT administration as soon as possible and maintaining GOT activity either via consecutive in-

jections, continuous perfusion, or possibly with the long-acting rGOT-PEG bioconjugate form. The analysis of toxicity in NHPs and the

lack of interaction with rtPA support that rGOT can be safely used in patients suspected of having a stroke. Efforts must be made now to

translate these findings to humans.

Limitations of the study

Although this study includes robust preclinical data that demonstrate the potential clinical value of rGOT therapy for stroke, some limitations

need to be discussed. First, although our findings indicate that this therapy can be safely initiated even early after ischemic stroke onset, such

as pre-hospital administration or prior to reperfusion therapies, treatment was only tested after recanalization. Considering the possibility of

an immediate clinical validation, this administration protocol design was selected, as this approach is more feasible as a subsequent clinical

trial design than clinical pre-hospital administration. Second, due to the high mortality that occurred with the eMCAO model, the additive

effect of rGOT on rtPA was not detected. In this regard, alternative stroke models with lower mortality, such as the in situ thromboembolic

model of the MCA in combination with rtPA,56 would be more appropriate for this analysis. Finally, our findings suggest that rGOT is able to

cross the blood-brain barrier after blood administration and exerts a direct protective effect on neurons by both reducing apoptosis and

inducing cytoprotective autophagy. Further investigation is now required to address and clarify how a large protein such as GOT is able

to reach the brain and modulate apoptosis and autophagy.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Annexin V Immunostep #Ann V-DY634

Anti-MAP2 antibody Invitrogen #PA1-10005

Anti-mouse DyLight 549 Vector Laboratories #DI-2549-1.5

Beta-III tubulin APC-conjugated antibody R&D Systems #IC1195A

Goat anti monkey IgG (H/L) Bio-Rad #AAI42

Neuron-specific beta-III tubulin APC-

conjugated antibody ()

R&D Systems #IC1195A

ƴ-H2AX primary antibody Vell signaling #9718

Chemicals, peptides, and recombinant proteins

BD Via-Probe� Cell Viability Solution BD Biosciences #555816

Enhanced chemiluminescence reagents MIKX Lot MK-S500

Evans blue dye Sigma-Aldrich #E2129

Proteomic columns Eksigen, Dublin, CA, USA Chrom XP C18 150 mm 3 0.30 mm,

3 mm particle size, and 120 Å pore size

Medio Neurobasal� Thermo Fisher Scientific #21103049

rtPA Alteplase, Activase� Genentech, CA, USA

RIPA lysis buffer Sigma-Aldrich #20-188

Supplement B27 Thermo Fisher Scientific #17504044

Triphenyltetrazolium chloride Solarbio Lot IT0160

Trifluoperazine Solarbio Lot 440-17-5

Triton X-100 Sigma-Aldrich #9036-19-5

Critical commercial assays

Amino acid precolumn derivatization kit Waters AccQ-Tag�

Colorimetric assay AlamarBlue (AB) Thermo Fisher Scientific #A50100

Fluorimetric caspase-3 assay kit Sigma-Aldrich #12161503

GOT Activity Assay Kit Roche, Basel, Switzerland # 10745120

GOT Activity Assay Kit Abcam, Cambridge, UK # ab263883

Glutamate assay kit Abcam, Cambridge, UK #ab138883

Mitochondrial membrane potential kit Thermo Fisher Scientific MitoProbe DilC1

Protein Assay Kit Bio-Rad Laboratories, Hercules, CA, USA RC DC� Protein Assay Kit I 5000121

SensoLyte AMC tPA Activity Assay Kit AnaSpec, Fremont, USA # AS-72160

Experimental models: Cell lines

C57BL/6J mouse: primary neuronal culture

from mouse embryo (E14.5) cortices

CEBEGA (University of Santiago de

Compostela)

N/A

C57BL/6J mouse: Primary cerebral cortical

astrocyte from postnatal days 1–3 C57BL/6J

CEBEGA (University of Santiago de

Compostela)

N/A

Mouse hippocampal HT-22 KERAFAST #ESA111

Human neuroblastoma SH-5YSY American Type Culture Collection (ATCC) #CRL-2266

Human lymphoblastoid TK6 European Collection of Authenticated Cell

Culture (ECACC)

N/A

Human astrocytes 1321N1 STAMI (collaborator) N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Rat: Sprague-Dawley CEBEGA (University of Santiago de

Compostela)

N/A

Rat: Sprague-Dawley Animal Facility Unit (CIC biomaGUNE) N/A

Monkeys: Macaca fascicularis Cynbiose (Institut Claude Bourgelat) N/A

Software and algorithms

BD CellQuest software, Becton Dickinson Biosciences https://www.bdbiosciences.com/

Biorender Biorender https://www.biorender.com/

FACSDiva software BD Bioscience https://www.bdbiosciences.com

FunRich NA http://funrich.org/index.html

GraphPad Prism software Graphpad https://www.graphpad.com/ (v.8.3.0)

ImageJ NIH https://imagej.nih.gov/ij/

Leica Application Suite Advance

Fluorescence software

Leica https://www.leica-microsystems.com

MarkerView software SCIEX https://sciex.com

MestReNova Mestrelab https://mestrelab.com/

Metafer MetaSystems https://metasystems-international.com/

MicroApp NA https://www.microapp.io (v. 2.0)

PeakView SCIEX https://sciex.com (v.2.2)

PMOD image analysis software PMOD Technologies Ltd https://www.pmod.comzen b (Version 3.5)

ProteinPilot software SCIEX https://sciex.com (v.5.0.1)

SPSS Statistics IBM https://www.ibm.com/ (v19.0)

ZEN blue software ZEISS https://www.zeiss.com (v. 2.3)

Other

Rodent Anesthesia Abbott Sevoflurane

Serum tube sampling Franklin Lakes BD Microtainer K2E Tubes

tMCAo filament Doccol # 403512PK5Re

Laser Doppler Perimed AB Periflux 5000

Doppler probe Perimed AB Model 411

Grip strength device Bioseb # BIO-GS4

Rotarod apparatus UgoBasile # 47750-D01

Rectal temperature Neos Biotec N/A

Tube for venous blood collection Smiths Medical Polythene tube 800/100/200

Hybrid quadrupole-TOF mass spectrometer SCIEX QTOF6600+

Micro-LC system Eksigen Ekspert nLC425

Magnetic resonance imaging Bruker 9.4 T horizontal bore magnet

PET-CT system GE Healthcare eXplore Vista-CT small animal

Biochemical analyzer (NHP samples) Thermo Fisher Scientific Konelab KL30 ISE

Confocal microscopy Leica DMI6000B

Flow cytometer analyser BD Biosciences BD FACSAria II

GABI radiometric detector Elysia Raytest Gmbh N/A

GOT activity analysis Roche Reflotron system

Hematology analyzer I (NHP samples) Sysmex SAS Sysmex XT-2000i

Hemostasis analyzer (NHP samples) Diagnostica Stago SAS Stago STart

(Continued on next page)
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High-performance liquid chromatography

(HPLC)

Agilent Technologies 1260 Infinity II

Plate fluorescence reader Thermo Scientific Fluoroskan Ascent FL

TissueLyser Qiagen TissueLyser II
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Rodent care and housing

A total of 731 rats were included in this study (the total number of included and excluded animals per group is shown in Figure S15).

For rodent assays, protocols were approved by the Health Research Institute of Santiago de Compostela (IDIS) Animal Care Committee

under procedure numbers 15011/2022/003 and 15010/2019/004, and the animal ethics committee of CIC biomaGUNE, in the case of PET

analysis. The study was conducted according to the European Union (EU) guidelines (86/609/CEE, 2003/65/CE, and 2010/63/EU) and the

ARRIVE guidelines. Male Sprague-Dawley rats (7–8 weeks old) weighing 250–300 g were used in this study. Animals were housed at an envi-

ronmental temperature of 23�Cwith 40% relative humidity and weremaintained on a 12 h light/dark cycle. Rats had ad libitum access to food

and water. To minimize stress after arrival at the animal facility, the animals were allowed to acclimate to the facility for at least one week.

Surgical procedures, PET and MR analysis were performed under sevoflurane anesthesia (6% induction and 4% maintenance with a mixture

of 70% nitrous oxide and 30% oxygen). The rectal temperature was maintained at 37G 0.5�C using a feedback-controlled heating pad (Neos

Biotec, Pamplona, Spain). The glucose levels analyzed before surgery were similar in the animals, ranging from 180 to 220 mg/dL. At the end

of the procedure, rats were sacrificed under deep anesthesia (8% sevoflurane).

Experimental procedures in ischemic rodents were performed following five criteria derived from the Stroke Therapy Academic Industry

Roundtable (STAIR) group guidelines for the preclinical evaluation of stroke therapeutics57: (1) cerebral blood flow was measured to confirm

vascular occlusion as an index of the reliability of the ischemic model; (2) animals were randomly assigned to the treatment groups of the

study; (3) researchers were blinded to treatment administration; (4) researchers were blinded to treatment during outcome assessment;

and (5) temperature was controlled during the ischemic period.

Primate animal care and housing

A total 7 NHPs were included in this study (Figure S15). The protocol for the NHP experiments was reviewed by the Animal Welfare Body of

Cynbiose and the Ethics Committee of VetAgro-Sup (Marcy �lÉtoile, France) and approved under the number 1465-V2 (project number:

2016072117544328-v2). All experiments were conducted in accordance with European Directive 2010/63/UE, as published in the French Offi-

cial Journal of February 7th, 2013. The animal facility was approved by the Association for Assessment and Accreditation of Laboratory Animal

Care (AAALAC). Seven cynomolgus monkeys (Macaca fascicularis, males, average mean weight 3 kg) were included in the pharmacokinetic

and safety studies. Animals were housed within the Cynbiose area (Institut Claude Bourgelat) under the following conditions: room temper-

ature, 22�C; light cycle, 12 h light/dark cycle; and ventilation, at least 8 air changes per hour, with no air recirculation. Adequate amounts of a

specific primate diet were provided daily according to the size and age of the animals (100 g for animals under 5 kg and 200 g for animals over

5 kg). The animals had ad libitum access to water. To minimize stress, the animals were allowed to acclimate to their designated housing

rooms for two weeks. Blood sampling and treatment were performed on conscious and restrained animals. At the end of the in vivo exper-

imental phase, each animal was kept in Cybiose and placed in a rest period.

Blood sampleswere collectedby venipuncture of the femoral vessel into test tubes (BDMicrotainer K2E Tubes, Franklin Lakes, New Jersey,

USA). The tested treatment was administered i.v. at each dosing time point. The treatment solution (according to the dose required) was

adjusted to inject approximately 1 mL in each animal, supplemented by 0.3 mL of injectable solution. For urine collection, animals were iso-

lated overnight in individual modules, and diuretic trays were placed underneath the modules. The next day, urine was collected from the

trays, filtered to remove as much feces and debris as possible, and aliquoted into 1 mL cryotubes.

Hematological, hemostasis, and biochemical parameters were analyzed using a hematology analyzer (Sysmex XT-2000i; Sysmex SAS,

Kobe, Japan), Stago STart hemostasis analyzer (Diagnostica Stago SAS, Asniéres sur Seine, France), and Konelab KL30 ISE biochemical

analyzer (Thermo Fisher Scientific, Massachusetts, USA), respectively, according to the specific analytical process of the device. Immunoge-

nicity tests used to detect the presence of anti-GOT antibodies were performed using an ELISA sandwich with an anti-monkey IgG (H/L) HRP

antibody (Bio-Rad, Hercules, CA, USA).

Surgical procedures in rats

Transient intraluminal middle cerebral artery occlusion (tMCAO) rat model: Transient focal ischemia (45 or 75 min, for mild and severe

ischemia, respectively) was induced by intraluminal MCA occlusion as previously described17,58 using commercially available sutures with sil-

icone rubber-coated heads (350 mm in diameter and 1.5 mm long; Doccol, Sharon, MA, USA). Cerebral blood flow was monitored with a Peri-

flux 5000 laser Doppler perfusion monitor (Perimed AB, Järfälla, Sweden) by placing the Doppler probe (model 411; Perimed AB) under the

temporal muscle at the parietal bone surface near the sagittal crest. Once artery occlusion was achieved, as indicated by Doppler signal
22 iScience 27, 111108, November 15, 2024
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reduction, each animal was carefully moved from the surgical bench to the MR system for baseline ischemic lesion assessment using MRI

apparent diffusion coefficient (ADC) maps (before treatment administration). MR angiography (MRA) was also performed to ensure that

the artery remained occluded throughout the procedure and to detect possible arterial malformations.59 After basal MR analysis, the animals

were returned to the surgical bench and the Doppler probe was repositioned. Reperfusion was performed 45 or 75 min after the onset of

occlusion. In line with our previous study using the same ischemic model, the following exclusion criteria were used58: (1) <70% reduction

in the relative cerebral blood flow during arterial occlusion, (2) arterial malformations, as determined byMRA, (3) baseline lesion volume<35%

or >45% of the ipsilateral hemisphere, as measured using ADC maps, (4) absence of reperfusion or prolonged reperfusion (>10 min until

achieving R50% of the baseline cerebral blood flow) after filament removal, and (5) failure to complete treatment. MRI-T2 scans for infarct

assessment were performed at 1, 7, and 14 days after ischemia.

Embolic middle cerebral artery occlusion rat model (eMCAO): The embolic model was used according to a previously established proto-

col24,60 withminimalmodifications. Briefly, for clot preparation, venous bloodwas collected in a polythene tube (800/100/200; SmithsMedical,

Minneapolis, MN, USA) from the tail vein of the donor rat. The tube containing blood was left to clot at 37�C for 2 h, and subsequently flushed

out in a dish and rinsedwith saline. The clot was cut to a length of 5 cm and drawn into a catheter. For ischemia induction, the common carotid,

external carotid, and internal carotid arteries were carefully exposed aftermaking amidline incision on the ventral side of the rat’s neck. A clot-

filled catheter tip was inserted through an incision into the internal carotid artery. The clot was infused using a syringewith a needle connected

to the catheter at a rate of 10 mL of saline slowly over 1min. As indicated for the tMCAOmodel, cerebral blood flowwasmonitored using laser

Doppler flowmetry by placing the probe into a thinned skull in the MCA territory (4-mm lateral to bregma) to obtain a continuous measure of

relative cerebral blood flow during the occlusion. MRI and ADCmaps were obtained before treatment to confirm cerebral artery occlusion of

the MCA. Follow-up MRI-T2 scans were performed on day 1 for lesion analysis. To induce reperfusion, rtPA (10 mg/kg; Alteplase, Activase;

Genentech, CA, USA) was administered i.v. to the jugular vein (1 mL, 10% bolus, 90% perfusion for 30 min) 75 min after the clot occlusion.

Effective arterial reperfusion was defined as when the blood flow recovered to at least 40% of the basal value determined at 30min after treat-

ment administration.

Treatment administration and collection of CSF or blood in rats: treatment administration was performed through the i.v. route through

the tail vein, and each tested dose was adjusted to a final volume of 1mL. CSF for GOT activity analysis was obtained from the cisternamagna

and carried out using the protocol described elsewhere.61 Briefly, using the occipital crest as a reference point, a midline incision was made

beginning between the ears and ending approximately 2 cm caudally. The fascia was retracted and the muscles were dissected until the

cisterna magna was exposed, which appeared as a tiny inverted triangle outlined by the cerebellum above and the medulla below, behind

the translucent dural membrane. Once the cisterna magna was identified, a glass capillary was inserted, and 3–5 mL of CSF was collected at

every puncture. CSF was collected, transferred to a tube, and kept frozen at �80�C until analysis. After 1 day of CSF sampling, the animals

were sacrificed.

Blood samples for GOT and glutamate analyses were collected from the tail vein into test tubes (BDMicrotainer K2E Tubes, Franklin Lakes,

New Jersey, USA).
METHOD DETAILS

rGOT manufacturing and characterization

The human rGOT used in this study was produced and supplied by BiotechPharma UAB (Vilnius, Lithuania) using E. coli as host cells and

SUMO technology to facilitate the expression and purification of the target protein with the Ala native N-terminus.62,63 Enzymatic removal

of the SUMO fusion junction and isolation of the protein from the host cells yielded a biologically active rGOT preparation with >95% purity.

A description of the upstream biosynthesis and downstream purification processes as well as rGOT characterization by liquid chromatog-

raphy with tandem mass spectrometry (LC-MS/MS) and matrix-assisted laser desorption/ionization-time of flight mass spectrometry

(MALDI-TOF MS) are described in detail in the Patent Cooperation Treaty patent number WO2016157190A1.

MALDI-TOF MS (Figure S2A) revealed that, in accordance with the human form (EC 2.6.1.1), rGOT was a homodimeric polypeptide

(92 kDa) consisting of two identical monomers (46 kDa). Moreover, results from tryptic digestion followed by liquid chromatography with tan-

demmass spectrometry identification using a human specific database (UniProt) revealed that identification of rGOT had <1% false discovery

rate. As shown in Figures S2B and S2C, more than 1,300 peptides were identified with more than 91% GOT sequence coverage, which dem-

onstrates the unambiguous identification of this protein in the native human GOT.

For LC-MS/MS characterization, 50 mL of trifluoroethanol (TFE, Sigma-Aldrich, Missouri, USA) was added to 50 mL rGOT and vortexed to

yield a final concentration of 50%TFE. The protein was then reducedwith 150mM1,4-dithiothreitol (Merck, Darmstadt, Germany) for 45min at

55�C and carbamidemethylated with 550mM iodoacetamide (Merck, Darmstadt, Germany) for 30min at room temperature in the dark. Sam-

ples were diluted with 50 mM Tris (2-amino-2-(hydroxymethyl)-1,3-propanediol (Sigma-Aldrich, Missouri, USA) at a pH of 8 to yield a 5% TFE

solution. Trypsin (Promega, Madison, WI, USA) was added to a final ratio relative to rGOT of 1:25–1:50 (2 mg trypsin for 1–2 mg/mL rGOT)

overnight at 37�C. Formic acid (FA, Sigma-Aldrich, Missouri, USA) was added to stop the reaction, and the digested peptides were purified

using C18 Spin Tips (Thermo Scientific Pierce, Massachusetts, USA) following the manufacturer’s instructions. Finally, the sample was diluted

in water and 0.1% FA and analyzed by LC-MS/MS, as described in the library creation (data-dependent acquisition [DDA] method), using a

90min gradient. For MALDI-TOFMS characterization, the protein was dissolved in 125mL of MeOH/H2Owith 1% of trifluoroacetic acid (TFA,

Scharlau, Barcelona, Spain). One microliter was mixed with 20 mL (1:20 dilution) of sinapinic acid (Sigma-Aldrich, Missouri, USA) solution

(20 mg/mL Sa dissolved in 100% MeOH; Scharlau, Barcelona, Spain) and analyzed by MALDI-TOF. One microliter aliquots were deposited
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onto a 384 384Opti-TOFMALDI plate (Applied Biosystems, Foster City, CA, USA). MALDI analysis was performedon a 4800MALDI-TOF/TOF

analyzer (Applied Biosystems, Foster City, CA, USA).

Mass spectrometry (MS) spectra were acquired in reflector positive-ion mode using an Neodymium-doped Yttrium Aluminum Garnet

(Nd:YAG)laser with a wavelength of 355 nm and an average of 100 laser shots. The mass of the compound protein was determined by an

external calibration approach using protein standard calibration I (Bruker-Daltonics, MA, USA). Insulin (m/z = 5734.51), ubiquitin I (m/z =

8565.76), cytochrome c (m/z = 12360.97), and myoglobin (m/z = 16952.30) were used as internal standards. Stability studies of rGOT revealed

that it retained its original activity (U/mg enzyme) when kept frozen at �20�C.
The synthesis and characterization of rGOT-PEG were performed as previously described.21

tPA activity analysis

tPA activity was analyzed using the SensoLyte AMC tPA Activity Assay Kit (AnaSpec, Fremont, USA), according to the manufacturer’s spec-

ifications. Leupeptin was used as the control inhibitor of tPA.

GOT activity analysis

GOT activity in the blood was measured using the Reflotron system (Roche, Basel, Switzerland) using specific GOT/AST activity test strips.

GOT activity in the CSF was determined using an aspartate aminotransferase activity assay kit (Abcam, Cambridge, UK) following the man-

ufacturer’s recommended protocol.

Blood glutamate analysis

The concentration of glutamate in the blood was determined by twomethods: high-performance liquid chromatography (HPLC) (1260 Infinity

II; Agilent Technologies, SantaClara, CA, USA) using theAccQ-Tag precolumnderivatizationmethod for amino acid analysis (Waters,Milford,

MA, USA) and a glutamate assay kit (Abcam, Cambridge, UK) following the manufacturer’s recommended protocol.

Magnetic resonance imaging and image analysis

MRI studies were conducted with a 9.4 T horizontal bore magnet (Bruker BioSpin, Ettlingen, Germany) with 12-cm wide actively shielded

gradient coils (440 mT/m). Radiofrequency transmission was achieved using a birdcage volume resonator, and the signal was detected using

a four-element arrayed surface coil positionedover the head of the animal. The latter was fixed using a tooth bar, earplugs, and adhesive tape.

The transmission and reception coils are actively decoupled from each other. Gradient–echo pilot scans were performed at the beginning of

each imaging session to accurately position the animal inside the magnet bore. MRI post-processing was performed using the ImageJ soft-

ware (https://imagej.nih.gov/ij/). Infarct volumes were determined from ADC maps and T2 relaxation maps by manually selecting areas with

reduced ADC values or hyperintense T2 signals by a researcher blinded to the animal protocols. Infarct size was defined as the percentage of

ischemic damage with respect to the ipsilateral hemispheric volume, corrected for brain edema. For each brain slice, the total area of both

hemispheres and areas of infarction were calculated. The edema index was measured by quantifying the midline deviation (MD), which was

calculated as the ratio between the volume of the ipsilateral hemisphere and the volume of the contralateral hemisphere. The actual infarct

size was adjusted for edema by dividing the infarction area by the edema index [mm3/MD]. Thereafter, infarct volume was calculated as fol-

lows: (infarct volume [mm3/MD]/ipsilateral hemispheric area [mm3]) 3 100. These procedures have been repeatedly used in the literature to

measure and evaluate stroke outcomes in experimental models.17,18,21

ADC maps

ADC maps were acquired during MCA occlusion (approximately 30 min after the onset of ischemia) using a spin-echo echo-planar imaging

sequencewith the following acquisition parameters: echo time (ET) = 26.91ms, repetition time (RT) = 4 s, spectral bandwidth (SW) = 200 kHz, 7

b-values of 0, 300, 600, 900, 1200, 1600, and 2000 s/mm2; flip angle (FA) = 90�; number of averages (NA) = 4; 14 consecutive slices of 1 mm,

24 3 16 mm2 field-of-view (FOV) (with saturation bands to suppress signal outside this FOV), a matrix size of 96 3 64 (isotropic in-plane res-

olution of 250 mm/pixel3 250 mm/pixel), and implemented with the fat suppression option. Based on previous studies,18,21,58 the ADC values

in the healthy rat brain normally do not fall below 0.55 3 10�3 mm2/s; therefore, this threshold provides a convenient means of segmenting

abnormal tissue.

MR angiography

Non-invasive angiography was evaluated with time-of-flight magnetic resonance angiography (TOF-MRA) as reported previously.58,59 TOF-

MRA scans were performed with a 3D-Flash sequence with an ET = 2.5 ms, RT = 15 ms, FA = 20�, NA = 2, SW = 98 kHz, 1 slice of 14 mm,

30.72 3 30.72 3 14 mm3 FOV (with saturation bands to suppress signals outside this FOV), a matrix size of 256 3 256 3 58 (resolution of

120 mm/pixel 3 120 mm/pixel 3 241 mm/pixel), and implemented without the fat suppression option.

MRI T2-maps

Ischemic lesions were determined fromT2-maps calculated fromT2-weighted imagesacquired 24 h, 7, and 14 days after the onset of ischemia

using an multi-slice-multi-echo sequence: ET = 9 ms, RT = 3 s, 16 echoes with 9 ms echo spacing, flip angle = 180�, NA = 2, SW = 75 kHz,
24 iScience 27, 111108, November 15, 2024
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14 slices of 1 mm, 19.23 19.2 mm2 FOV (with saturation bands to suppress signals outside this FOV), a matrix size of 1923 192 (isotropic in-

plane resolution of 100 mm/pixel 3100 mm/pixel), and implemented without the fat suppression option.

MR spectroscopy

Spectroscopic analysis of metabolites (glutamate, aspartate, and lactate) in the brain was performed as previously described.18 Local shim-

ming was performed by manually adjusting the first- and second-order shim coil currents using a proton-stimulated echo acquisition mode

(STEAM)-waterline sequence. The field homogeneity in a 33 33 3 mm3 voxel typically resulted in signal linewidths of 10–20 Hz for the water

signal. In vivo 1Hmagnetic resonance spectra of both hemispheres of the rat brain were acquired using an STEAM-1 H sequence with an ET =

3 ms, mixing time = 10 ms, RT = 1500 ms, FA = 90�, NA = 200, cubic voxel = 33 33 3 mm3, and acquisition time = 5:15 min. The water signal

was suppressed using variable-power radio frequency pulses with optimized relaxation delays. Spectra were processed using MestReNova

software (Mestrelab Research, Santiago de Compostela, Spain). For quantitative analysis, the glutamate, aspartate, and lactate signals were

normalized to the creatine peak/phosphocreatine areas for each spectrum. MRS was performed during occlusion and after reperfusion

(30, 60, 90, and 120 min after reperfusion).
Quantitative proteomic analysis using the SWATH approach in brain tissue

Perfusion and tissue processing

Animals were deeply anesthetizedwith sevoflurane (6% in amixture of 70%NO2 and 30%O2) and transcardially perfused with 100mL of 0.1 M

PBS (pH 7.4). Brains were carefully removed from the skull and sectioned (2-mm thick) using a matrix. Tissues were stored at 80�C until further

analysis.

Protein extraction and digestion

Frozen tissue (100 mg) from the different brain samples was [SBl1] homogenized in RIPA buffer (200 mM Tris/HCl [pH 7.4], 130 mmol/L NaCl,

10% [v/v] glycerol, 0.1% [v/v] SDS, 1% [v/v] Triton X-100, and 10 mmol/L MgCl2) with anti-proteases and anti-phosphatases (Sigma-Aldrich, St.

Louis, MO, USA) in a TissueLyser II (Qiagen, Tokyo, Japan). The homogenate was centrifuged at 14,000 3 g at 4�C for 20 min. The protein

concentration wasmeasured using an RC-DC kit (Bio-Rad Laboratories, Hercules, CA, USA) according to themanufacturer’s protocol. Protein

aliquots of 100 mg were concentrated in an SDS-PAGE single band64,65 and subjected to manual digestion, as described elsewhere.66 Finally,

the peptides were dissolved in 0.1% FA for further analysis.

Quantitative SWATH analysis

Quantitative proteomic analysis was performed using the SWATHmethod with a hybrid quadrupole-TOF mass spectrometer, 6600+ (SCIEX,

Framingham, MA, USA), as described previously by our group.67–69

Generation of the reference spectral library

A pool of each group was analyzed using a shotgun DDA approach. The samples were separated in a micro-LC system Ekspert nLC425

(Eksigen, Dublin, CA, USA) using a Chrom XP C18 150 mm 3 0.30 mm, 3 mm particle size, and 120 Å pore size (Eksigen, Dublin, CA, USA)

at a flow rate of 10 mL/min, using solvent A water, 0.1% FA and solvent B acetonitrile, 0.1% FA. The peptide separation gradient ranged

from 5% to 95% B for 30 min, 5 min at 90% B, and, finally, another 5 min at 5% B for column equilibration, for a total time of 40 min. The

LC was coupled with a hybrid quadrupole-TOF mass spectrometer (6600+; SCIEX, Framingham, MA, USA). Using the mass spectrometer,

a 250 ms survey scan was performed from 400 to 1250 m/z, followed by MS/MS experiments from 100 to 1500 m/z (acquisition time of

25 ms) for a total cycle time of 2.8 s. The fragmented precursors were added to the dynamic exclusion list for 15 s, and any ion with a charge

of +1 was excluded fromMS/MS analysis. Protein identification was performed using ProteinPilot software v.5.0.1. (SCIEX, Framingham, MA,

USA) using a Rattus norvegicus or human (to detect human rGOT administered to the rats)-specific UniProt Swiss-Prot database. The false

discovery rate was set to 1 for peptides and proteins, with a confidence score above 99%.70

Quantification by SWATH and data analysis

SWATH–MS acquisition was performed using an independent data analysis method. Fourmicrograms of protein from each sample were sub-

jected to chromatographic separation, as described previously.68 The SWATHmethod consisted of repeating a cycle consisting of the acqui-

sition of 100 TOF MS/MS scans (400–1500 m/z, high sensitivity mode, 50 ms acquisition time) of overlapping sequential precursor isolation

windows of variable width (1 m/z overlap) covering the 400–1250 m/z mass range with a previous TOF MS scan (400–1500 m/z, 50 ms acqui-

sition time) for each cycle. The total cycle time was 6.3 s. For each sample set, the width of the 100 variable windows was optimized according

to the ion density found in the DDA runs using the SWATH variable window calculator worksheet from Sciex.68

The targeted data extraction of the fragment ion chromatogram traces from the SWATH runs was performed using PeakView (version 2.2)

and the SWATHAcquisitionMicroApp (version 2.0). This application processed the data using the spectral library created from the DDA data

loading over this library of individual samples acquired using the SWATH method. To obtain peak areas of up to 10 peptides per protein,

seven fragments per peptide were selected based on the signal intensity; any shared andmodified peptides were excluded from processing.
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The integrated peak areas (SWATH areas) were directly exported to the MarkerView software (AB SCIEX) for relative quantitative analysis.

MarkerView uses processing algorithms that accurately find chromatographic and spectral peaks directly from the raw SWATH data. First, the

integrated peak areas were normalized using multiple linear regression normalization or sum total areas, depending on which analysis was

performed, and unsupervised multivariate statistical analysis using principal component analysis was performed to compare the data across

the samples, using scaling. Student’s t test analysis using the MarkerView software was performed to compare the samples. The deregulated

proteins were selected using a p-value <0.05 and FC > 1.5 or < 0.8 as cut-off values. The individual values of SWATH areas per protein and

sample were used to create box pots.

Protein functional enrichment and network analysis: The differentially regulated proteins were subjected to functional analysis and inter-

preted through various open access bioinformatics tools for analyzing biological information related to molecular functions, biological pro-

cesses, cellular components, protein classes, pathways, and networks among large and complex datasets. FunRich (http://funrich.org/index.

html) was used for functional enrichment and interaction network analysis. FunRich uses hypergeometric tests, Benjamini–Hochberg proced-

ure71 and Bonferroni method.72
Radiolabeling

Synthesis of [18F]F-PyTFP

[18F]F-PyTFP was synthesized using a TRACERlab FX-FN synthesis module (GE Healthcare, Waukesha, WI, USA), following a previously

described procedure.73 Briefly, aqueous [18F]fluoride was first trapped in an ion-exchange resin (Sep-Pak Accell Plus QMA Light; Waters, Mil-

ford,MA, USA) and subsequently eluted into the reactor vessel using a solution of Kryptofix K2.2.2/K2CO3 in amixture of water and acetonitrile.

After azeotropic drying of the solvent, a solution of F-PyTFP (10mg) in amixture of tert-butanol and acetonitrile (4:1) was added, and heated at

40�C for 15 min. The reaction mixture was then diluted with 1 mL each of acetonitrile and water, and purified by HPLC using a Nucleosil 100-7

C18 column (Machery-Nagel, Düren, Germany) as the stationary phase and 0.1% TFA/acetonitrile (25:75) as the mobile phase at a flow rate of

3 mL/min. The desired fraction (retention time = 22�23 min; [18F]F-PyTFP) was collected, diluted with ultrapure water (25 mL), and flushed

through a C18 cartridge (Sep-Pak Light, Waters, Milford, MA, USA) to selectively retain [18F]F-PyTFP. The desired labeled fraction was finally

eluted using acetonitrile (1 mL). Radiochemical purity was determined by radio-HPLC, using an Agilent 1200 Series chromatograph equipped

with a multiple wavelength ultraviolet (UV) detector (l = 254 nm) and a GABI radiometric detector (Elysia Raytest Gmbh, Radeberg, Germany)

connected in series. AMediterranean C18 column (4.63 150mm, 5 mm) was used as the stationary phase and 0.1% TFA/acetonitrile (0�1min

of 25% acetonitrile; 1�9min of 25–90% acetonitrile; 9�12min of 90% acetonitrile; 12�13min of 90�25% acetonitrile; 13�15min of 25% aceto-

nitrile) as the mobile phase at a flow rate of 1.5 mL/min (retention time = 7.5 min).

Radiolabeling of rGOT with 18F

The radiofluorination of rGOT protein with 18F was carried out by the reaction between the free amine groups of lysine residues present

in the protein and [18F]F-PyTFP. Briefly, 30 mL of GOT solution (6.86 mg/mL) was diluted in 100 mL of saline solution (0.9% NaCl), and

mixed with 10 mL of [18F]F-PyTFP in acetonitrile (approximately 232 G 71 MBq). The reaction mixture was incubated at 40�C for 30 min.

After incubation, the crude reaction mixture was purified by size exclusion chromatography using Nap-5 Sephadex G-25 DNA grade

columns (GE Healthcare, Waukesha, WI, USA) preconditioned with saline solution (0.9% NaCl). The fractions containing pure labeled

compound were collected, the amount of radioactivity was measured in a dose calibrator (CPCRC-25R; Capintec Inc., NJ, USA), and

analyzed by radio-HPLC, using an Agilent 1200 Series chromatograph equipped with a multiple wavelength UV detector (l =

254 nm) and a GABI radiometric detector (Elysia Raytest Gmbh, Radeberg, Germany) connected in series. A Mediterranean C18 column

(4.6 3 150 mm, 5 mm) was used as the stationary phase and 0.1% TFA water/acetonitrile (0�1 min of 25% acetonitrile; 1�9 min of 25–

90% acetonitrile; 9�12 min of 90% acetonitrile; 12�13 min of 90�25% acetonitrile; 13�15 min of 25% acetonitrile) as the mobile phase at

a flow rate of 1.5 mL/min (retention time = 5.2 G 0.2 min).
PET imaging studies

Rats were anesthetized by inhalation of 5% isoflurane (IsoFlo, Abbott Laboratories, Illinois, USA) in pure O2 and maintained using 1.5–

2% isoflurane in 100% O2. During imaging, rats were kept normothermic using a heating blanket (Homeothermic Blanket Control Unit;

Bruker). Once the animal was under anesthesia, one of the lateral tail veins was catheterized using a 24-gauge catheter (Introcan Certo;

B. Braun), and [18F]rGOT was injected using saline solution as the vehicle (195 G 90 MBq for control animals; 180 G 95 for ischemic

animals; dose adjusted to 1 mg/kg) concomitantly with the start of PET dynamic acquisition. Dynamic PET images (frames: 4 3 30 s,

4 3 45 s, 4 3 120 s, 4 3 240 s, 4 3 480 s, 3 3 1200 s; total duration = 121 min) were acquired using an eXplore Vista-CT small animal

PET-CT system (GE Healthcare, WI, USA) in four bed positions to cover the entire animal. Computed tomography (CT) scans were ac-

quired immediately after each PET acquisition. PET images were reconstructed with Filtered Back Projection using random, scatter, and

attenuation correction and a ramp filter with a cutoff frequency of 1 Hz. Images were analyzed using p- PMOD image analysis software

(Version 3.5, PMOD Technologies Ltd, Zurich, Switzerland). For cerebral and whole-body distribution, volumes of interest were manually

drawn in whole brain, kidneys, liver, bladder, and heart using the CT images for anatomical reference, and decay-corrected time–activity

curves were obtained.
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Motor and somatosensory tests

Sensorimotor deficits were evaluated using the cylinder test, grip strength test, and rotarod test, as reported elsewhere.21 All tests were per-

formed during the dark cycle of animal housing, with environmental conditions consistently maintained across examinations, and by a

researcher blinded to the animal grouping. These tests were performed 1 day before surgery and 7 and 14 days after ischemia induction.

A baseline functional evaluation was required to test for preoperative bias.

Cylinder test

Somatosensory deficits were evaluated by examining limb asymmetry during exploratory activity. For this test, animals were introduced into a

plexiglas cylinder (diameter 20 cm; height 40 cm), and a video camera, located under this transparent cylinder, was used to record the vertical

exploratory movement of the animal’s forelimbs for 5 min. The laterality index was calculated as the number of times the animal touched the

cylinder with the impaired forelimbduring the ascendantmovement divided by the number of total touches (impaired and non-impaired fore-

limb contacts). This index is close to 0.5 for healthy animals, and tends to be 0 or 1 for animals that preferentially use the right or left paw,

respectively.

Grip strength test

This test was used to assess motor function and deficits and was performed using a grip strength device (Bioseb, Pinellas Park, USA). The

animal’s paws were placed on a grid to which the animal was held, while its tail was gently pulled backward. Themaximum grip strength prior

to grip releasewas recorded.Multiple test sessionswere conducted, with each session consisting of three trials. The average of the three trials

was considered the average performance.

The rotarod testwas performed using a rotarod apparatus (UgoBasile, Comerio, Italy) to evaluatemotor balance and coordination impair-

ments. Before surgery, the animals were pre-trained for 3 consecutive days (each animal received three training sessions per day). Rats were

placed on the rotarod at a constant speed of 20 rpm. The time that the animal could stay on the rotarodwasmeasured with 120 s as the cut-off

limit.
Apoptosis analysis of rGOT treatment in primary cortical neurons subjected to ischemic model of oxygen-glucose

deprivation (OGD)

Neuronal protection mediated by apoptosis cell death was developed in primary neuronal culture. Primary neuronal cultures were prepared

from C57BL/6J (The Jackson Laboratories) mouse embryo (E14.5) cortices. Animals were maintained in specific-pathogen free facilities at the

University of Salamanca, in accordance with Spanish legislation (RD53/2013) under license from the Spanish government and the European

Union (2010/63/EU). Protocols were approved by the Bioethics Committee of the Institute of Biomedical Research of Salamanca. All efforts

were made to minimize the number of animals used and ensure minimal suffering. Neurons were seeded at 1.8 x 105 cells/cm2 in Neurobasal

medium (Invitrogen), supplemented with 2% B27 (Invitrogen) and 2 mM glutamine (Invitrogen), and incubated at 37�C in a humidified 5%

CO2-containing atmosphere. Culture medium was replaced with fresh medium every 3 days. Neurons were used for the experiments on

day 8–9 in vitro.31 All experiments were replicated in the number (3–4) of neuronal cultures indicated in the figure legends, which were per-

formed from different pregnant females.

Protection analysis was developed in primary cortical neurons subjected to ischemicmodel of oxygen-glucose deprivation (OGD). After 8–

9 days in culture, neurons were subjected to OGD by incubating neurons at 37�C in an incubator equipped with an air lock and continuously

gassed with 95% N2/5% CO2, for 90 min. The incubation medium (Neurobasal without glucose) was previously gassed with 95% N2/5% CO2,

for 5 min. In parallel, neurons were incubated in Neurobasal medium (normoxia) at 37�C, in a humidified atmosphere of 95% air/5% CO2.
74

After OGD, neurons were further incubated in Neurobasal medium at 37�C, in a humidified atmosphere of 95% air/5%CO2 (reoxygenation),
75

in the absence or presence of increasing concentrations of recombinant GOT (1.8, 3.7, 15, 30 or 50 mg/mL), for 24 h.

Apoptosis cell death was determined by Active caspase-3 determination, flow cytometry detection of neuronal apoptosis and mitochon-

drial membrane potential. For active caspase-3 analysis, fluorimetric caspase-3 assay kit (Sigma) was used, following the manufacture’s pro-

tocol. Briefly, neurons were lysed with 50 mM HEPES, 5 mM CHAPS, 5 mMDTT, pH 7.4 for 20 min on ice, and the assay buffer containing the

Ac-DEVD-AMC (acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin) substrate (20 mMHEPES, 2 mM EDTA, 0.1% CHAPS, 5 mMDTT, 16 mM

Ac-DEVD-AMC, pH 7.4) was added. Aliquots of 200 mL were transferred to a 96-wells plate and the fluorescence was recorded at 5 min in-

tervals for 30 min at 37�C using a Fluoroskan Ascent FL (Thermo Scientific) fluorimeter (excitation: 360 nm, emission: 460 nm). Caspase-3 ac-

tivity was determined as 7-amino-4-methylcoumarin (AMC) release rate extrapolating the slopes to those obtained from the AMC standard

curve. Results were expressed as pmol/h/mg protein.31

In case of flow cytometry detection, neurons were carefully detached using 1 mM EDTA tetrasodium salt in phosphate-buffered saline

(PBS, 136 mMNaCl, 2.7 mM KCl, 7.8 mMNa2HPO4$2H2O, 1.7 mM KH2PO4, pH 7.4) at room temperature. Neurons were stained with annexin

V-DY634 (AnnV; Immunostep) and 7-aminoactinomycin D (7-AAD; Becton Dickinson Biosciences) in binding buffer (100 mM HEPES, 140 mM

NaCl, 2.5mMCaCl2) to quantitatively determine the apoptosis by flow cytometry. Annexin V-positive neurons that were 7-AAD-negative were

considered apoptotic. The mitochondrial membrane potential (Dcm) was assessed using the MitoProbe DilC1 (1,1
0, 3, 3, 30, 30-hexamethylin-

dodicarbo-cyanine iodide) assay kit for flow cytometry (Life Technologies), following manufacturer’s instructions. Neurons were incubated

with the dye at 37 �C for 30 min. Dcm values were expressed as percentages, using carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
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(CCCP; 10 mM) for 15 min to define the 0% Dcm value. Triplicates obtained from four different cultures were analyzed on a FACScalibur flow

cytometer (15 mW argon ion laser tuned at 488 nm; BD CellQuest software, Becton Dickinson Biosciences).76
Cell protection analysis of rGOT treatment in cell lines submitted to OGD and glutamate excitotoxicity

Cell protection analysis was developed in mouse hippocampal HT-22 and human neuroblastoma SH-5YSY cell lines. Mouse hippocampal

HT-22 cell line was purchased from KERAFAST. These cells were cultured in high glucose DMEM medium supplemented with 10% Fetal

bovine serum (FBS),1% penicillin/streptomycin and 1mM sodium pyruvate. Human neuroblastoma SH-5YSY cells were purchased from the

American Type Culture Collection (ATCC) and cultured in DMEM/F-12medium supplemented with 10% FBS and 1% penicillin/streptomycin.

For glutamate excitotoxicity, the HT-22 and SH-5YSY cells were seeded in 96 well plate (15000 cells/well) 24 h before exposure. Glutamate

excitotoxicity was induced by incubating HT-22 and SH-5YSY cells to 20 mM glutamate for 5 and 6 h respectively. After completion of gluta-

mate excitotoxicity, cells were replenished with fresh culture media added with 10 mg/ml rGOT particles, and exposed for 24 h to investigate

potential neuroprotective effect. Cell viability was measured by the AB assay as described.77 Ischemia was induced in vitro byOGD 24 h post-

seeding by culturing HT-22 and SH-5YSY cells in glucose-depletedmedium and in a hypoxic environment (1% oxygen) for 5 h. After OGD, the

cells were moved to cell culture medium containing 10 mg/ml rGOT particles and cultured under normoxic conditions to mimic reperfusion.

The cytotoxicity in response to glutamate (Merck PHR2634-1G) excitotoxicity and oxygen- and glucose deprivation (OGD) was measured by

the colorimetric assay AlamarBlue (AB) (Fisher Scientific).

After glutamate exposure and OGD treatment, 5 mL of media was collected in 96-well plate, mixed with 95 mL of cold PBS, and stored at

�20�C. The Glutamate-Glo assay (Promega, J7021) was used to measure glutamate levels. The principle of this assay is that Glutamate de-

hydrogenase uses the glutamate present in the media in presence of NAD+ to produce aKG and NADH. In the presence of NADH, a pro-

luciferin reductase substrate is converted to luciferin, which is then used by Ultra-Glo recombinant luciferase to produce light. The lumines-

cent signal was subsequently measured by an OPTIMA microplate reader (BMG Labtech). All values were normalized to negative control

(complete medium).78
In vitro cytotoxic and genotoxic analysis of rGOT

Dose response toxicity analysis of rGOT was tested on different cell lines and by testing cytotoxicity, DNA damage, chromosomal damage

and gene mutation. Tox analysis was performed in mouse hippocampal HT-22, human neuroblastoma SH-5YSY cell lines, human astrocytes

1321N1, human lymphoblastoid TK6 cells and Chinese hamster lung fibroblast V79-4 cells.

Mouse hippocampal HT-22 and human neuroblastoma SH-5YSY cell lines. Mouse hippocampal HT-22 cell line was purchased from

KERAFAST. These cells were cultured in high glucose DMEMmedium supplemented with 10% Fetal bovine serum (FBS),1% penicillin/strep-

tomycin and 1mMsodiumpyruvate. Human neuroblastoma SH-5YSY cells were purchased from the American TypeCulture Collection (ATCC)

and cultured in DMEM/F-12 medium supplemented with 10% FBS and 1% penicillin/streptomycin. Human astrocytes 1321N1 cell line was a

gift fromour collaborator (STAMI). The astrocytes weremaintained in high glucoseDMEMmedium supplementedwith 10% FBS and 1%peni-

cillin/streptomycin. The human lymphoblastoid TK6 cells were purchased from the European Collection of Authenticated Cell Culture

(ECACC) and cultured in RPMI medium with 9% horse serum and 1% penicillin/streptomycin. The Chinese hamster lung fibroblast V79-4 cells

were purchased from ECACC and cultured in low glucose DMEM supplemented with 10% Fetal bovine serum (FBS),1% penicillin/strepto-

mycin and 2mM glutamine. All cells were maintained in an incubator at 37�C, 5% CO2.

Cytotoxicity was tested using the AlamarBlue (AB) assay

The AB assay assesses cell viability by the metabolic activity of living cells through conversion of resazurin compound (oxidised form) to re-

sorufin (reduced form).77 The HT-22, SH-5YSY, 1321N1and TK6 cells were seeded in 96 well plate (15000 cells/well) 24 h (h) before exposure.

The day of exposure, cells were exposed to a range of rGOT concentrations (0,1 to 30 mg/mL) in duplicate wells for 3 or 24 h. At the end of

exposure, we followed the test as described by.77,79 As positive control, the chlorpromazine hydrocholoride (CHL, 50 mM) was used. In addi-

tion, untreated cells (cells in culturemedium) were used as negative control and cells incubated withMilliQ water at the highest concentration

of rGOT tested used as solvent control. Three independent experiments were performed for each cell line except for astrocytes cells where

only two independent experiments were conducted.

DNA damage by the enzyme-linked version of the comet assay

The miniaturized enzyme-linked version of the comet assay is a widely used method for detection of DNA damage in cells with nuclei. It de-

tects both DNA strand breaks and specific DNA lesions, such as oxidized purine, which can be detected by treating the cells with specific

enzymes, such as formamidopyrimidine DNA glycosylase (Fpg), which recognize oxidized purines.80,81 The assay was performed as

described82 on HT-22, SH-5YSY, 1321N1 and TK6 cells. Briefly, cells were seeded in 96 well plate (15000 cells/well) for 24 h before exposure.

The cells were exposed to a range of rGOT concentration (0,1–30 mg/mL). At the end of exposure, the cells were washedwith PBS, trypsinized

(in case of adherent cells) and resuspended in 200 mL of cell culture media. Cells were then mixed with 0.8% lowmelting agarose at 37�C and

gel drops put on glass slides pre-coated with 0.5% normal melting agarose before proceeding with electrophoresis until DNA visualization

and analysis.82 In total, three independent experiments were performed for each cell line except for 1321N1 cells where only two independent
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experiments were conducted. All experiments included positive controls (100 mMH2O2 and 0.2 mMMMS) for 3 and 24 h and negative control

(untreated cells in cell culture medium).

Chromosomal damage by the cytokinesis block micronucleus (CBMN) assay

The in vitro cytokinesis-blocked micronucleus (CBMN) assay is the gold-standard to investigate genotoxicity by chromosomal damage in a

broad range of cell lines. The CBMNassay can be used to detect both clastogenic or aneugenic DNAdamage, chromosomal breakage or the

loss or gain of an entire chromosome. The assay detects micronucleus (Mn) in the cytoplasm of interphase cells. The Mn is formed from chro-

mosome or chromatid fragments that lag in mitotic cell division. These fragments can be stained and visualized.81 To detect MN in response

to test particles, CBMN assay was performed o on TK6 cell lines.

The TK6 cells (1x106 cells/ml) were exposed to rGOT (0.1–15 mg/mL) for 24 h. At the end of the exposure, the cells were washed in PBS and

cytochalasin B (CytB, 0.3 mg/mL) was added and cells incubated for 1.5–2 cycles to stop cytokinesis and for expression of DNA damage. After

the expression period, the cells were washed with PBS, mixed 1:1 with hypotonic KCl (0.075M) and gently mixed by inversion. For cell fixation,

an aliquot of one-tenth volume of cold fixative (methanol/glacial acetic acid 3:1) was added and gently mixed. Cells are harvested by centri-

fugation (200 3 g for 5 min) and the supernatant is aspirated. An aliquot of additional fixative was added equal to the original cell volume

removed from the culture. For slide preparation, cytospin centrifuge (Bergman) to drop cells (about 1000 cells/drop) directly into cleanmicro-

scopic slides was used. Each drop on slides were then stained using 40,60-diamino-2phenyl-indole (DAPI) in vectashield, 1 mg/mL. For cyto-

toxicity evaluation, at least 1000 cells (500 cells per replicate culture) were evaluated to determine the Cyt B proliferation index (CBPI) at each

dose level and controls and CBPI calculated as described in OECD test guidelines 487.83 For genotoxicity (Mn% per binucleated BN cells), at

least 1000 (BN) cells per replicate were scored for the presence of MN per concentration following criteria.84 For both cytotoxicity and gen-

otoxicity, an automatic scoring system with Metafer software (Metasystems Germany) was used. In total two independent experiments were

performed each including 2 replicates. Every experiment included negative (untreated cells in culture media) and positive control (Mitomycin

MMC, 0.5 mg/mL).

CBPI =

� ð13Mononucleated cellsÞ+ð23Binucleated cellsÞ+ð33Multinucleated cells

Total number of cells scored

�

Gene mutation detection using HPRT (hypoxanthine phosphoribosyl-transferase) mammalian gene mutation assay

The mammalian in vitro HPRT gene mutation test was used following the OECD test guideline 476.85,86 Briefly, V79-4 cells were seeded on

6-well plates (1 3 105 cells per well) and incubated at 37�C and 5% CO2, 24 h before exposure, The day of exposure, cells were exposed to

rGOT at concentrations of (0.1, 10, and 15 mg/mL) for 24 h. At end of exposure the cells were washed, trypsinized, and resuspended in 2 mL

medium. The cells were seeded back in f100 mm Petri dishes (3 3 105 cells/dish, 3 dishes per sample to achieve approximately 106 cells

per sample) and grown in complete culture medium for an additional 8 days. Next, the cells were harvested at days 6 and 8 in a selective

medium containing 6-thioguanine (6-TG) (5 mg/mL, Sigma). These cells were incubated for another 10 days to allow formation of mutant

colonies (6-thioguanine-resistant). At the end of the incubation time, the mutant colonies were stained with 1% methylene blue and

counted manually. Only colonies with a minimum of 50 cells were counted. As a positive control Methylmethane sufonate (MMS)

(0.1 mM; 3 h) was used. Mutant frequency is expressed as the number of mutant cells per million viable cells and was calculated according

to the following formula:

Mutant frenquency =
number of mutant colonies

number of colonies from untreated cells
3 100

Immunohistochemistry

To detect DNA double-strand break, ƴ-H2AX immunohistochemistry was performed in various cell lines. Basically, half a million cells were

grown on coverslips in 12-well plate format. After exposure to 30 mg/mL rGOT and positive control 20 mM etoposide for 24 h, cells were fixed

with 4% paraformaldehyde for 15 min at RT and, permeabilized with 0.2% Triton X- for 5 min, and incubated with 1% BSA (in PBS) for 30 min.

Next, cells were incubated with ƴ-H2AX primary antibody (cell signaling; catalog number 9718) diluted in PBS containing 2% BSA (1: 800 dilu-

tion) for 24 h at 4�C, and secondary antibody Alexa Fluor 488 anti-rabbit immunoglobulins (Life Technologies). This method was adopted and

modified from.87 After incubation, the coverslips were mounted with 1 mg/mL DAPI and imaged with Zeiss LSM 700 confocal microscope.

Minimum 10 images were taken per treatment. The quantification of ƴ-H2AX immunofluorescence intensity was performed using ZEN

blue software (v. 2.3) (ZEISS AG, Oberkochen, Germany) in at least 30–50 cells in two independent experiments.

Chemicals and antibodies

The AlamrBlue kit was purchased from Invitrogen. The Glutamate-Glo assay kit was from Promega. Chlorpromazine hydrocholoride, Methyl

methanesulfonate, Cytochalasin B, 6-thioguanine, and Etoposide, were purchased from Sigma. The formamidopyrimidine [fapy]-DNA glyco-

sylase (FpG) enzyme was purchased from New England Biolabs. Glutamate was purchased from Merck. The antibody to detect ƴ-H2AX was

purchased from Cell signaling and the secondary antibody Alexa Fluor 488 anti-rabbit immunoglobulins was purchased from Life

Technologies.
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Cell uptake analysis of rGOT

Cell uptake analysis of rGOT was developed primary neuronal and astrocytes cultures by labeling the enzyme treatment with rhodamine B

isothiocyanate (RITC). Primary neuronal cultures were performed as previous protocol.88 In brief, C57BL/6Jmouse embryo (E15) cortices were

isolated, sectioned and then incubated with 0.02% trypsin (Gibco-Invitrogen, Germany). Neurons were seeded at 2 3 105 cells/cm2 in com-

plete Neurobasal medium (Gibco-Invitrogen, Germany), supplemented with 2% B-27 (Gibco-Invitrogen, Germany), 2 mM glutamine (Gibco-

Invitrogen, Germany) and 1% PS (Gibco-Invitrogen, Germany) in plates pre-treated with poly-D-lysine (Sigma-Aldrich, Germany), and incu-

bated at 37�C in a humidified 5% CO2-containing atmosphere, for a maturation period of 8–9 days. The purity of neuronal primary cultures

was determined using flow cytometry and immunofluorescence analysis. For flow cytometry analysis, neurons were harvested by trypsiniza-

tion, washed, and resuspended in phosphate buffered saline (PBS). The cells were then fixed and permeabilized using the Cell Fixation and

Permeabilization Kit (BD Biosciences, Denmark) and it was stained with Neuron-specific beta-III tubulin APC-conjugated antibody (IC1195A,

R&D Systems, Minneapolis, USA) at concentration 1mL/104 cells. After immunostaining, the cells were washed and suspended in 200 mL PBS

for subsequent analysis. Analysis was performed using a BD FACSAria II analyzer (BD Biosciences, Denmark). Unlabeled MSCs were used as

negative controls. Dead cells and debris were excluded based on side and forward scatter profiles (SSC and FSC, respectively). Staining of

negative populations were used to establish compensation parameters. Data were analyzed using the FACSDiva software (BD Biosciences).

For immunofluorescence staining, neurons were grown on glass coverslipstreated with 0.1 mg/mL poly-D-lysine hydrobromide (Sigma-

Aldrich, Germany). Cells were rinsed with PBS fixed in 4% (w/v) paraformaldehyde (PFA) solution (Thermo Fisher Scientific, Germany) for

10 min at room temperature (RT), and then washed with PBS. Cell permeabilization was performed using 0.25% Triton X-100 (Sigma-

Aldrich). Non-specific binding sites were blocked with 0.5% (w/v) bovine serum albumin (BSA) (GE Healthcare, Germany) solution for

30 min at RT. Neurons were incubated with anti-MAP2 antibody (Invitrogen, Netherlands) diluted 1:100 in PBS supplemented with 0.25%

Triton X-100 and 15% horse serum for 24 h at 4�C. Cells were washed thrice with PBS and incubated with a biotinylated horse anti-mouse

DyLight 549 (Vector Laboratories, California, USA) diluted 1:500 in PBS containing 0.25% Triton X-100 for 2 h at RT. Finally, the cell nuclei

were stained with Hoechst stain (Invitrogen, Netherlands) at a concentration of 1:6000 in PBS for 10 min. Cell preparations were mounted

with Aqua-Poly/Mount (Polysciences, Germany) and photographed using a Leica (Wetzlar, Germany) DMI6000B with software Leica Applica-

tion Suite Advance Fluorescence software, version 1.0.0 (Leica Microsystems, Germany). Each in vitro assays were performed in triplicate in

three independent experiments.

Primary cerebral cortical astrocyte cultures were prepared from postnatal days 1–3 C57BL/6J mice (Charles River, Wilmington, MA, United

States) as previously described.89 Briefly, cortices freed of meninges were incubated in 0.05% trypsin/EDTA (Thermo Fisher Scientific) for

30 min at 37�C, mechanically dissociated, and plated in Falcon Primaria 24-well plates (Becton Dickinson, Lincoln, IL, United States) at 1–2

hemispheres per plate, in Eagle’s minimal essential medium, high glucose (Glutamic, Thermo Fisher Scientific) supplemented with 10% fetal

bovine serum, (Hyclone, Logan, UT, United States), 100 u/ml penicillin, 100 mg/ml streptomycin (Thermo Fisher Scientific). Cultures weremain-

tained at 37�C in 5%CO2, andmediumwas changed every 2 days before cell confluence, then twice/week after confluence, and utilized at day

in vitro (DIV) 21. Cortices collected in ice-cold Eagle’s minimal essential medium (Thermo Fisher Scientific) were digested with 0.05% trypsin/

EDTA for 15 min at 37�C, triturated, then plated in medium containing 5% FBS and 5% ES (Hyclone). The culture medium was replaced with

glial-conditioned medium containing 5% ES and 2% B-27 (Thermo Fisher Scientific). Cytosine arabinoside (3 mol/L, Sigma) was added 24 h

after plating to inhibit glial proliferation.

rGOT was labeled with Rhodamine B isothiocyanate (RITC) by mixing 25 RITC/GOT (mol/mol) in in 0.1 M carbonate/bicarbonate buffer.

The reaction was left overnight at 4�C and then purified from the excess of RITC by size exclusion chromatography using a PD-10 desalting

column. Then, the fluorescently labeled GOT was recovered in the second fraction collected from the PD-10 column. Bradford assay (Pierce

TM Coomassie Plus Assay Kit; ThermoFisher #23236) was used to quantify RITC-labelled GOT concentration. Confocal images of fixed cells

were captured on an Andor Dragonfly spinning disk confocal system mounted on a Nikon TiE microscope equipped with a Zyla 4.2 PLUS

camera (Andor, Oxford Instruments). All the images were processed with ImageJ. Fluorescence intensity from confocal microscopy images

was quantified by calculating the corrected total cell fluorescence (CTCF) with ImageJ software.
Characterization of autophagy in HT22 and SH-SY5Y cells and rGOT interaction

HT22 and SH-SY5Y cells were cultured in full DMEMmedium, which is DMEM (Sigma-D5671) supplemented with 10% (v/v) fetal bovine serum

(FBS), L-glutamine and 100 U/mL penicillin/streptomycin, at 37�C in a humidified 5% CO2 incubator. Cells were incubated in 1%O2 condition

in New Brunswick Galaxy 48R incubator for 5h to establish hypoxia (H). DMEM with low glucose (1 g/L) without L-Glutamine and without

phenol red was used as a hypoxia media. Reoxygenation (R) was conducted following removing cells from hypoxia. Hypoxia media was

removed, and media replenished with regular DMEM. Cells were kept under at 37�C in a humidified 5% CO2, 16.9% O2 incubator for 5h

to establish reoxygenation (H/R).

To detect autophagic flux by quantifying autolysosomes, both HT22 and SH-SY5Y cells were either subjected to hypoxia (H, 5h), hypoxia/

Reoxygenation (H/R, 5h) or kept under normal culture condition with or without addition of rGOT (10 mg/mL). Cells were then fixed with 4%

paraformaldehyde (Sigma-Aldrich, 15,812-7) and permeabilized in PBS with 0.1% BSA (Sigma, A4503) and 0.1% saponin (Sigma, 84510). Im-

munostaining was performed using anti-LC3 (Sigma, L7543) antibodies, followed by incubation with anti-rabbit IgG Alexa Flour 488 (Invitro-

gen, 982425) antibody. Cells also were co-stained with Hoechst (Invitrogen, 33342) for 10 min. Cover slides were mounted and inspected un-

der 633magnification using a Carl Zeiss LSM 710 confocal microscope (Zeiss, Germany). We previously described the technique in detail in

our previous article.90 Basal autophagy threshold was determined as 5 LC3 puncta per control, non-treated SH-SY5Y and 10 puncta per
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control, non-treated HT-22 cells. Puncta in at least 150 cells per experimental point were counted and analyzed. Graphs were plotted as per-

centage of LC3 puncta positive cells over total cell numbers. Ordinary one-way ANOVA and Student’s t test statistical analyses were per-

formed using GraphPad Prism (v.8.3.0) software.

To develop immunoblot analysis, Protein extraction was performed with RIPA buffer (50 mM TRIS-HCl pH 7.4, 150 mM NaCl, 1% NP40,

0.25% Na-deoxycholate) supplemented with complete protease inhibitor cocktail (Roche, 04-693-131-001) and 1 mM phenylmethylsulfonyl

fluoride (PMSF; Sigma-Aldrich, P7626). For phosphorylated proteins, protein extraction was performed with RIPA buffer supplemented

with complete protease inhibitor cocktail and phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich, P7626) and 100 nM okadaic acid, 1 mM

cyclosporine A, 1 mM NaF, 50 mM b-glycerophosphate. Cell extracts (30 mg for LC3 shift analysis; 100 mg for the phosphorylation of PERK,

elF2a, and total level of PERK, elF2a and HIF1a analyses) were separated by SDS-polyacrylamide gels and transferred to nitrocellulose mem-

brane. Following blockage in 5% nonfat milk (or 3% BSA for phosphorylated-protein analysis), membranes were incubated in 3% BSA-PBST

solutions containing primary antibodies (ab): anti-LC3B ab (CST, #2775, 1:1000), anti HIF1a ab (CST, #14179, 1:1000) anti-PERK (CST, #3192,

1:1000), anti-p-PERK (Thr 980) (CST, #3179, 1:1000), anti-elF2a ab (Santa Cruz, sc-133227, 1:1000), anti-p-elF2a (Ser 51) ab (CST, #3597,1:1000),

and anti b-actin ab (Sigma-Aldrich, A5441, 1:10000). Then, the appropriate secondary mouse or rabbit antibodies coupled to horseradish

peroxidase (anti-mouse: Jackson Immunoresearch Laboratories, 115035003; anti-rabbit: Jackson Immunoresearch laboratories, 111035144,

1:10000) were applied and protein bands were revealed with chemiluminescence. The band signals were quantified using ImageJ.

To perform qRT-PCR analysis, total RNA was extracted using TRIzol reagent (Sigma-Aldrich, T9424) according to the manufacturer’s in-

structions. cDNA was reverse transcribed from total RNA (DNase treated) using M-MuLV reverse transcriptase (Fermentas, EP0351) or

RevertAid enzyme (ThermoScientific, EP0441) and random hexamers (Invitrogen, 48190-011). SYBR Green Quantitative RT-PCR kit (Roche,

04-913-914-001) and a Roche Light Cycler 480 were used for single step qRT-PCR reactions. To activate the SYBR green, an initial cycle of

95�C, 10 min was performed followed by, PCR reactions: 40 cycles of 95�C for 15 s and 60�C for 1 min. Then a thermal denaturation protocol

was used to generate the dissociation curves for the verification of amplification specificity (a single cycle of 95�C for 60 s 55�C for 60 s and 80

cycles of 55�C for 10 s). Changes in mRNA levels were quantified using the 2-DDCT method using GAPDH (Gyceraldehyde-3- phosphate de-

hydrogenase) mRNA as control.
QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as meanG standard error of the mean. The data were analyzed using SPSS statistical software (v19.0) and GraphPad

Prism software (v.8.3.0) for representation of graphs. BioRender (https://biorender.com/) was used for creating the figures. The criterion for

statistical significance was set at p < 0.05. The Shapiro–Wilk test was used to determine whether the data were normally distributed. Based on

the results of normality tests and the sample size, statistical analysis was performed using non-parametric tests, Wilcoxon test for paired data,

and Mann�Whitney test for unpaired data.

All data collection and analyses were performed by experimenters who were blinded to the animal’s identity and experimental conditions.

The exact ‘‘n’’ in each group is specified in the figures. Sample sizes were based on the variance of data in pilot experiments and were gener-

ally estimated by power calculations that determined the number of animals required for 80% power to detect a 20–30% difference between

groups.
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