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 Brain injuries are serious health problems and require appropriate 

management strategies in the healing process. The purpose of this research 

was to determine the effect of minocycline and single N-Acetylcysteine 

compared to the administration of a combination of minocycline or NAC 

in reducing the expression of Aquaporin-4 (AQP-4) in the brains of 

experimental animals with brain injuries for seven days after brain injury. 

The experimental animals were wistar mice (n = 65) that were divided into 

5 groups. 1) brain injury treatment and minocycline 45 mg/kg body weight 

orally (MN), 2) brain injury treatment and NAC 150 mg/kg intraperitoneal 

(NAC), 3) brain injury treatment and minocycline combination NAC 

(MCN), 4) brain injury treatment and positive control 0.9% saline 1cc intra 

peritoneal (PC), and 5) without treatment of brain injury and drug 

administration (NC). The subjects were observed on days 3, 5 and 7. The 

repeated measures ANOVA was applied to analyze the data with SPSS 

v.25. The combination of MN 13.5 mg and NAC 45 mg/kg body weight 

(4.62, 95% CI 3.40; 5.83 & 6.76, 95% CI 4.90; 8.61 p = 0.00) did not 

perform better than a single dose of each drug on Aquaporin-4. Moreover, 

the combination of NAC and Minocycline had no effect on Aquaporin-4 

and the administration of a single drug minocycline was found to be better 

on the 3rd and 5th days, while the administration of NAC was better on the 

7th day as shown by the decrease in Aquaporin-4 levels. 

 

 

 

   

 

This work is licensed under a Creative Commons Attribution Non-Commercial 4.0 

International License. 

 

 

1. INTRODUCTION 

Brain injuries are very serious health problems and the cases had increasing worldwide [1], [2]. Hence, it is 

required to have an appropriate management strategy for the actions and processes involved to manage this 

problem. Management of brain injury problems includes primary brain injury, prevention of secondary brain 
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injury, and optimal facilitation of metabolism [3], [26]. Currently, drug therapy is the primary procedure for 

the management of cerebral edema [4]. One of the drug for cerebral edema, minocycline is a semisynthetic 

tetracycline derivative that has been widely applied as a bacteriostatic since it was synthesized in 1972 [5]. 

In 1984, it was revealed that minocycline has a neuroprotective effect [6], namely as an inhibitor of 

collagenase (matrix metalloproteinase / MMP) and suppresses the release of oxygen free radicals from 

neutrophil cells, suppresses microglia activation, inhibits the enzyme iNOS (inducible Nitric Oxyde) and has 

an antiapoptotic effect. Many studies on the neuroprotective effect of minocycline have been conducted in 

animals [7], [27] and N-acetylcysteine (NAC) has demonstrated a neuroprotective effect in traumatic brain 

injury. However, its mechanism is not fully discovered. Furthermore, administration of N-Acetylcysteine 

(NAC) can reduce cerebral edema, blood-brain barrier permeability, and apoptotic index in brain injury. This 

drug also possesses antioxidant and protective neurovascular effects [8], [28]. A previous study on the effect 

of NAC suggests that the administration of NAC successfully reduce the inflammatory response in the brain 

tissue of injured mice after traumatic brain injury. This study may be one of the mechanisms by which NAC 

plays a role in repairing secondary brain damage after brain injury [9]. Moreover, several drugs that have 

been studied, including minocycline, N-acetylcysteine, simvastatin, cyclosporine A, and progesterone. FDA 

(Food and Drug Administration) had approved those drugs as a treatment for traumatic brain injury [10]. In 

a previous study, the combination and NAC could work synergistically to increase drug efficacy and improve 

cognitive function and memory in mice after traumatic brain injury [10]. 

 

During the traumatic injury, our body produces certain bio-markers as self-defense and self-reparation. In the 

early phases of traumatic brain injury, the brains releases the water channel protein marker aquaporin-4 

(AQP4) as one of the biomarkers for traumatic brain injury [6], [11], [17], [29], [30]. Aquaporin-4(AQP4) 

acts as a water channel protein and has been reported to be responsible for the regulation of the resistance to 

damage of the Blood-Brain Barrier (SDO), which results in vasogenic and cytotoxic edema [14]. Previous 

studies have also reported that more AQP-4 in the early phase of brain injury has been associated with greater 

susceptibility to cerebral edema [7], [17], [30]. Therefore, this study aims to investigate whether the effect of 

the combination of minocycline and NAC is better than the administration of minocycline or NAC alone in 

reducing the expression of AQP-4 in the brains of experimental animals with brain injury over seven days 

after brain injury. 

 

2. Subjects and methods 

This study was an experimental analytical study with a factorial design. This research aims to determine the 

effect of the administration of the single drug minocycline, single drug NAC and the combination of 

minocycline and NAC on changes in AQP-4 expression in the brain (as an indicator of the occurrence of 

cerebral edema) for 3, 5, and 7 days after traumatic head injury. This research was conducted in the 

biochemistry laboratory of the Medical Faculty of Airlangga University RSUD Dr. Soetomo Surabaya. The 

experimental animals were three-month-old male Wistar (Rattus norvegivus) mice, weighing 250-300 grams. 

To obtain the valid data and result, the experiment had 5 repetitions with a total experimental animal of 65 

mice. 

 

The experimental animals were divided into 5 groups. Each group will be treated with various conditions: 1) 

brain injury treatment and orally administered 45 mg/kg of their body weight of minocycline (MN), 2) brain 

injury treatment and administered NAC 150 mg/kg intraperitoneal (NAC), 3) brain injury treatment and 

administered minocyclone combination NAC (MCN), 4) brain injury treatment and positive controls with 

0.9% saline 1cc intra peritoneal (PC), and 5) without brain injury treatment and drug administration (NC). 

All animals were observed on days 3rd, 5th and 7th of experiment timeline. 
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The brain injury was treated using the modified "Feeney's weight drop" [8] method. It contains dropping iron 

rods weighing 40 g in diameter 4 mm from a height of 25 cm directly through the guiding tube on the surface 

dura mater of the exposed rat brain. The piston was allowed to press the brain tissue to a maximum of 5 mm. 

This will result in a standard parietal contusion. 

 

The first large group was orally administered minocycline 1 hour after their brain injury at a dose of 13.5 mg 

(45 mg/kgBW) once per day. 

 

The second large group was intraperitoneally administered NAC 1 hour after brain injury at a dose of 45 mg 

(150 mg/kg BW) for 15 minutes once per day. 

 

The 3rd large group was given a combination of oral minocycline at a dose of 13.5 mg and NAC at a dose of 

45 mg intraperitoneally for 14 minutes once per day. 

 

The fourth large group was given a positive control (NaCI 0.9%) intraperitoneally, 1 hour after brain injury.  

The 5th group was mice without treatment and medication. They were immediately dislocated to analyze the 

brain injury’s damage. 

 

Then, each of the groups were divided into 3 small groups according to the time of observation from the 3rd, 

5th, and 7th days. The mice were dissected under general anesthesia (ketamine HCI 10 mg/kgBW ~ 3 cc i.m). 

They were then injected by an antibiotic Ampicillin 100 mg kg / body weight ~ 0.1cc (1M) and postoperative 

analgesia: Tramadol 5 mg / kg ~ 1.5 cc. 

 

Furthermore, the fur removal and aseptic procedures were performed with betadine in the parietal area. Next, 

a craniotomy 1 mm posterior and 2 mm lateral and bregma with a diameter of 5 mm were conducted. After 

the injury, the muscle and skin layers were sutured layer by layer and the incision wound was smeared with 

the antibiotic bactrasin-zinc. During the observation period, the drugs were administered to the mice. The 

mice were dislocated according to the group observation time. 

 

After dislocation procedure, mice’ brain tissue samples were collected from the pericontusional area and 

aquaporin-4 expression was examined by using immunohistochemical techniques. The distribution of data 

for each group in this study was analyzed using the Saphiro-Wilk test of normality and their homogeneity 

was tested with Levene statistics. The SPSS analysis software was used for the statistical tests. 

 

3. Result 

All treatment groups had p > 0.05, this indicates that all of the data from each treatment group were normally 

distributed. 

 

Table 1. Normality test of Saphiro-Wilk and homogenitas Levene statistic 

Variable 

 (Mean) 

Group 
Shapir

o-Wilk 

Levene 

Statistic 

  P P 
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Aquaporin

4  NC 3rd 
0.089  

 MN 3rd 0.442  

 NAC 3rd 0.339 0.900 

 MCN 3rd 0.136  

 PC 3rd 0.226  

    

 MN 5th 0.888  

 NAC 5th 0.702  

 MCN 5th 0.447  

 PC 5th 0.847  

    

 MN 7th 0.552 0.657 

 NAC 7th 0.647  

 MCN 7th 0.904  

 PC 7th 0.671  

 

Table 2. Mean and SD treatment groups in 3rd, 5th and 7th 

 Day NC PC MN NAC  MCN  One-

way 

ANOVA 

3rd 5.58a ± 

0.80 

9.76b ± 

0.85 

5.53a ± 

0.83 

10.70b ± 

0.73 

14.38c ± 1.25 p=0.000 

5th 5.58a ± 

0.80 

7.34ab ± 

0.95 

5.72ab± 

1.61 

7.56b ± 1.27  14.10c ± 

2.03 

p=0.000 

7th 5.58a ± 

0.80 

6.28a ± 

0.54 

9.76b ± 

1.16 

4.90a ± 0.85 12.14c ±1.23 p=0.000 

 

*:a,b,c the same superscript shows no difference between groups 

 

The normal value of AQP-4 expression was obtained using the mean value of AQP-4 expression in the 
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negative control group, which was 5.58. The effectiveness of the drug was assessed by comparing the 

minocycline, NAC, and combination groups with the positive control group (positive control). 

 

Table 3 Minocycline and positive control 

 MN 

Mean 

(SD) 

PC 

Mean 

(SD) 

Mean difference (95% 

CI) 

P-

value 

3rd 5.53 ± 

0.83 

9.76 ± 

0.85 

-4.23, 95% CI 5.52; -

2.95 

.000 

5th 5.72 ± 

1.61 

7.34 ± 

0.95 

-1.62, 95% CI -3.47; 

0.23 

.084 

7th 9.76  ± 

1.16 

6.28 ± 

0.54 

3.48, 95% CI 2.22; 4.73 .000 

 

Table 4 NAC and positive control 

 NAC 

Mean (SD) 

PC 

Mean 

(SD) 

Mean difference (95% 

CI) 

P-

value 

3rd 10.70 ± 

0.73 

9.76 ± 

0.85 

0.94, 95% CI -.27; 2.15 .121 

5th 7.56 ± 1.27 7.34 ± 

0.95 

0.22, 95% CI -1.63; 

2.07 

.807 

7th 4.90 ± 0.85 6.28 ± 

0.54 

-1.38, 95% CI -2.63; -

0.12 

.033 

 

Table 5 MCN and positive control 

 MCN 

Mean (SD) 

PC 

Mean 

(SD) 

Mean difference (95% 

CI) 

P-

value 

3rd 14.38 ± 1.25 9.76 ± 

0.85 

4.62, 95% CI 3.40; 5.83 .000 

5th  14.10 ± 

2.03 

7.34 ± 

0.95 

6.76, 95% CI 4.90; 8.61 .000 
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7th 12.14 ±1.23 6.28 ± 

0.54 

5.86, 95% CI 4.60; 7.11 .000

  

 

3.1 Comparison of AQP-4 expression in each study group on the 3rd, 5th, and 7th days. 

The observation results on the 3rd day of the minocycline-treated group revealed that AQP-4 expression was 

almost the same as the normal value (negative control). Comparing with the positive control group, it revealed 

a significant difference (p = 0.000). The AQP-4 expression in the NAC group was almost the same as the 

positive control group, with an insignificant difference (p = 0.121). The NAC and minocycline combination 

group showed a higher AQP-4 expression than the positive control group with a significant difference (p = 

0.000). 

 

The results on the 5th day examination of the minocycline-treated group revealed that administering the drug 

to mice with brain injury could reduce the occurrence of edema, as observed from the expression of AQP-4 

compared to the positive control group. However, this difference was not significant (p = 0.084). 

 

Next, the NAC group showed an mean AQP-4 expression value close to the positive control group with no 

significant difference (p = 0.807). Whereas the NAC and minocycline combination group showed higher 

AQP-4 expression than the positive control group with a significant difference (p = 0.000). The minocycline-

treated group showed higher AQP-4 expression than the normal value and the control group was significantly 

positive on the 7th day (p = 0.000). And the NAC group showed a significantly lower AQP-4 expression than 

the positive control group (p = 0.000). Finally, the NAC and minocycline combination group showed an AQP-

4 expression that was always higher than the positive control group with a significant difference (p = 0.000). 

 

For the comparison of AQP-4 expression on the 7th day, the normal value of AQP-4 expression was obtained 

using the mean value of AQP-4 expression in the negative control group (5.58). The table below presents the 

mean values of AQP-4 expression for each group of minocycline, NAC, combination, and positive control 

that were obtained on the 7th day. The effectiveness of the drug was further analyzed by comparing the 

minocycline, NAC, and combination groups with the positive control group. 

 

This study discovered that the minocycline-treated group showed higher AQP-4 expression than the normal 

value and the control group with a significant difference (p = 0.000). Whereas the NAC group showed a 

significantly lower AQP-4 expression than the positive control group (p = 0.000). And the NAC and 

minocycline combination group resulted in AQP-4 expression that was always higher than the positive control 

group with a significant difference (p = 0.000). 

 

The results of the observations on the 3rd day showed that the mean value of AQP-4 expression in the 

minocycline-treated group and the negative control group was statistically almost the same (notation a), but 

that it was very different from the positive control group (notation b). It was found that between the NAC and 

positive control groups, the mean expression of AQP-4 was obtained. The results were not very different from 

the results of the test that was not significant (notation b). Meanwhile, in the NAC and minocycline 

combination group, the mean AQP-4 expression was higher than the positive control with a significant 

difference (notation c). 

 

The results of the observations on the 5th day showed that the mean expression of AQP-4 in the minocycline-

treated group was clinically lower than the positive control, although statistically the difference was 

considered insignificant (a, b notation). Nevertheless, administering the drug to mice with brain injuries could 
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reduce occurrence of edema. In the comparison of the mean AQP-4 expression of the NAC group and the 

positive control, there was no significant difference (notation b) because both of them had a mean with only 

a slight difference. Meanwhile, the mean expression of AQP-4 produced by the combination group of NAC 

and minocycline was higher than the positive control with a significant difference (notation c). 

 

The results of the observation on the 7th day showed that the minocycline-treated group had a higher mean 

than the negative and positive control, with a significant difference (notation b). However, this result was 

different from the NAC group where the mean AQP-4 expression was clinically lower than the positive 

control, although the difference was not statistically significant (notation a). For the NAC and minocycline 

combination group, the mean level of AQP-4 expression produced was always higher than the negative 

control with a significant difference (notation c). 

 

4. Discussion 

The occurrence of acute-phase cerebral edema corresponds to the increased expression of AQP-4 in the brains 

of mice [16] with brain injury. In previous studies, there was a lack of references related to the traumatic 

cerebral edema in the rat brain. Therefore, at the beginning of the study it was assumed that the trigger of 

brain edema in humans was the same as in mice, so we observed a group of mice for 7 days with peak edema 

between days 3 or 5 days. In this study, an increase in AQP-4 expression was found in the experimental group 

with brain injury compared to the experimental group without brain injury. The expression of AQP-4 is 

correlated to the occurrence of cerebral edema [17] after brain injury treatment in experimental animals. The 

mice in this study experienced a peak of cerebral edema on day 3, then on it began to decrease on day 5 and 

it approached normal values on day 7. Thus, we concluded that the course of cerebral edema in mice is similar 

to that of humans [18]. 

 

Administration of minocycline until the 3rd day in mice with brain injury was shown to reduce the occurrence 

of edema to levels that are close to the negative control in this study. However, on the 3rd day, the NAC group 

could not prove the anti-cerebri edema effect because there was no significant difference between the 

administration of NAC and the positive control. On the 3rd day, the combination of minocycline and NAC 

group had an increase in the risk of cerebral edema. This result is supported by the findings of a previous 

study which found that only the administration of minocycline alone was proven to have a significant neuro-

protectant effect by improving cognitive function and memory after brain injury in mice [12]. Another study 

reported that the use of NAC was not significantly different in the occurrence of pericontusional perfusion 

cerebral edema and contusion volume expansion compared to the control group [19]. Moreover, we did not 

obtain an anti-edematous effect on the combination of NAC and minocycline in this study. 

 

Next, a previous study suggested that a histological examination of the brain after two weeks post-brain injury 

with minocycline combined with NAC can protect subcortical but not cortical brain tissue [12]. The authors 

of this study examined the pericontusional tissue in the cortical. Therefore, it is possible that the combination 

of NAC and minocycline does not produce a neuro-protectant effect. The minocycline-treated group showed 

that AQP-4 expression was not significantly different from the negative control and when compared with the 

positive control group, the value was lower, but the difference was not significant. While the NAC group 

showed an AQP-4 expression that was almost the same as the positive control group with a decreasing graph 

approaching the negative control [20]. Next, the NAC and minocycline combination group showed higher 

AQP-4 expression than the positive control group. 

 

The single administration of minocycline on the 5th day was found to be better than the single administration 

of NAC because the role of the neuro-protectant of minocycline is the clearest mechanism, and in the 
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conceptual framework it has more capture points than NAC. On the 7th day of observation, the administration 

of minocycline to mice with brain injury was found to be ineffective in reducing edema and tended to worsen 

the edema as the result was statistically significant compared to the positive control group. Giving NAC to 

mice with brain injury could reduce the occurrence of edema, as seen from the expression of AQP-4 being 

lower than the positive control group on the 7th day of observation [11]. However, the combination group of 

NAC and minocycline showed that the combination of these drugs was still ineffective in reducing edema 

and tended to aggravate cerebral edema as seen from the high mean value of AQP-4 expression which was 

greater than the positive control group on the 7th day of observation. 

 

Previous studies have also reported that a single administration of minocycline is better than a single 

administration of NAC. However, on the 7th day of the study, the results from NAC were better than 

minocycline. However, the mechanism is remained unclear, but other studies have reported that the long-term 

administration of minocycline possesses neuro-protectant and neurotoxic effects [21], [35], [36]. This study 

found that the role of NAC on the 7th day was better than that of minocycline, although there was no significant 

difference against the positive control. This is because NAC is more effective in reducing edema in the 

advanced phase [19], [31], [32- 34]. According to the observation of the positive control group from the three 

groups on days 3, 5, and 7, it was found that an increase in AQP-4 expression after brain injury treatment in 

experimental animals showed that cerebral edema peaked on day 3, then began to decrease on day 5, and 

returned to near normal on day 7 [13]. In the group receiving minocycline on days 3 and 5, it was found that 

the expression of AQP 4 was lower than the positive control group on days 3 and 5. 

 

In the early phase, minocycline demonstrated a neuro-protectant effect as an anti-edematous [22]. However, 

several studies reported that the long-term administration of minocycline has both a neuro-protectant effect 

and a neurotoxic effect [21], [35], [36]. In this study, it was found that there was a neuro-protectant effect in 

the single use of minocycline as shown by a decrease in cerebral edema compared to the positive control 

group in the first 5 days after brain injury. Therefore, the period of administration of minocycline is considered 

to be used at the time of the onset of edema, which is the first 5 days after trauma because the effect of long-

term administration shows that it is not effective in reducing cerebral edema [23]. Meanwhile, in the NAC 

group, a graphic depiction of AQP-4 levels decreased, but it was not very different from the positive control 

group, as observed from evaluations conducted in each group on days 3, 5, and 7. This is in accordance with 

several previous studies which reported that the neuroprotective effect of a single administration of NAC was 

not significant compared to positive controls. However, the observation in the later phase of NAC is more 

effective in reducing edema [19], [31- 34]. 

 

Up to the 5th day of observation, no significant anti-edema effect was found with the single use of NAC. 

Minocycline administration was also better than NAC on the first 5 days, but on the 7th day NAC was better 

than minocycline. Therefore, this suggests that NAC could be given after day 5 after brain injury. This result 

is supported by another study which reported that the administration of NAC after cerebral edema can 

attenuate the inflammatory response in injured rat brain and can repair the brain secondary to traumatic brain 

injury [11], [27]. In the group that was given a combination of minocycline and NAC after brain injury 

treatment, the expression of AQP-4 was higher than the positive control group during the observation on days 

3, 5, and 7. This study did not obtain a decrease of AQP-4 from the subjects administered the combination of 

NAC and minocycline in this study. This refutes previous studies that mentioned the synergistic effect of 

minocycline and NAC when given in combination [20]. 

 

Nevertheless, it is necessary to conduct further studies about the doses that should be used in single and 

combination administration. It may be advisable if given together, for the doses to be further lowered to 
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reduce drug interactions and side effects. It can also be recommended to administer the combination of drugs 

at a time that is not the same as when the edema begins (the first 5 days), so minocycline should be given 

first, then on the 7th day and so on NAC would be administered. However, further research is needed to 

determine the effects. 

 

5. Conclusion 

The combination of NAC and Minocycline had no effect on Aquaporin-4 levels and the administration of a 

single drug minocycline obtained better results on the 3rd and 5th days, while the administration of NAC 

obtained better results on the 7th day, as shown by the decrease in Aquaporin-4 levels. 

 

6. Declaration 

Acknowledgments: The researchers would like to express their gratitude to all the study participants for their  

excellent participation. 

Funding: There was no grant for this research from any funding agency in the public, private, or not-forprofit 

sectors. 

Conflict of interest: no conflicts of interest declared by the authors. 

Author statement: The study was carried out by all the authors. All of them participated to the study's idea,  

design, and data collection. Three authors performed material preparation. [Donny Wisnu Wardhana] 

performed data  

handling. [Farhad Bal'afif] performed the discussion. [Tommy Nazwar Alfandy] performed the statisticians 

review. [Mustofa M] performed in handling and sorting out valid data. All researchers contributed to the 

initial draught  

of the text. The final manuscript was reviewed and approved by them 

 

7. References 

[1] Rubiano AM, Carney N, Chesnut R, Puyana JC. Global neurotrauma research challenges and 

opportunities. Nature. 2015;527(7578):193-7 

 

[2] Ng SY, Lee AYW. Traumatic Brain Injuries: Pathophysiology and Potential Therapeutic Targets. Front 

Cell Neurosci. 2019;13:528. 

 

[3] Dash HH, Chavali S. Management of traumatic brain injury patients. Korean J Anesthesiol. 

2018;71(1):12-21. 

 

[4] Deng YY, Shen FC, Xie D, Han QP, Fang M, Chen CB, et al.  Progress in Drug Treatment of Cerebral 

Edema. Mini-Reviews in Medicinal Chemistry. 2016;16(11). 

 

[5] Graber EM. Treating acne with the tetracycline class of antibiotics: A review. Dermatological Reviews. 

2021; 1– 10. 

 

[6] Abdel Baki SG, Schwab B, Haber M, Fenton AA, Bergold PJ. Minocycline synergizes with N-

acetylcysteine and improves cognition and memory following traumatic brain injury in rats. PLoS One. 

2010;5(8):e12490. 

 

[7] Tang G, Yang GY. Aquaporin-4: A Potential Therapeutic Target for Cerebral Edema. Int J Mol Sci. 

2016;17(10):1413. 

 



Wardhana, et.al, 2022                                                                                                    Teikyo Medical Journal 

 

6608 
 

[8] Koulaeinejad N, Haddadi K, Ehteshami S, et al. Effects of Minocycline on Neurological Outcomes In 

Patients With Acute Traumatic Brain Injury: A Pilot Study. Iran J Pharm Res. 2019;18(2):1086-1096. 

 

[9] Xian NT, Wang Q, Koike MA, Cheng D, Goris ML, Blankenberg FG, Yenari MA. Monitoring the 

Protective Effects of Minocycline Treatment with Radiolabeled Annexin V in an Experimental Model of 

Focal Cerebral Ischemia. J Nucl Med, 2007; 11:1122-1828 

 

[10] Hoffer BJ, Pick CG, Hoffer ME, Becker RE, Chiang YH, Greig NH. Repositioning drugs for traumatic 

brain injury - N-acetyl cysteine and Phenserine. J Biomed Sci. 2017;9;24(1):71. 

 

[11] Chen G, Shi J, Hu Z, Hang C. Inhibitory effect on cerebral inflammatory response following traumatic 

brain injury in rats: a potential neuroprotective mechanism of N-acetylcysteine. Mediators of Inflammation. 

2008;2008:716458. 

 

[12] Baki A, Schwab B, Haber M, Fenton AA, Bergold PJ. Minocycline Synergizes with N-Acetylcysteine 

and Improves Cognition and Memory Following Traumatic Brain Injury in Rats. Plos One. 2010; 5(8):e12490 

 

[13] Zhang C, Chen J, Lu H. Expression of aquaporin-4 and pathological characteristics of brain injury in a 

rat model of traumatic brain injury. Mol Med Rep. 2015;12(5):7351-7357. 

 

[14] Thoren AE, Helps SC, Nilsson M, Sims NR. Astrocytic function assessed from 1-14C-acetate 

metabolism after temporary focal cerebral ischemia in rats. J Cereb Blood Flow Metab. 2005 Apr;25(4):440-

50. 

 

[15] Feeney DM, Boyeson MG, Linn RT, Murray HM, Dail WG. Responses to cortical injury: I. Methodology 

and local effects of contusions in the rat. Brain Res. 1981;211(1):67-77. 

 

[16] Fukuda AM, Badaut J. Aquaporin 4: a player in cerebral edema and neuroinflammation. J 

Neuroinflammation. 2012;9:279 

 

[17] Papadopoulos MC, Verkman AS. Aquaporin-4 and brain edema. Pediatr Nephrol. 2007;22(6):778-84. 

 

[18] Weber B, Lackner I, Haffner-Luntzer M, Palmer A, Pressmar J, Scharffetter-Kochanek K, et al. 

Modeling trauma in rats: similarities to humans and potential pitfalls to consider. J Transl Med. 2019;17, 305.  

 

[19] Thomale UW, Griebenow M, Kroppenstedt SN, Unterberg AW, Stover JF. The effect of N-

acetylcysteine on posttraumatic changes after controlled cortical impact in rats. Intensive Care Med. 

2006;32(1):149-55 

 

[20] Haber M, Abdel Baki SG, Grin'kina NM, Irizarry R, Ershova A, Orsi S, et al. Minocycline plus N-

acetylcysteine synergize to modulate inflammation and prevent cognitive and memory deficits in a rat model 

of mild traumatic brain injury. Exp Neurol. 2013;249:169-77. 

 

[21] Plane JM, Shen Y, Pleasure DE, Deng W. Prospects for minocycline neuroprotection. Arch neurol, 2010; 

67(12):1442-1448. 

 

[22] Naderi Y, Panahi Y, Barreto GE, Sahebkar A. Neuroprotective effects of minocycline on focal cerebral 

https://www.teikyomedicaljournal.com/


ISSN: 03875547 

Volume 45, Issue 04, June, 2022 

  

6609 
 

ischemia injury: a systematic review. Neural Regen Res. 2020;15(5):773-782. 

 

[23] Kovesdi E, Kamnaksh A, Wingo D, Ahmed F, Grunberg NE, Long JB, et al. Acute minocycline 

treatment mitigates the symptoms of mild blast-induced traumatic brain injury. Front Neurol. 2012;3:111. 

 

[24] Bhatti J, Nascimento B, Akhtar U, Rhind SG, Tien H, Nathens A, da Luz LT. Systematic Review of 

Human and Animal Studies Examining the Efficacy and Safety of N-Acetylcysteine (NAC) and N-

Acetylcysteine Amide (NACA) in Traumatic Brain Injury: Impact on Neurofunctional Outcome and 

Biomarkers of Oxidative Stress and Inflammation. Front Neurol. 2018;15;8:744. 

 

[25] Ghiam MK, Patel SD, Hoffer A, Selman WR, Hoffer BJ, Hoffer ME. Drug Repurposing in the Treatment 

of Traumatic Brain Injury. Front Neurosci. 2021;15:635483. 

 

[26] Crupi R, Cordaro M, Cuzzocrea S, Impellizzeri D. Management of Traumatic Brain Injury: From Present 

to Future. Antioxidants (Basel). 2020 Apr 2;9(4):297. 

 

[27] Xiong A, Xiong R, Yu J, Liu Y, Liu K, Jin G, Xu J, Yan J. Aquaporin-4 is a potential drug target for 

traumatic brain injury via aggravating the severity of brain edema. Burns Trauma. 2021;9:050. 

 

[28] Strickland BA, Bakhsheshian J, Emmanuel B, Amar A, Giannotta SL, Russin JJ, Mack W. 

Neuroprotective effect of minocycline against acute brain injury in clinical practice: A systematic review. J 

Clin Neurosci. 2021;86:50-57. 

 

[29] Abdel-Wahab WM, Moussa FI. Neuroprotective effect of N-acetylcysteine against cisplatin-induced 

toxicity in rat brain by modulation of oxidative stress and inflammation. Drug Des Devel Ther. 

2019;11;13:1155-1162. 

 

[30] Chen JQ, Zhang CC, Jiang SN, Lu H, Wang W. Effects of Aquaporin 4 Knockdown on Brain Edema of 

the Uninjured Side After Traumatic Brain Injury in Rats. Med Sci Monit. 2016;22:4809-4819. 

 

[31] Maier A, Dharan A, Oliver G, Berk M, Redston S, Back SE, Kalivas P, Ng C, Kanaan RA. A multi-

centre, double-blind, 12-week, randomized, placebo-controlled trial to assess the efficacy of adjunctive N-

Acetylcysteine for treatment-resistant PTSD: a study protocol. BMC Psychiatry. 2020;20(1):397 

 

[32] Back SE, Gray K, Santa Ana E, Jones JL, Jarnecke AM, Joseph JE, Prisciandaro J, Killeen T, Brown 

DG, Taimina L, Compean E, Malcolm R, Flanagan JC, Kalivas PW. N-acetylcysteine for the treatment of 

comorbid alcohol use disorder and posttraumatic stress disorder: Design and methodology of a randomized 

clinical trial. Contemp Clin Trials. 2020;91:105961. 

 

[33] Ooi SL, Green R, Pak SC. N-Acetylcysteine for the Treatment of Psychiatric Disorders: A Review of 

Current Evidence. Biomed Res Int. 2018;2018:2469486. 

 

[34] Dominari A, Hathaway Iii D, Kapasi A, Paul T, Makkar SS, Castaneda V, Gara S, Singh BM, Agadi K, 

Butt M, Retnakumar V, Chittajallu S, Taugir R, Sana MK, Kc M, Razzack S, Moallem N, Alvarez A, Talalaev 

M. Bottom-up analysis of emergent properties of N-acetylcysteine as an adjuvant therapy for COVID-19. 

World J Virol. 2021;10(2):34-52. 

 



Wardhana, et.al, 2022                                                                                                    Teikyo Medical Journal 

 

6610 
 

[35] Cai Z, Wang C, Chen Y, He W. An Antioxidant Role by Minocycline Via Enhancing the Activation of 

LKB1/AMPK Signaling in the Process of Cerebral Ischemia Injury. Curr Mol Med. 2018;18(3):142-151 

 

[36] Scott G, Zetterberg H, Jolly A, Cole JH, De Simoni S, Jenkins PO, Feeney C, Owen DR, Lingford-

Hughes A, Howes O, Patel MC, Goldstone AP, Gunn RN, Blennow K, Matthews PM, Sharp DJ. Minocycline 

reduces chronic microglial activation after brain trauma but increases neurodegeneration. Brain. 

2018;141(2):459-471. 

https://www.teikyomedicaljournal.com/

