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Curcumin in the treatment of
inflammation and oxidative stress
responses in traumatic brain
Injury: a systematic review and
meta-analysis

Jinfeng Guo'*, Zhengjie Li*, Yun Yao?, Lei Fang?, Mingdi Yu' and
Zuhui Wang?

The Nursing Department of Anhui College of Traditional Chinese Medicine, Wuhu, Anhui, China, ?The
Outpatient and Emergency Department of Wuhu Hospital of Traditional Chinese Medicine, Wuhu,
Anhui, China

Background and aim: Traumatic brain injury (TBI), a leading cause of high
morbidity and mortality, represents a significant global public health challenge.
Currently, no effective treatment for TBI exists. Curcumin, an active compound
extracted from the root of Curcuma longa, has demonstrated neuroprotective
properties both in vitro and in vivo. Notably, it has shown potential in reducing
oxidative stress and inflammation and enhancing redox balance. This paper
conducts a systematic review and meta-analysis to explore curcumin’s role in
TBI animal models extensively. The findings offer valuable insights for future
human clinical trials evaluating curcumin as a therapeutic supplement or
nutraceutical in TBI management.

Methods: Comprehensive literature searches were conducted across MEDLINE,
Embase, Cochrane, Web of Science, and Google Scholar databases. These
searches aimed to identify relevant manuscripts in all languages, utilizing the
keywords “curcumin” and “traumatic brain injury.”

Results: The final quantitative analysis included 18 eligible articles corresponding
to animal studies. The analysis revealed that curcumin significantly reduced
inflammatory cytokines, including IL-1p (p = 0.000), IL-6 (p = 0.002), and TNF-«
(p =0.000), across various concentrations, time points, and administration
routes. Additionally, curcumin markedly enhanced the activity of oxidative
stress markers such as SOD (p =0.000), Sir2 (p=0.000), GPx (p =0.000), and
Nrf2 (p=0.000), while reducing MDA (p=0.000), 4-HNE (p=0.001), and
oxyprotein levels (p = 0.024). Furthermore, curcumin improved cerebral edema
(p =0.000) and upregulated neuroprotective factors like synapsin | (o =0.019),
BDNF (p=0.000), and CREB (p =0.000), without reducing mNSS (p = 0.144).
About autophagy and apoptosis, curcumin increased the activity of Beclin-1
(p=0.000) and Bcl-2 (p =0.000), while decreasing caspase-3 (p =0.000), the
apoptosis index (p = 0.000), and P62 (p = 0.002).

Conclusion: Curcumin supplementation positively affects traumatic brain injury
(TBI) by alleviating oxidative stress and inflammatory responses and promoting
neuroprotection. It holds potential as a therapeutic agent for human TBI.
However, this conclusion necessitates further substantiation through high-
quality literature and additional randomized controlled trials (RCTs).

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/. The
registration number of PROSPERO: CRD42023452685.
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1 Introduction

Traumatic brain injury (TBI) has a high morbidity and mortality
rate, remaining a leading cause of disability and health complications
globally (1). An estimated 10 million individuals are either
hospitalized or die annually due to TBI, and approximately 57 million
people have experienced such an injury (2). Traumatic brain injury
(TBI) is considered to be a biphasic injury with both primary and
secondary injury properties. Secondary injuries occur within hours
to days of the initial injury. It may be caused by inflammation,
oxidative stress, calcium homeostasis, disruption of the blood-brain
barrier, etc. Secondary injury exacerbates brain damage after TBI (3).
Due to improvements in pre-hospital and neurological intensive care,
current treatment of TBI focuses on avoiding or mitigating secondary
injury processes rather than repairing damage caused by the primary
injury (4). Curcumin, the primary ingredient of turmeric, is
recognized by the U.S. Food and Drug Administration as safe for
human use (5, 6). Its chemical structure is 2a, 3-unsaturated p-dione,
with the chemical name (E, E) -1,7-p (4-hydroxy-3-methoxyphenyl)
-1, 6-heptane-3, 5-dione, and a melting point of 179°C-183°C (7).
Research (8) indicates that curcumin can be rapidly absorbed into
the bloodstream and brain, substantially ameliorating secondary
brain injuries caused by TBI, including cerebral edema and
oxidative stress. A randomized controlled trial (RCT) by Zahedi
et al. (9) involving 62 adult TBI patients in ICU settings revealed
that short-term curcumin supplementation improved inflammatory
biomarkers and clinical outcomes, alongside nutritional status, but
had no impact on oxidative stress markers. However, studies on the
effects of curcumin and its derivatives on human TBI are limited.
Eghbaliferiz et al. (10) reported that curcumin possesses anti-tumor
and neuroprotective properties. Despite these findings, no
comprehensive systematic analysis of all available data has been
conducted. Therefore, this study aims to perform a systematic
review and meta-analysis of animal studies to inform the design of
future human clinical trials using curcumin as a supplement or
nutrient. This research specifically focuses on evaluating the anti-
inflammatory and antioxidant effects of curcumin in animal models
of TBI, with a particular emphasis on changes in inflammatory
factors such as interleukin-1f (IL-1p), interleukin-6 (IL-6), tumor
necrosis factor-o (TNF-a), and oxidative stress markers including
superoxide dismutase (SOD), silent information regulator 2 (Sir2),
malondialdehyde (MDA), glutathione peroxidase (GPx), NF-E2-
related factor (Nrf2), and others.

2 Materials and methods
2.1 Search strategy

A comprehensive systematic search was conducted for
manuscripts in various languages, published from the inception of
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each database until January 2023. This search utilized five databases:
Embase, Web of Science, Cochrane, MEDLINE, and Google Scholar.
The search strategy was formulated based on the PICOS framework:
(P) Population: animals with TBI; (I) Intervention: curcumin; (C)
Comparator: control groups comprising TBI animals receiving either
conventional therapy or a blank control; (O) Outcomes: changes in
inflammatory and oxidative stress factors post-TBI; (S) Study Type:
RCTs. The specific search strategy is detailed in Table 1 (PubMed is
used as an example).

2.2 Inclusion and exclusion criteria

2.2.1 Inclusion criteria

1 Traumatic Brain Injury (TBI)

2 Animal Experimentation

3 RCTs

4 Administration of Curcumin: Intraperitoneal,

Intravenous, or Oral

5 Experimental Design: The experimental group received
curcumin, while the control group comprised TBI animals
treated with conventional methods or given a blank
control treatment.

6 Comprehensive Outcome Measures

7 Outcome Assessment: Continuous numerical variables were
used as result indices, with either Standard Mean Difference
(SMD) or Mean Difference (MD) employed for data analysis.

8 No Language Restrictions

2.2.2 Exclusion criteria

1 Non-traumatic brain injury

2 Non-Animal Experiments

3 Non-in vivo animal studies, in vitro studies, human clinical
trials, case studies, and experiments lacking control groups.

4 Studies Involving Curcumin Combined with Other Drugs

5 Studies with Incomplete or Unreported Outcome Indicators or
Unavailable Full Texts

6 Reviews, systematic reviews, meta—analyses, protocols,
conference abstracts, etc.

7 Duplicate Studies Reporting Similar Results from the
Same Institution

2.3 Study selection

The literature was screened and managed using the EndNote
software. Two researchers independently reviewed the literature titles
to identify duplicates, review papers, conference papers, protocols,
and correspondence. Both researchers assessed the abstracts to
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TABLE 1 Search strategy on PubMed.

10.3389/fneur.2024.1380353

Database Search string

PubMed

(Diferuloylmethane)) OR (Mervia)))

((“Brain Injuries, Traumatic”[Mesh]) OR (((((((((((((((Brain Injury, Traumatic) OR (Traumatic Brain Injuries)) OR (Trauma, Brain)) OR (Brain
Trauma)) OR (Brain Traumas)) OR (Traumas, Brain)) OR (TBI (Traumatic Brain Injury))) OR (Encephalopathy, Traumatic)) OR (Encephalopathies,
Traumatic)) OR (Traumatic Encephalopathies)) OR (Injury, Brain, Traumatic)) OR (Traumatic Encephalopathy)) OR (TBIs (Traumatic Brain Injuries)))
OR (TBI (Traumatic Brain Injuries))) OR (Traumatic Brain Injury))) AND ((“Curcumin’[Mesh]) OR (((((((1,6-Heptadiene-3,5-dione, 1,7-bis
(4-hydroxy-3-methoxyphenyl)- (E,E)-) OR (Turmeric Yellow)) OR (Yellow, Turmeric)) OR (Curcumin Phytosome)) OR (Phytosome, Curcumin)) OR

determine which literature should be included or excluded.
Subsequently, both researchers thoroughly read the remaining
literature to make final inclusion decisions. Throughout this process,
both researchers independently screened the literature. If both
researchers found the same literature, it was included; however, if
discrepancies arose, a third researcher intervened to discuss and
resolve the matter.

We utilized the EndNote software for literature management,
facilitating document screening and exclusion. Two researchers
initially assessed the titles for duplication and excluded review
papers, conference papers, protocols, and correspondence.
Following this, another pair of researchers evaluated the abstracts
to determine inclusion or exclusion criteria. Subsequently, the
remaining documents were thoroughly reviewed by two researchers
to finalize inclusion decisions. Throughout the process, both
researchers independently screened the literature. In cases where
the literature was identical, it was included; however, if discrepancies
arose, a third researcher intervened to discuss and resolve the
inclusion status.

2.4 Data extraction

Data were recorded using a standardized 11-item data extraction
table, specifically selected for inclusion in the study, encompassing the
following headings: (1) year of publication (2) country (3) author (4)
subject investigated (5) sex (6) mean age (7) mean weight (8) sample
size (9) dose or concentration (10) intervention time, and (11) details
of inflammatory and oxidation factors. The characteristics of the
studies are presented in Table 2.

2.5 Risk of bias of individual studies

Two researchers independently assessed the risk of bias using
SYRCLE’s risk of bias tool designed for evaluating animal studies.
This tool was tailored to address biases specific to animal
intervention studies. The assessment considered 10 domains: (1)
random sequence generation (2) baseline characteristics (3)
allocation concealment (4) random housing (5) blinding of
performance bias (6) random outcome assessment (7) blinding of
detection bias (8) incomplete outcomes data (9) selective reporting,
and (10) bias from other sources. Trials were classified into three
levels based on the number of components potentially indicating
high risk: high risk (five or more), moderate risk (three or four),
and low risk (two or fewer).
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2.6 Data synthesis

We conducted a meta-analysis using STATA 15.0 software. The
analysis utilized a random-effects model, considering the standard
mean difference (SMD). To assess the treatment effect on each
parameter, we utilized a 95% confidence interval (CI), with significance
set at p<0.05. Heterogeneity values were calculated to determine the
suitability of included studies for meta-analysis. We quantified
heterogeneity using I%, considering I*>50% as substantial if p<0.05.
Additionally, a sensitivity analysis was performed to evaluate the
impact of individual studies on the 95% CI and 95% CI of SMD.

3 Results
3.1 Study and identification and selection

A total of 376 articles were retrieved from various databases:
MEDLINE (n=64), Cochrane (n=4), Embase (n=193), Web of
Science (n=92), and Google Scholar (n=23). After eliminating
duplicates, 256 unique articles proceeded to the next stage. After
screening titles and abstracts, articles including reviews, meta-
analyses, human studies, and those not aligned with the research
content were excluded, leaving 26 articles for full-text screening.
Subsequently, 18 articles meeting the predefined inclusion and
exclusion criteria were selected for inclusion in the review. Details of
the screening process are presented in Figure 1.

3.2 Risk of bias in included studies and
publication bias

We evaluated the risk of bias for the 18 included articles using
SYRCLE’s Risk of Bias tool designed for animal studies. Several studies
lacked clear descriptions of experiment details, resulting in a
classification of “unclear risk of bias” Across all studies, random
sequence generation, allocation concealment, random housing,
blinding, random outcome assessment, incomplete outcomes
reporting, and selective reporting were incompletely described.
However, baseline characteristics and bias from other sources were
associated with a low risk of bias. Incomplete outcomes data, primarily
due to test animal mortality, were associated with a high risk of bias.
Figure 2 depicts the detailed quality assessment (Figure 2). For
publication bias, we constructed funnel plots for all outcome
measures. No significant publication bias was found by visual
inspection (Annex 2: Funnel plot).
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TABLE 2 Characteristics of the studies included in the meta-analysis.

10.3389/fneur.2024.1380353

Serial Study Sex Age Dose or Duration of = Outcome
number (weeks) concentration | intervention
Protein carbonyl
SD rats fed level; BDNF;
1 Wuetal. (11) M 8 271~301¢g 8 500 ppm/d 5weeks
curcumin Synapsin I;
CREB
Narouiepour | Wistar rats fed TNF-o; Brain
2 M N 180~220g 917 50mg/kg/d 4weeks
etal. (12) curcumin water content
Protein
carbonyl level;
SOD; Sir2;
SD rats fed synapsin I;
3 Wuetal. (13) M N 200~240g 6~8 500 ppm/d 2weeks
curcumin BDNF; derived
from the
Cochrane tool,
CREB
SOD; MDA;
GPx; mNSS;
Adult ICR mice Bcl-2;
4 Dai et al. (5) injected M 6-8 28~32¢g 6 100 mg/kg 1day Caspase-3;
intraperitoneally Apoptosis
index; Brain
water content
SD rats injected IL-1p; IL-6;
5 Sun etal. (14) M 8 250~280g 5 30mg/kg/d 4weeks
intraperitoneally TNF-o; BDNF
CD-1 mice
Laird et al. IL-1p; Brain
6 injected M 8-10 N 6~10 300 mg/kg 1day
(15) water content
intraperitoneally
Wistar rats
Samini et al.
7 (16) injected M N 350~400g 9 100 mg/kg/d 5weeks MDA
1
intravenously
IL-1B; IL-6;
C57BL/6 mice
Zhu et al. TNF-o; mNSS;
8 injected M 8-10 20~25g 6 100 mg/kg 1day
(17) Brain water
intraperitoneally
content;
C57BL/6 mice
IL-1p; IL-6;
9 Lietal. (18) injected M 8-10 28~32¢g 8 200 mg/kg/d 2weeks NE
-
intraperitoneally
Sharmaetal. | SD rats fed
10 M 8 N 5~8 500 ppm/d 4weeks Sir2
(19) curcumin
SD rats fed
11 Wu et al. (20) . M N 200~240g 5~6 500 ppm/d 4weeks 4-HNE; BDNF
curcumin
Brain water
content;
Gao et al. SD rats injected
12 M N 250~280¢g 6 50 mg/kg/d 4weeks Caspase-3;
(21) intraperitoneally
Apoptosis index;
Beclin-1; P62
SOD; MDA;
GPx; Nrf2; Brain
Wei et al. SD rats injected
13 M N 250~280g 6 50mg/kg 3days water content;
(22) intraperitoneally
Bcl-2; Apoptosis
index; Caspase-3
(Continued)
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TABLE 2 (Continued)

10.3389/fneur.2024.1380353

Serial Study Sex Age Dose or Duration of = Outcome
number (weeks) concentration  intervention
Sharmaetal. | SD rats fed
14 M 8 N 5 500 ppm/d 2weeks 4-HNE
(23,24) curcumin
Indharty SD rats fed
15 N 10-12 280~320g 11 500 mg/kg/d 1week Caspase-3
etal. (25) curcumin
MDA; GPx;
Adult SD rats Bcl-2;
Gao et al.
16 26) injected M N 250~300g 5 100 mg/kg 1day Caspase-3;
0
intraperitoneally Apoptosis
index; Beclin-1
ICR mice
Bcl-2;
17 Yao-Qi (27) injected M 8 25~30g 12 100 mg/kg 2days
Caspase-3; P62
intraperitoneally
IL-1B; IL-6;
C57BL/6 and TNF-o; Brain
Nrf2 gene water content;
Dong et al.
18 28) knockout Mice M 8-12 20~26¢g 6 50 mg/kg 1day Bcl-2;
injected Caspase-3;
intraperitoneally Nrf2; Apoptosis
index

SD, Sprague-Dawley; ICR, Institute of Cancer Research; M, Male; N, None; BDNE, Brain-derived neurotrophic factor; CREB, Cyclic AMP-response element-binding protein; TNF-o, Tumor
necrosis factor-a; Sir2, Silent information regulator 2; SOD, Superoxide dismutase; MDA, Malondialdehyde; GPx, Glutathione peroxidase; mNSS, Modified neurological severity score; Bcl-2,
B-cell lymphoma/leukemia 2; IL-1p, Interleukin-1p; IL-6, Interleukin-6; Nrf2, NF-E2-related factor; P62, Autophagy associated protein; 4-HNE, 4-hydroxynonenal.

3.3 Result analysis
3.3.1 Inflammatory factors

33111IL-1p

Five studies (14, 15, 17, 18, 28) investigated the efficacy of
curcumin in mitigating the effects of the inflammatory factor IL-1f in
TBIL The analysis revealed significant heterogeneity ()*=14.33,
p=0.006, ’=72.1%), necessitating the utilization of a random-effects
model for statistical analysis. The collective findings demonstrated
that curcumin significantly reduced the levels of the inflammatory
factor IL-1f in TBI (SMD =-3.22, 95% CIL: —4.72, —1.72, p=0.000;
Annex 1: Forest map).

The sensitivity analysis for IL-1f indicated that excluding one
study at a time and analyzing the standardized mean difference (SMD)
from the remaining studies did not significantly alter the efficacy of
curcumin in mitigating the inflammatory factor IL-1p in TBL

33.12IL-6

In four studies, the efficacy of curcumin in mitigating the impact
of the inflammatory factor IL-6 in TBI was examined (14, 17, 18, 28).
Significant heterogeneity was observed (y’=25.87, p=0.000,
I*=88.4%), warranting the application of a random effects model for
statistical analysis. Meta-analysis results revealed a significant
reduction in the inflammatory factor IL-6 associated with TBI
following curcumin administration (SMD =—5.31, 95% CI: —8.66 to
—1.96, p=0.002; Annex 1: Forest map).

Sensitivity analyses on IL-6 revealed that the exclusion of
individual studies and subsequent analysis of the standardized mean
difference (SMD) from the remaining studies did not substantially
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alter the impact of curcumin on reducing the inflammatory factor
IL-6 in TBI.

3.3.1.3 TNF-a

In five studies, the efficacy of curcumin in mitigating the
impact of the inflammatory factor TNF-a in TBI was examined
(12, 14, 17, 18, 28). Significant heterogeneity was observed
(x2=11.28, p=0.024, I*=64.5%), necessitating the application of
a random effects model for statistical analysis. The meta-analysis
results demonstrated a significant reduction in TNF-a, the
inflammatory factor associated with TBI, following curcumin
administration (SMD = —2.84, 95% CI: —4.13 to —1.55, p =0.000;
Annex 1: Forest map).

Sensitivity analyses on TNF-o revealed that the exclusion of
individual studies and subsequent analysis of the standardized
mean difference (SMD) from the remaining studies did not
significantly alter the impact of curcumin on the inflammatory
factor TNF-a in TBI.

3.3.2 Oxidative stress factor

3.3.2.150D

In three studies, we investigated the role of curcumin in
augmenting the activity of superoxide dismutase (SOD), a protective
factor against oxidative stress, in TBI (5, 13, 22). Significant
heterogeneity was observed (x*=5.76, p=0.056, I’=65.3%),
necessitating using a random effects model for statistical analysis. The
results of the meta-analysis indicated a significant enhancement by
curcumin of the oxidative stress factor SOD in TBI (SMD =4.19, 95%
CI: 2.30 to 6.07, p=0.000; Annex 1: Forest map).
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> Papers identified (n=376)
8 (Pubmed=64;W0OS=92:Cochrane=4;Embase=1
= 93; Google Scholar=23)
=
. . Duplicate removal
(n=120)
A
Papers after removing duplicate references
(n=256)
Meta-analysis, systematic review
and human trials removal(n=29)
A 4
Papers afte the preliminary screenin
(n=227)
) > Title and Abstract screening
- 1 (n=201)
=
o Full text screening
2 (n=26)
o o=
N Inconsistent research content
) removal (n=8)
8 4
) Papers included in the review
o (n=18)
=z
-/
FIGURE 1

Flow diagram of curcumin study process. WOS: Web of science; n: number.

Quality assessment Selection bias Performance bias Detection bias
. - Incomplete outcomes Selecting Bias from
References Random sequences Basel\pe‘ Allocation Rand@ Blinding Random outcome Blinding data report other resources
generation characteristics Concealment housing assessment
Aiguo Wuetal., 2005 Unclear Low risk Unclear Low risk Unclear Unclear Unclear Low risk Low risk Low risk
Abdolreza Narouiepour et al., 2022 Unclear Unclear Unclear Low risk Low risk Low risk Low risk High risk Low risk Low risk
Aiguo Wueetal,, 2011 Unclear Unclear Unclear Low risk Unclear Unclear Unclear Low risk Low risk Low risk
Wei Dai et al., 2018 Unclear Low risk Unclear Low risk Unclear Unclear Unclear Unclear Low risk Low risk
Guangchi Sun et al., 2020 Unclear Low risk Unclear Low risk Unclear Unclear Unclear Unclear Low risk Low risk
Melanie D. King, B.S.etal., 2010 Unclear Unclear Unclear Low risk Low risk Unclear Unclear Unclear Low risk Low risk
Fariborz Samini et al., 2013 Unclear Unclear Unclear Low risk Low risk Unclear Unclear Unclear Low risk Low risk
Hai tao Zhu et al,, 2014 Unclear Low risk Unclear Low risk Unclear Unclear Unclear Unclear Low risk Low risk
Guogiang Li et al., 2021 Unclear Low risk Unclear Low risk Low risk Unclear Low risk High risk Low risk Low risk
S.Sharma et al., 2009 Unclear Unclear Unclear Low risk Unclear Unclear Unclear Low risk Low risk Low risk
Aiguo Wuetal, 2014 Unclear Unclear Unclear Low risk Unclear Unclear Unclear Unclear Low risk Low risk
Yongyue Gao et al., 2016 Unclear Unclear Unclear Low risk Low risk Unclear Unclear High risk Low risk Low risk
Guan Weietal,, 2017 Unclear Unclear Unclear Low risk Low risk Low risk Low risk Unclear Low risk Low risk
Sandeep Sharma et al., 2010 Unclear Unclear Unclear Low risk Unclear Unclear Unclear Unclear Low risk Low risk
Suzy Indharty et al., 2020 Unclear Unclear Unclear Low risk Low risk Unclear Unclear High risk Low risk Low risk
Yongyue Gao et al., 2017 Unclear Unclear Unclear Low risk Low risk Low risk Unclear Unclear Low risk Low risk
Xiaoqi Wang et al., 2019 Low risk Low risk Low risk Low risk Unclear Unclear Unclear Unclear Low risk Low risk
‘Wenwen Dong et al., 2018 Unclear Low risk Unclear Low risk Low risk Low risk Low risk High risk Low risk Low risk
FIGURE 2
Quality assessment of included animals studies.
Sensitivity analyses on SOD revealed that the exclusion of  3.3.2.2 Sir2

individual studies and subsequent analysis of the standardized mean
difference (SMD) from the remaining studies did not significantly
alter the effect of curcumin on enhancing the oxidative stress factor
SOD in TBI.

Frontiers in Neurology 06

In two studies, we investigated how curcumin enhances the effects
of the oxidative stress protective factor Sir2 in TBI (13, 19). Statistical
analysis using the random effects model was conducted due to the
observed heterogeneity (y*=1.63, p=0.201, I’=38.8%). The
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meta-analysis results indicated a significant enhancement by
curcumin of the oxidative stress factor Sir2 in TBI (SMD =5.15, 95%
CI: 3.16 to 7.15, p=0.000; Annex 1: Forest map).

Sensitivity analysis of Sir2 demonstrated that excluding individual
studies and subsequent analysis of the standardized mean difference
(SMD) from the remaining studies did not significantly alter the
impact of curcumin on enhancing the oxidative stress factor
Sir2 in TBL

3.3.2.3 GPx

In three studies, we investigated how curcumin enhances the
effects of the oxidative stress protective factor GPx in TBI (5, 22, 26).
Given the absence of heterogeneity (x*=1.78, p=0.410, I’=0.0%),
statistical analysis was conducted using the random effects model.
The meta-analysis results indicated a significant enhancement by
curcumin of the effect of the oxidative stress protective factor GPx
on TBI (SMD=4.13, 95% CI: 3.05 to 5.22, p=0.000; Annex 1:
Forest map).

Sensitivity analysis of GPx revealed that omitting one study at a
time and analyzing the standardized mean difference (SMD) from the
remaining studies did not significantly affect the enhancement of TBI
oxidative stress protective factor GPx by curcumin.

3.3.2.4 Nrf2

In two studies, we investigated how curcumin enhances the effect
of Nrf2, a protective factor against oxidative stress in TBI (22, 28).
Given the minimal heterogeneity (x2=1.12, p=0.290, 12=10.6%),
statistical analysis was conducted using the random effects model. The
meta-analysis results revealed a significant enhancement by curcumin
of the effect of Nrf2 on oxidative stress in TBI (SMD=2.92, 95% CI:
1.85 t0 3.99, p=0.000; Annex 1: Forest map).

Sensitivity analysis on Nrf2 demonstrated that excluding
individual studies and subsequent analysis of the standardized mean
difference (SMD) from the remaining studies did not significantly
alter the enhancement by curcumin of Nrf2, a protective factor against
oxidative stress in TBI.

3.3.2.5 MDA

In four studies, the efficacy of curcumin in mitigating the effects
of the oxidative stress damage factor MDA in TBI was examined (5,
16, 22, 26). With no observed heterogeneity (}*=2.31, p=0.510,
I*=0.0%), statistical analysis was conducted using the random effects
model. The meta-analysis results demonstrated a significant reduction
by curcumin in the effect of TBI oxidative stress factor MDA
(SMD=-2.92, 95% CIL. —3.66 to —2.18, p=0.000; Annex I:
Forest map).

Sensitivity analysis on MDA indicated that the exclusion of
individual studies and subsequent analysis of the standardized mean
difference (SMD) from the remaining studies did not significantly
affect the impact of curcumin on reducing the oxidative stress damage
factor MDA in TBL

3.3.2.6 4-HNE

In two studies, the impact of curcumin on the oxidative stress
damage factor 4-HNE in TBI was examined (20, 23, 24). The random
effects model was employed for statistical analysis due to the mild
heterogeneity observed (y*=2.39, p=0.122, I’=58.2%). The meta-
analysis results indicated a significant reduction by curcumin in the
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effect of oxidative stress damage factor 4-HNE on TBI (SMD =-9.21,
95% CI: —14.58 to —3.84, p=0.001; Annex 1: Forest map).

Sensitivity analysis on 4-HNE demonstrated that excluding
individual studies and subsequent analysis of the standardized mean
difference (SMD) from the remaining studies did not significantly
affect the impact of curcumin on reducing the oxidative stress damage
factor 4-HNE in TBL

3.3.2.7 Protein carbonyl level

In two studies, the efficacy of curcumin in reducing oxidative
protein levels in TBI was examined (11, 13). Significant heterogeneity
was observed (y>=8.22, p=0.004, I?’=87.8%), warranting using the
random effects model for statistical analysis. The meta-analysis results
revealed a significant decrease by curcumin in the level of oxidized
protein in TBI (SMD=-9.83, 95% CI: —18.36 to —1.30, p=0.024;
Annex 1: Forest map).

Sensitivity analysis of oxidized protein levels demonstrated that
excluding individual studies and subsequent analysis of the
standardized mean difference (SMD) from the remaining studies did
not significantly impact curcumin’s ability to reduce oxidized protein
levels in TBL

3.3.3 Neuroprotective factor

3.3.3.1 Brain water content

In seven studies, the impact of curcumin on reducing brain edema
after TBI was investigated (5, 12, 15, 17, 21, 22, 28). Significant
heterogeneity was observed (y*=22.11, p=0.001, ’=72.9%), leading
to the utilization of the random effects model for statistical analysis.
Meta-analysis results revealed a significant reduction by curcumin in
the effect of TBI cerebral edema (SMD=-4.17, 95% CI: —5.53 to
—2.82, p=0.000; Annex 1: Forest map).

Sensitivity analysis of brain edema showed that the exclusion of
individual studies and subsequent analysis of the standardized mean
difference (SMD) from the remaining studies did not significantly
impact the effect of curcumin on reducing brain edema after TBI.

3.3.3.2 mNSS

In two studies, the impact of curcumin on modified neurological
severity score (mNSS) in TBI was assessed (5, 17). Significant
heterogeneity was observed (y*=8.25, p=0.004, I*=87.9%), prompting
the use of the random effects model for statistical analysis. The meta-
analysis results suggested a potential effect of curcumin on TBI mNSS
(SMD =-3.08, 95% CI: —7.20 to —1.05, p=0.144); however, further
analysis with an increased sample size is needed to confirm this effect
(Annex 1: Forest map).

Sensitivity analysis of mNSS indicated that excluding the study by
Zhu et al. (17) resulted in a reduction of TBI mNSS with curcumin
while excluding the study by Dai et al. yielded inconclusive findings
regarding the effect of curcumin on TBI mNSS. Given the limited
sample size, additional research with a larger sample is necessary for
a conclusive discussion.

3.3.3.3 Synapsin |

In two studies, the impact of curcumin on enhancing the role of
synaptophysin 1 in TBI was investigated (11, 13). Significant
heterogeneity was observed (x*=5.00, p=0.025, I*=80%), leading to
using the random effects model for statistical analysis. The
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meta-analysis results indicated a significant enhancement by
curcumin in the effect of synaptophysin 1 in TBI (SMD =2.98, 95%
CI: 0.49 to 5.47, p=0.019; Annex 1: Forest map).

Proportional sensitivity analysis of neuron survival demonstrated
that omitting one study at a time and analyzing the standardized mean
difference (SMD) from the remaining studies did not significantly
alter the effect of curcumin on enhancing synaptophysin 1 in TBI.

3.3.3.4 BDNF

In four studies, the efficacy of curcumin in enhancing the effects
of BDNF in TBI was investigated (11, 13, 14, 20). Significant
heterogeneity was observed (y*=9.28, p=0.026, I*’=67.7%), leading to
the utilization of the random effects model for statistical analysis. The
meta-analysis results demonstrated that curcumin significantly
augmented the effect of BDNF on TBI (SMD =3.99, 95% CI: 2.19 to
5.79, p=0.000; Annex 1: Forest map).

Sensitivity analyses of BDNF showed that omitting one study at a
time and analyzing the standardized mean difference (SMD) from the
remaining studies did not significantly alter the effect of curcumin in
enhancing BDNF in TBL

3.3.3.5CREB

In two studies, the impact of curcumin on enhancing the effects
of CREB in TBI was examined (11, 13). Minimal heterogeneity was
observed (y*=1.02, p=0.312, I*’=2.0%). Thus, the fixed-effect model
was employed for statistical analysis. The meta-analysis results
revealed that curcumin significantly augmented the effect of CREB in
TBI (SMD=2.81, 95% CI: 1.78 to 3.84, p=0.000).

Sensitivity analysis of CREB indicated that excluding one study at
a time and analyzing the standardized mean difference (SMD) from
the remaining studies did not substantially alter the effect of curcumin
on enhancing CREB in TBI (Annex 1: Forest map).

3.3.4 Autophagy and apoptosis factors

3.34.1Bcl-2

In five studies, we investigated how curcumin enhances the effects
of Bcl-2, an apoptosis factor in TBI (5, 22, 26-28). Significant
heterogeneity was observed (y*=13.23, p=0.010, I’=69.8%),
necessitating the utilization of the random effects model for statistical
analysis. The meta-analysis results revealed that curcumin significantly
augmented the effect of the TBI apoptosis factor Bcl-2 (SMD =2.98,
95% CI: 1.69 to 4.27, p=0.000; Annex 1: Forest map).

Sensitivity analysis for GPx demonstrated that excluding one
study at a time and analyzing the standardized mean difference (SMD)
from the remaining studies did not substantially affect curcumin’s
enhancement of the TBI apoptosis factor Bcl-2.

3.34.2 Beclin-1

In two studies, the efficacy of curcumin in enhancing the effect of
Beclin-1 in TBI was investigated (21, 26). No significant heterogeneity
was observed (y*=0.04, p=0.84, ’=0.0%), warranting using the
random effects model for statistical analysis. The meta-analysis showed
that curcumin significantly augmented the Beclin-1 effect in TBI
(SMD=6.08, 95% CI: 3.92 to 8.23, p=0.000; Annex 1: Forest map).

Sensitivity analysis for Beclin-1 indicated that omitting one study
at a time and analyzing the standardized mean difference (SMD) from
the remaining studies did not substantially affect curcumin’s enhanced
Beclin-1 effect in TBI.
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3.3.4.3 Caspase-3

In seven studies, we examined the impact of curcumin on reducing
the activity of the apoptosis factor caspase-3 in TBI (5, 21, 22, 25-28).
Significant heterogeneity was observed (y2=17.11, p=0.009, 12 =64.9%),
leading to the adoption of the random effects model for statistical
analysis. The meta-analysis showed that curcumin significantly reduced
the apoptosis of TBS cells by targeting the caspase-3 pathway
(SMD =—4.84, 95% CI: —6.18 to —3.50, p=0.000; Annex 1: Forest map).

Sensitivity analysis for caspase-3 demonstrated that excluding one
study at a time and subsequent analysis of the standardized mean
difference (SMD) from the remaining studies did not significantly
impact curcumin’s efficacy in reducing caspase-3 activity in TBI cells.

3.3.4.4 Apoptosis index

In five studies, we investigated the impact of curcumin on
reducing the apoptosis index of cerebral cortex cells following TBI (5,
21, 22, 26, 28). Significant heterogeneity was observed (y*=22.48,
p=0.000, I’=82.2%), prompting the use of the random effects model
for statistical analysis. The meta-analysis results demonstrated a
significant reduction in the apoptosis index of cerebral cortex cells
following TBI with curcumin treatment (SMD = —4.80, 95% CI: —7.11
to —2.48, p=0.000; Annex 1: Forest map).

Sensitivity analysis of the cortical apoptotic index indicated that
excluding one study at a time and analyzing the standardized mean
difference (SMD) from the remaining studies did not significantly
alter the observed effect of curcumin on reducing the cortical
apoptotic index after TBIL.

3.34.5 P62

In two studies, we investigated how curcumin mitigates the
impact of the apoptosis factor P62 in TBI (21, 27). Significant
heterogeneity was observed (x*=3.12, p=0.077, I’=67.9%),
necessitating the utilization of the random effects model for statistical
analysis. The meta-analysis results revealed a significant reduction in
the effect of TBI apoptosis factor P62 with curcumin treatment
(SMD =-5.30, 95% CI: —8.63, —1.97, p=0.002; Annex 1: Forest map).

Sensitivity analysis for P62 showed that excluding one study at a
time and analyzing the standardized mean difference (SMD) from the
remaining studies did not significantly alter the effect of curcumin in
reducing the impact of TBI apoptosis factor P62. The meta-analysis
results are presented in Table 3.

4 Discussion

This review systematically examined the impact of curcumin on
inflammation and oxidative stress responses induced by TBI across
various animal models, encompassing 18 animal studies involving 64
mice and 194 rats. Our findings indicate that curcumin significantly
mitigates the effects of inflammatory cytokines such as IL-1p, IL-6,
and TNF-a. Moreover, curcumin enhances the efficacy of oxidative
stress factors, including SOD, Sir2, GPx, and Nrf2. Conversely, it
reduces the effects of oxidative stress factors MDA, 4-HNE, and
protein carbonyl levels. Regarding neurological function, curcumin
reduces brain edema, increases neuron survival rates, and
augmentation of the effects of synapsin I, BDNE and CREB, but has
no effect in reducing mNSS. Due to the limited literature involved,
more high-quality studies are needed to further verify whether
curcumin can reduce neural function scores. Furthermore, curcumin
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TABLE 3 Meta-analysis results of curcumin in the treatment of inflammation and oxidative stress in traumatic brain injury.

Number of Number of Number Heterogeneity Meta-analysis
references experimental of test result result
roup control
9 Sroup 12 P SMD P
(95%Cl)
IL-18 —3.22 (—4.72,
5 31~35 31~35 72.1% 0.006 Random 0.000%*
-1.72)
Inflammatory 1L-6 —5.31 (—8.66,
4 25 25 88.4% 0.000 Random 0.002%*
factors —1.96)
TNF-a —2.84 (—4.13,
5 34 32 64.5% 0.024 Random 0.000*
—1.55)
SOD 4.19 (2.30,
3 18~20 18~20 65.3% 0.056 Random 0.000%*
6.07)
Sir2 5.15 (3.16,
2 11~16 11~16 38.8% 0.201 Random 0.000*
7.15)
GPx 4.13 (3.05,
3 17 17 0.0% 0.410 Random 0.000%*
5.22)
Nrf2 2.92 (1.85,
Oxidative stress 2 12 12 10.6% 0.290 Random 3.99) 0.000*
factor :
MDA —2.92 (-3.66,
4 26 26 0.0% 0.510 Random 0.000%*
—2.18)
4-HNE —9.21 (—14.5,
2 10~11 10~11 58.2% 0.122 Random 0.001°*
—3.84)
Protein —9.83
carbonyl 2 14~16 14~16 87.8% 0.004 Random (—18.36, 0.024*
level —1.30)
Brain water —4.17 (—=5.53,
7 45~49 43~47 72.9% 0.001 Random 0.000*
content —2.82)
mNSS —3.08 (-7.20,
2 12 12 87.9% 0.004 Random 0.144
—1.05)
Neuroprotective Synapsin I 2.98 (0.49,
2 14~16 14~16 80% 0.025 Random 0.019%
factor 5.47)
BDNF 3.99 (2.19,
4 24~27 24~27 67.7% 0.026 Random 0.000%*
5.79)
CREB 2.81(1.78,
2 14~16 14~16 2.0% 0.312 Random 0.000*
3.84)
Bcl-2 2.98 (1.69,
5 35 35 69.8% 0.010 Random 0.000%
4.27)
Beclin-1 6.08 (3.92,
2 11 11 0.0% 0.840 Random 0.000%*
8.23)
Autophagy and Caspase-3 —4.84 (—6.18,
7 52 52 64.9% 0.009 Random 0.000%*
apoptosis factors —3.50)
Apoptosis —4.80 (=7.11,
5 29 29 82.2% 0.000 Random 0.000%*
index —2.48)
P62 —5.30 (—8.63,
2 18 18 67.9% 0.077 Random 197) 0.002%

SMD, Standardized mean difference; CI, Confidence interval; BDNF, Brain-derived neurotrophic factor; CREB, Cyclic AMP-response element-binding protein; TNF-a, Tumor necrosis
factor-a; Sir2, Silent information regulator 2; SOD, Superoxide dismutase; MDA, Malondialdehyde; GPx, Glutathione peroxidase; mNSS, Modified neurological severity score; Bcl-2, B-cell
lymphoma/leukemia 2; IL-1p, Interleukin-1p; IL-6, Interleukin-6; Nrf2, NF-E2-related factor; P62, Autophagy associated protein; 4-HNE, 4-hydroxynonenal. *P < 0.05, the difference was
statistically significant. * Indicates that p < 0.05, the difference was statistically significant.

enhances the effects of Beclin-1 and Bcl-2 in autophagy and apoptosis, In the study of TBI animal experimental models, curcumin,
respectively, while diminishing the effects of caspase-3, apoptosis ~ administered in various concentrations, durations, and routes,
index, and P62. significantly reduces pro-inflammatory cytokines in the experimental
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group, improves nerve function following TBI, and mitigates the
inflammatory response. Bassani et al. (29) demonstrated that
curcumin effectively reduces neuroinflammation in models of
neurodegenerative and neuroinflammatory diseases. Additional
studies (15, 17, 30) conducted in animal experimental models have
shown that curcumin inhibits the TLR4/NF-kB signaling pathway,
thereby down-regulating inflammatory cytokines such as IL-1p, IL-6,
and TNF-a, consequently reducing inflammatory damage.
Narouiepour et al. (12), Sun et al. (14), and Li et al. (18) suggested that
curcumin regulates transcription factors such as STAT, NF-jB, and
API, activates ERK1/2 and p38 signaling pathways, and suppresses the
expression of pro-inflammatory cytokines IL-1p, IL-6, and TNF-« by
inhibiting the TLR4-MAPK/NF-jB pathways, thereby mitigating
chronic inflammation following TBI. Additionally, Dong et al. (28)
and Wu et al. (31) found that curcumin activates the Nrf2 signaling
pathway, alleviating the expression of inflammatory response factors
in TBIL reducing inflammatory mediators, and exerting a
neuroprotective effect.

The results of this meta-analysis confirm that curcumin effectively
reduces oxidative stress levels following TBI. Curcumin achieves this
through four main mechanisms: (1) reducing the levels of
malondialdehyde (MDA), 4-hydroxynonenal (4-HNE), and protein
carbonyls, which are significant products of lipid peroxidation (11, 32);
(2) improving the activity of antioxidant enzymes glutathione
peroxidase (GPx) and superoxide dismutase (SOD); (3) enhancing the
level of nuclear factor erythroid 2-related factor 2 (Nrf2), a key
regulator of endogenous antioxidant stress; and (4) promoting the level
of sirtuin 2 (Sir2), an essential regulator of genomic stability and cell
homeostasis. Curcumin, a widely used antioxidant with neuroprotective
properties (21, 23, 24), has been shown to inhibit lipid peroxide
formation in the presence of lipid peroxidation-inducing drugs.
Moreover, curcumin reduces levels of MDA, 4-HNE, and protein
carbonyls, restores mitochondrial oxidation function, stabilizes cell
membrane homeostasis, and thereby mitigates the oxidative stress
response following TBI (16, 20). Gao et al. (21) demonstrated that
curcumin treatment significantly reduces MDA levels and induces GPx
activation, thereby ameliorating TBI-induced oxidative stress in rat
models. Studies provide evidence that curcumin is a potent activator
of Nrf2 both in vivo; (33) and in vitro (34), enhancing Nrf2 activation
in the brain (35, 36). Xie et al. (37) found that curcumin activates Nrf2
to translocate to the nucleus and upregulate downstream enzymes,
protecting rats from acute liver injury induced by lipopolysaccharide/
D-galactosamine. Dong et al. injected curcumin into the abdominal
cavity of a mouse wound model, observing improved Nrf2 expression
and transport, along with upregulated downstream antioxidant
enzymes, exerting a protective effect on nerves (5, 19, 28). Sir2, an
NAD-+-dependent deacetylase, participates in transcription factors
governing energy homeostasis, oxidative stress response, metabolism,
and gene expression to maintain normal brain function (38). Curcumin
counteracts TBI-induced reductions in Sir2 levels and markers of
energy metabolism, thus ameliorating TBI-induced oxidative stress
(13, 19).

The results of this meta-analysis indicate that curcumin enhances
the levels of the neurotrophic factor BDNE, promotes the upregulation
of BDNF downstream proteins synaptophysin I and CREB, partially
reduces brain edema, and mitigates the mNSS. Narouiepour et al. (12)
demonstrated that combining curcumin with neural stem cell therapy
significantly mitigates TBI-induced brain edema and reduces reactive
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astrocyte numbers. Laird et al. (15) found that administering curcumin
alleviates brain edema, reduces the expression of the glial water channel
AQP4 (which promotes brain edema), and improves neurological
prognosis post-injury. Sharma et al. (23, 24) reported that curcumin
reduces brain edema post-injury and promotes cell membrane and
energy homeostasis, consequently impacting synaptic plasticity. Zhu
etal. (17) showed that curcumin alleviates acute inflammatory injury,
reduces brain edema, and significantly decreases mNSS and neuronal
mortality by inhibiting the TLR4/MyD88/NF-kB signaling pathway in
experimental TBI. Studies have highlighted BDNF’s efficacy in
reducing inflammation and increasing hippocampal neurogenesis
through the tropomyosin receptor kinase B (TrkB) signaling pathway
(20, 39, 40). Curcumin activates the antioxidant and anti-inflammatory
properties of the BDNF/TrkB-dependent pathway, modulates BDNF/
TrkB signaling, promotes nerve regeneration in the hippocampus, and
significantly reverses 6-hydroxydopamine-induced hippocampal
neuron damage (41, 42). Furthermore, curcumin promotes the
phosphorylation of the BDNF receptor TrkB in the hippocampus,
thereby enhancing the effect of DHA on TBI (43). Combining
curcumin and DHA mitigates TBI-related learning disabilities via the
BDNF pathway. Dietary supplementation with curcumin may protect
against cognitive impairment after TBI by upregulating BDNF-related
molecules such as synaptophysin I and CREB (43-45).

Curcumin enhances the expression of autophagy-associated markers
such as P62 and Beclin-1, reduces the level of the pro-apoptotic protein
caspase-3, promotes the anti-apoptotic protein Bcl-2, and diminishes the
apoptotic index of the cerebral cortex. Autophagy is a precise regulatory
process involving the degradation and recycling of damaged organelles
and cytoplasmic substances, widely present in eukaryotic cells (46-48).
P62 indicates autophagy flux, while Beclin-1 denotes autophagosome
formation (21, 49). Damaged mitochondria can undergo autophagic
degradation after TBI, reducing oxidative stress burden (50). The present
study reveals the activation of autophagy pathways in rats treated with
tetrahydro curcumin following TBI, achieved by upregulating Beclin-1
expression and downregulating P62 expression (21). Curcumin can
penetrate the blood-brain barrier after peripheral injection, modulate
autophagy, and exhibit potent antioxidant properties (51). Gao Yongyue
et al. discovered that intraperitoneal injection of curcumin 30 min after
TBI increased the levels of the autophagy-related protein Beclin-1,
activated autophagy, elevated mitochondrial anti-apoptotic protein Bcl-2
levels, reduced caspase-3 content, and protected the brain from
mitochondrial apoptosis, with the most significant effect observed 24h
after TBI (15, 27, 28).

This meta-analysis (27, 28) demonstrated that curcumin
enhances Bcl-2 levels and reduces active Caspase-3 levels after TBI,
mitigating apoptosis around cortical contusions (22), and thereby
inhibiting neuronal apoptotic activity in the injured cerebral cortex.
Apoptosis, a classical mode of programmed cell death, is a gene-
regulated, energy-dependent, and orderly process that can
be categorized into Caspase-dependent and non-Caspase-dependent
pathways based on Caspase involvement. The Caspase-dependent
pathway is the primary mode of apoptosis (25). Caspase-3, also
known as the executioner of apoptosis (52), plays a pivotal role in
this process. Studies have revealed the PI3K/AKT signaling pathway
as one of the anti-apoptotic mechanisms after TBI (53), primarily
characterized by the inhibition of the anti-apoptotic protein Bcl-2
and significant activation of the Caspase-3 protein (54, 55). Guan
Wei et al. and Gao Yongyue et al. found that tetrahydro curcumin
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activates the PI3K/AKT pathway, exerting anti-apoptotic effects after
TBI (5, 21, 22). Furthermore, studies have indicated that curcumin
can reduce neuronal apoptosis in patients with human
immunodeficiency virus type 1 (HIV-1) by promoting the expression

of heat shock protein 70 (HSP 70) (25, 56).

5 Advantages and limitations
5.1 Advantages

Curcumin, a neuroprotective agent, is relatively underexplored in
TBI research, making our topic selection novel. Our meta-analysis was
conducted on existing animal experiments with multiple participants,
employing rigorous data extraction and screening methods, rendering
the results relatively reliable. This study holds particular value in
guiding clinical human experiments.

5.2 Limitations

Our study shares some common limitations with the studies it
incorporates. Despite our efforts to control for heterogeneity among
the included original studies, variation between studies is inevitable,
including factors such as animal species, age, sex, weight, modeling
techniques, and curcumin treatment routes. Additionally, our study’s
limited literature and sample size may introduce errors in the results.

6 Conclusion

In our study, curcumin exhibits potent anti-inflammatory,
antioxidant, and anti-apoptotic effects, suggesting its potential for
treating TBI in humans. However, future clinical trials are needed to
evaluate its safety and efficacy in detail. Due to the limitation of the
quality and quantity of the included literature, the conclusion of this
study still needs to be confirmed by high-quality clinical studies with
large samples.
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