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1 | INTRODUCTION
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Sepsis is a complex disease that begins with an infectious disorder and causes exces-
sive immune responses. Curcumin is considered as an active component of turmeric
that can improve the condition in sepsis due to its anti-inflammatory and antioxidant
properties. PubMed, Embase, Google Scholar, Web of Science, and Scopus databases
were searched. Searching was not limited to a specific publication period. Only
English-language original articles, which had examined the effect of curcumin on sep-
sis, were included. At first, 1,098 articles were totally found, and 209 articles were
selected after excluding duplicated data; 46 articles were remained due to the
curcumin effects on sepsis. These included 23 in vitro studies and 23 animal studies.
Our results showed that curcumin and various analogs of curcumin can have an inhib-
itory effect on sepsis-induced complications. Curcumin has the ability to inhibit the
inflammatory, oxidative coagulation factors, and regulation of immune responses in
sepsis. Despite the promising evidence of the therapeutic effects of curcumin on
the sepsis complication, further studies seem necessary to investigate its effect and

possible mechanisms of action in human studies.
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potentially 5.3 million deaths annually worldwide (Yin, Tao, Wei,

Zhang, & Ma, 2016). Innate immune system and hemostasis process

Sepsis is one of the most important medical problems associated with
severe complications and increased mortality in critically ill patient.
Sepsis is defined as a life-threatening condition caused by an impair-
ment of host immune response (both innate and acquired) to infection
(Al-Hasan & Justo, 2018; Moon et al., 2018). This dysregulation of the
immune response during sepsis results in an overreaction of the
immune system to eliminate pathogens, which can be accompanied
by tissue damage, organ failure, and death (Al-Hasan & Justo, 2018).
Infection can be attributed to many pathogens (fungi, virus, and para-
site), but it is usually due to gram-positive or gram-negative bacteria
(Saeedi, Halabian, & Fooladi, 2019). Sepsis is an important reason for
morbidity and mortality in hospital. According to the global statistics,

there are 31.5 million sepsis and 19.4 million severe sepsis cases, with

(coagulation factors and platelets) are a major contributor of sepsis
pathogenesis (McDonald et al., 2017). When the body is exposed to
pathogen, the first line of defense is innate immune response (Jin,
Batra, & Jeyaseelan, 2017; Taner et al., 2014). Innate immune includes
monocyte-macrophage cells (Dominguez-Andres & Netea, 2019) and
leukocyte and dendritic cells (DCs; Lee, Park, Van Kaer, Hong, & Hong,
2018) that play an important role against pathogens (Chen, Peng,
Zhou, & Zhuang, 2017). Because the phagocytic cells are encountered
with pathogens, dysregulated immune response (Bangsgaard, Hjorth,
Olufsen, Mehlsen, & Ottesen, 2017) cause to the release of products
such as chemokines, cytokine, lipid mediators, nitric oxide (NO), and
oxygen radicals (Arango Duque & Descoteaux, 2014; Markose, Kirk-
land, Ramachandran, & Henderson, 2018). On the other hand, the
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activation of neutrophils increases the bacteria clearance and causes
inflammation and tissue damage (Park et al., 2017) through respiratory
burst (Bae et al., 2016), myeloperoxidases (MPOs; Schrijver,
Kemperman, Roest, Kesecioglu, & de Lange, 2017), proteases, and
releasing several cytokine mediators (Bosmann & Ward, 2013; Park
et al., 2017). Neutrophils also release neutrophil extracellular traps
that lead to increase vascular inflammation and coagulation (Martinod
et al.,, 2013; McDonald et al.,, 2017).

Oxidative stress is the serious cause of organ disability in critically
ill patients (Ghashut et al., 2017). Reducing the antioxidant capacity
(Rogobete et al., 2017) in these patients due to inefficient oxidative
phosphorylation (Lorente et al., 2018) leads to an increase in free rad-
icals (Oliveira, Pontes-de-Carvalho, Couto, & Noronha-Dutra, 2017),
which is actually a possible mechanism for damage caused by the sep-
sis (Kumar et al., 2018). Some natural compounds and herbal deriva-
tives have anti-inflammatory and antioxidant effects that can
improve sepsis symptoms, such as zinc (Ganatra et al., 2017), magne-
sium (Esen et al., 2004), Q10 (Abitagaoglu et al., 2015), and curcumin
(Chen, Lu, et al., 2018). Turmeric is a medicinal plant that belongs to
the ginger species (Zingiberaceae), distributed throughout subtropical
and tropical regions of the world, and broadly growing in Asian coun-
tries such as India and China (Yadav, Yadav, Khar, Mujeeb, & Akhtar,
2013). This plant contains mainly fats (5.1%), protein (6.3%), carbohy-
drates (69.4%), minerals (3.5%), and moisture content (Kocaadam &
Sanlier, 2017) and also includes three curcuminoids (curcumin, 60%
up to 70%; demethoxycurcumin, 20% up to 27%; and bisdemethoxy-
curcumin, 10% up to 15%; Hajialilo et al., 2019; Imran et al., 2018).
Curcumin  (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-
dione) or diferuloylmethane is an important bioactive constituent
and hydrophobic polyphenol that isolated from the rhizome of the tur-
meric plant (Curcuma longa; Fereydouni et al., 2019; Ghazimoradi et
al., 2017). Curcumin is widely used in medicine due to medicinal prop-
erties, cost-effectiveness, and simple extraction from a turmeric plant
that grows in different regions in the world. Recent evidences have
shown that curcumin possesses multiple biological activities and phar-
macological properties including anti-inflammation (Dhir, 2018), anti-
oxidation (Khanji et al., 2018), anticancer and antiproliferation
(Barati, Momtazi-Borojeni, Majeed, & Sahebkar, 2019; Pan, Chen,
Baek, & Zhong, 2018), antimicrobial (Marini et al., 2018), and free rad-
ical scavenger (Vaughn et al., 2017; Zhong et al., 2016). Some studies
have suggested protective effects of curcumin against numerous dis-
eases such as metabolic syndrome (due to improving insulin sensitiv-
ity, suppressing adipogenesis, reducing elevated blood pressure and
decrease inflammation) (Ghazimoradi et al., 2017), inflammatory bowel
disease (inhibit nuclear factor kappa-light-chain-enhancer of activated
B [NF-kB], 5-lipoxygenase, and Toll-like receptor 4 (TLR-4)) (Singla et
al., 2014), rheumatoid arthritis (due to regulating immune response
and decrease the expression of cytokines and chemokine, (such as
monocyte chemoattractant proteinl (MCP-1)) (Khayyal et al., 2018),
cardiovascular disease (due to adjustment of the enzyme related to
the metabolism of lipoproteins, decrease inflammation, and oxidative
stress) (Li et al., 2019), and sepsis (due to modulate immune responses)

(Chen, Lu, et al., 2018). Furthermore, several studies have shown the

role of curcumin in regulating immune response to infection, through
targeting multiple molecular pathways, including NF-kB cell and acti-
vator protein 1 (AP-1) (Tabrizi et al., 2019) and activation of nuclear
factor erythroid 2-related factor 2 (Nrf-2), which are respectively led
to inhibiting inflammation and oxidative factor (Xie et al., 2017). How-
ever, several researches have been performed on the therapeutic
effects of curcumin in sepsis, but there is not any systematic review
to show the effect of curcumin in sepsis; thus, the study objective
was to conduct a systematic review of both animal and in vitro stud-
ies, to describe the effect of curcumin supplementation on sepsis

and possible mechanisms.

2 | METHODS

2.1 | Study protocol

This systematic review was performed based on the Preferred
Reporting Items Systematic Meta-Analyses Checklist (Moher, Liberati,
Tetzlaff, & Altman, 2009), and all published and unpublished English-
language studies were related to curcumin effects on sepsis. All the
relevant articles were initially transferred to Endnote software, and

duplicated references were separated.

2.2 | Selection criteria

2.2.1 | Inclusion criteria

Population, Intervention, Comparison, and Outcome approach was
used for the inclusion criteria of this systematic review. Population,
Intervention, Comparison, and Outcome questions included the fol-
lowing: (a) in vitro, in vivo, or human were as population, (b) the inter-
vention was curcumin supplementation or curcumin analogs and its
dosage, (c) it was compared without treatment with curcumin or
curcumin analogs or other drugs, and (d) the result was the effect of
curcumin on inflammation, oxidative stress, and innate immune
response.

2.2.2 | Exclusion criteria

Studies were being excluded if (a) the intervention was not curcumin
or the combination of curcumin with other compounds or curcumin
was used as a treatment for other conditions, (b) the articles were
from reviews, books, editorials, reports, comments, or presentations,

and (c) a language other than English was used in abstracts.

2.3 | Search strategy

An electronic search of PubMed, Scopus, Google Scholar (in title),
Embase, and Web of Science databases has been conducted by two
separate investigators (A. K. and R. G.) by the end of April 2019 with
no time limit. The key words were as follows: “curcumin and sepsis,”

“curcumin and oxidative stress and sepsis” and “curcumin and
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inflammatory response and sepsis” and “curcumin and immune
response and sepsis,” “curcumin and septic shock,” “curcumin and oxi-
dative stress and septic shock” and “curcumin and inflammatory
response and septic shock” and “curcumin and immune response and
septic shock,” and “curcumin and endotoxin shock,” “curcumin and
oxidative stress and endotoxin shock” and “curcumin and inflamma-
tory response and endotoxin shock” and “curcumin and immune
response and endotoxin shock” in title or abstract. In addition, the
search strategy used for PubMed was as MeSH terms. The full text
of the articles, including the correct range for this review, was evalu-
ated for further investigation and independent review of the articles

(summaries, results, figures, and tables) for data extraction.

24 | Study selection

A. K. and R. G. independently reviewed titles and abstracts of all
sources identified in the electronic database, and selected articles
were in accordance with the inclusion criteria. The same authors (A.
K. and R. G.) independently analyzed the full text of all selected arti-

cles in last phase and excluded the studies that did not meet the

inclusion criteria. A third author (F. K.) was consulted if the contradic-

tion between the two primary reviewers was not solved by consensus.

3 | RESULTS

A total of 1,098 articles were initially identified from databases (66
from PubMed, 288 from Scopus, 553 from Embase, 23 from Google
Scholars, and 168 from Web of Science). After removing duplicated
studies, 209 articles remained for analysis of title and abstract. After
an initial screening, 82 articles, 58 reviews, 5 comments, 4 notes, 4
editorials, and 11 conference abstracts were excluded due to the type
of studies. Finally, 128 studies were excluded after critical analysis of
title, abstracts, and full texts. The remaining 46 articles were included

in this overview (Figure 1).

3.1 | Characteristics of the included studies

Characteristics of the included studies for this systematic review have
been summarized in Table 1. There was no human study in the field of
curcumin effects on sepsis; therefore, the remaining articles were cat-

egorized into two groups: in vitro (n = 23) and animal (n = 23) studies.

Records excluded (n=81)

Unrelated studies (n=81)

Full-text Articles excluded (n=82)
Review article (n=58)
Comment (n=5)

Note (n=4)
Editorial (n=4)
Conference abstract (n=11)

=
2 Records identified through database
E searching (n=1098)
b=
—
=
]
=
L)
e—
Records remained after removal of du-
plicates (n=209)
50
=
=
()
-
17) Records screened (n=209)
=5
=
£ Full-text Articles assessed for eli-
= gibility(n=128)
[
=
7}
=
=
2
= Studies included in qualitative synthesis
(n=46)

FIGURE 1 Flowchart of study selection
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3.2 | In vitro studies

Yali Zhang et al. (2018) have investigated the effects of analog of
curcumin on improved anti-inflammatory activity and myeloid differen-
tiation protein 2 (MD2) in human umbilical vein endothelial cells and
RAW 264.7 macrophages. The authors have reported that curcumin
inhibited the Toll-like receptor 4 (TLR4) and MD2 signaling complex by
competition with lipopolysaccharides (LPSs) forbidding on MD2.

Wu et al. (2013) found that the amount of 1 up to 5 pM of
curcumin analog can play an important role in the effective prevention
LPS-induced production of interleukin 6 (IL-6) and tumor necrosis
factor-a (TNF-a), and it could be an antisepsis compound.

Zhong et al. (2016) showed that 0.5 up to 2 uM curcumin has the
ability to decrease in serum cytokines and liver NO and enhance the
production of liver antioxidant enzymes.

Ma et al. (2017) showed that various concentrations of curcumin
efficiently inhibited the LPS-induced microRNA-155 expression and
cytokines by blockade of phosphatidylinositol 3-kinase/protein kinase
B (PIBK/AKT) signaling pathways without affecting the normal growth
of RAW 264.7.

Shukla et al. (2015) have investigated the effects of curcumin on
inflammatory pathways and Nrf-2 expression in hepatocellular cancer
cell lines (HepG2), RAW 264.7 macrophages, and human embryonic
kidney 293 cells. They have reported curcumin increased expression
level of Nrf2 and inhibits cytokine secretion through down regulation
of NF-kB pathwayp.

In another study, Hu, Du, et al. (2005) showed that 10 up to 50 uM
of curcumin lead to decrease in migration and MPO release by
increasing neutrophil apoptosis and decreasing neutrophil activation.
There was also an increase in the phosphorylation of p38 and cas-
pase-3 activity.

Ahn et al. (2017) found that curcumin has the ability to suppress
NO signaling and reduce the release of the proinflammatory cytokine.

Yuan et al. (2012) have investigated the effects of curcumin on trig-
gering receptor expressed on myeloid cells 1 (TREM-1) expression in
response to LPS. The authors found that curcumin inhibited the binding
of p65 to TREM-1 promoter in response to LPS. In addition, curcumin
inhibited p300 activity in the TREM-1 promoter region leading to
hypoacetylation of histone 3 and histone 4 in the lysine residues.

3.3 | Animal studies

Savcun et al. (2013) have investigated the antioxidant and anti-inflam-
matory effects of curcumin on oxidative and inflammatory injury in
septic rat. In this study, septic rats were intraperitoneally (i.p.) given
curcumin 200 mg/kg, 12 hr after surgery. Curcumin treatment signifi-
cantly decreased the oxidative enzymes and level of inflammatory in
septic rats.

In other study conducted by Yang et al. (2013), the administration
of 200 mg/kg/day curcumin for 3 days significantly decreased the oxi-
dative factor, myocardial inflammation, and structure damage of

myocardial cells and enhanced the levels of superoxide dismutase
(SOD) in sepsis.

Xiao et al. (2012) investigated the effects of curcumin on sepsis-
induced acute lung infection in rats. In this study, animals were divided
in two experimental groups and administered 50 mg/kg (low-dose
curcumin (or 200 mg/kg (high-dose curcumin) i.p., for three times (6,
12, and 24 hr). The authors reported that treatment with curcumin
in both quantities significantly decreased the oxidative factor
malondialdehyde (MDA), cytokine production, and pulmonary MPO
activity significantly. Curcumin also decreased the inflammatory cells
in the blood and bronchoalveolar lavage fluid.

In other study conducted by Silva et al. (2017), 100 mg/kg/day
curcumin in the form of oral gavage were reduced for 7 days by the
proinflammatory cytokines and heat shock protein (HSP70) produc-
tion and temporarily increased their survival rate.

Liu et al. (2017) investigated the effects of curcumin on sepsis-
induced chronic lung injury in rats. Septic rats were orally treated by
curcumin at 100 or 200 mg/kg of body weight dose for 45 days.
Curcumin treatment significantly decreased the MPO activity, MDA,
SOD, and wet and dry (W/D) ratio in the lung tissues. Furthermore,
curcumin decreased the expression of IL-1, TNF-a, macrophage inhib-
itory factor, total cell counts, lymphocytes, and neutrophils.

Xu, Yang, and Liu (2011) investigated the protective effect of
curcumin on mice with acute lung injury induced by sepsis. Experi-
mental septic rats received the injection of curcumin (200 mg/kg) for
48 hr. Septic rats had significant overexpression of TNF-a and inter-
cellular adhesion molecule 1 (ICAM-1) in lung tissues, whereas
curcumin significantly reduced the expression level of TNF-a and
ICAM-1.

Tao, Yin, and Ma (2014) showed that oral supplementation of
curcumin reduced the intracellular calcium concentration, caspase-3
activation, Bax gene, and elevation of antiapoptotic B-cell lymphoma
2 (Bcl-2) gene expression for 7 days.

Kumari et al. (2017) investigated the effects of curcumin on LPS-
induced endotoxemia and airway inflammation in septic mice. The
authors have shown that injection treatment with curcumin signifi-
cantly decreases MPO activity, inflammatory cell count, reactive oxy-
gen species (ROS), and nitrite levels in septic mice.

Madan and Ghosh (2003) demonstrated that oral curcumin supple-
mentation for 7 days decreases the expression of ICAM-1 and vascu-
lar cell adhesion molecule 1 (VCAM-1) in liver and lungs and
suppresses the migration and infiltration of neutrophils from blood
vessels to the liver tissue. Some other studies, which are mentioned in

Table 1, have also shown the effect of curcumin on sepsis.

4 | DISCUSSION

41 |
sepsis

Possible mechanisms of curcumin action on

The proposed multiple mechanisms are shown in Figures 2 and 3 and

are also presented as follows.
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FIGURE 2 Effects of curcumin on inflammatory and oxidative pathways. IRAK1, interleukin-1 receptor-associated kinase 1; RIP, interacting
protein; TBK1, TANK-binding kinase 1; TRAF, TNF receptor-associated factor; TRAM, TRIF-related adaptor molecule; TRIF, TIR-domain-
containing adapter-inducing interferon-f [Colour figure can be viewed at wileyonlinelibrary.com]

4.2 | The effects of curcumin on cytokine production
and inflammatory mediators

Previous studies have shown that excessive immune responses (dys-
regulated immune response) to counteract pathogens produce a wide
range of inflammatory and anti-inflammatory mediators to deal with
pathogenic agents that lead to tissue damage, organ failure, and death
during sepsis (Kakihana, Ito, Nakahara, Yamaguchi, & Yasuda, 2016).
Curcumin has strong inhibitory effects on proinflammatory cytokines
such as TNF-q, IL-6, and IL-1 (Arshad, Haque, Abbas Bukhari, & Jantan,
2017), and moreover, curcumin decreases the expression of cyclooxy-
genase (COX-2), inducible NO synthase, the activation of p38 mito-
gen-activated protein kinases (Camacho-Barquero et al., 2007),
NF-kB (Xu & Liu, 2017), and AP-1 (Gupta et al., 2011). NF-kB plays
a main role in modulation of innate and adaptive immune response
by controlling the transcription of cytokines such as IL-2, IL-1, and
interferon-y (IFN-y) (Okunieff et al., 2006; Park et al., 2007). The
curcumin can suppress activity of NF-kB through inhibition of
IkB kinase-a (IKK-a) phosphorylation (such as inhibition of IL-1),

nuclear translocation, and activation of the NF-kB pé65 subunit
(Huang, Zhao, Kim, Lee, & Hwang, 2008; Marquardt et al., 2015).
Curcumin inhibits IKK which leads to activation of nuclear factor of
kappa light polypeptide gene enhancer in B-cells inhibitor, alpha
(IkBa). Activation of IkBa leads to inhibition in NF-kB signaling path-
way. (Jobin et al., 1999).

Moreover, Zhong et al. (2016) have studied effects of dietary
curcumin on LPS-induced mice, and hepatic stellate cells showed that
curcumin caused to suppressing PIBK/AKT signaling pathway and
inhibited activation of the mitogen-activated protein kinases/c-Jun
NH2-terminal kinase (P38/JNK) cascade in the livers of rat.

H.-W. Chen et al. (2007) evaluated the effects of curcumin on
inflammatory and coagulation factor in rats suffering from sepsis.
Results showed that curcumin reduced the circulating TNF-a levels,
plasma fibrinogen, and peripheral platelets and the mortality rate in
rats.

Furthermore, curcumin through increasing expression of peroxisome
proliferator-activated receptor gamma (PPARy) (Jacob, Wu, Zhou, &
Wang, 2007; Liu, Zhang, et al., 2018), which leads to suppression of
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FIGURE 3 Effect of curcumin on the immune response to sepsis [Colour figure can be viewed at wileyonlinelibrary.com]

NF-kB pathway and increase the release of anti-inflammatory cytokines
(Liu, Zhang, et al., 2018; Siddiqui et al., 2006).

4.3 | Inflammasome pathways

4.3.1 | Inhibition of Nod-like receptor pyrin domain-
containing protein 3 inflammasome

Inflammasome such as Nod-like receptor pyrin domain-containing
protein 3 (NLRP3) is a cytoplasmic multiportion complex of the innate
immune system (Hao et al., 2017) that leads to maturation and pro-
duction of cytokines such as IL-18, IL-1B, and pyroptosis (lytic host cell
death; Liu, Jing, et al., 2018; Luo et al., 2014).

Gong et al. (2015) have studied the effect of curcumin on treated
murine macrophage cell line J774A with septic shock and reported
that curcumin inhibited the Nod-like receptor pyrin domain-containing
protein 3 inflammasome activators significantly, consequently
decreased the level of activated caspase-1, which leads to a decrease
in IL-1 B secretion as well as improves the condition of illness caused

by endotoxic shock.

4.4 | Effect of curcumin on Toll-like receptors

Toll-like receptor (TLR) is a type of receptor recognition pattern (RRP)

that plays an important role in innate immune system response

(Claushuis et al., 2019). TLRs are the most important triggers for the
exceed immune response, especially in sepsis and other inflammatory
diseases (Vilahur & Badimon, 2014). Curcumin has several drug activ-
ities that can affect signaling pathways and biological targets. Several
studies have proposed that curcumin can directly bind to MD2 (extra-
cellular protein that is related with the extracellular area of TLR4 and
plays a main role in LPS cluster of differentiation 14 (CD14)) complex
recognition and inhibits the recognition of LPS by blocking TLR4 sin-
gling pathway. Therefore, it can inhibit the production of inflammatory
mediators in sepsis (Wang, Shan, et al, 2015; Zhang et al., 2018).
Curcumin also prevents the LPS-induced activation of both myeloid
differentiation primary response 88 (MyD88) and TIR-domain-con-
taining adapter-inducing interferon-B-(TRIF) dependent pathways of
TLR4 and consequently inhibits the activation of interferon regulatory
factor 3 (IRF3) and NF-«kB pathways (Youn, Saitoh, Miyake, & Hwang,
2006).

4.5 | The effects of curcumin on oxidative stress

Dysregulated immune response in sepsis causes oxidative stress due
to pathogen phagocytosis by immune cells (such as neutrophils and
macrophages) that lead to endothelial cell injuries and mitochondrial
inhibition by the formation of ROS and reactive nitrogen species

(RNS), which has an important role in the sepsis pathogenesis.
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Oxidative stress leads to endothelial cell injuries through formation of
ROS and RNS which is important in the sepsis pathogenesis
(Mantzarlis, Tsolaki, & Zakynthinos, 2017). Curcumin contains high
levels of antioxidant compounds, including the carbon-carbon double
bonds, phenyl rings, and B-diketo group (Nimse & Pal, 2015). It has
been shown that curcumin can protect cell membrane by eliminating
lipid peroxidation due to its lipid-soluble property and antioxidant
activity (Priyadarsini et al., 2003). Furthermore, curcumin has ability
to suppress lipid peroxidation (MDA; Indira Priyadarsini, 2013)
through induced quinine reductase and glutathione-S-transferase and
neutralizes hydroxyl radicals (HO), ROS (superoxide [0%7] and hydro-
gen peroxide [H,0,]; Park, Amin, Chen, & Shin, 2013), and RNS
(peroxynitrite and NO).

Yang et al. (2013) have reported the effect of injectable curcumin
on oxidative stress in cardiac dysfunction mice with sepsis and found
that curcumin protects oxidative stress and elevated SOD levels in
these mice.

Nrf-2 is a transcription factor that eliminates ROS (7) products by
increasing the antioxidant enzymes (DeNicola et al., 2011). As a result,
curcumin activates the expression of Nrf-2, thus protecting the cells
against oxidative stress damage and by regulating the genes that con-
tain antioxidant enzymes (Peng, Dai, Liu, Li, & Qiu, 2018) heme oxy-
genase (HO)-1 and NAD(P)H:quinone oxidoreductase 1 (NQO1)
(Shehzad & Lee, 2013) and prevents lipid peroxidation (Deogade &
Ghate, 2015), thereby reducing the damage caused by oxidative stress

in sepsis

4.6 | Effect of curcumin on immune response

4.6.1 | Immunomodulatory effect of curcumin on
monocytes and macrophages

Several studies have shown that curcumin has ability to regulate mac-
rophage activation (Jagetia & Aggarwal, 2007) and increase phagocytic
activity (Khajehdehi, 2012). Curcumin decreases oxidation reaction
products and lipid peroxidation damages in macrophages (Brouet &
Ohshima, 1995; Sou, Inenaga, Takeoka, & Tsuchida, 2008). It also pre-
vents the production of IL-8, macrophage inflammatory protein (MIP)-
1a, (MCP-1), and TNF-a) by downregulating NF-kB signaling pathway)
by monocytes and macrophages (ABE, Hashimoto, & HORIE, 1999).
Furthermore, curcumin significantly suppressed IL-12 generation by
decreasing the expression of NF-kB in LPS-stimulated macrophages
(Kim et al., 2016) that inhibited Th-1 cytokine profile (increased IL-4
production and decreased IFN-y) in CD4+ T cells (Yadav, Mishra,
Singh, Mehrotra, & Singh, 2005).

4.6.2 | Immunomodulatory effect of curcumin on
polymorphonuclear neutrophil cells

In humans, polymorphonuclear neutrophils (PMNs) are the most com-
mon circulating leukocytes and vital components of the innate
immune against invading, during sepsis (Tak, Tesselaar, Pillay,

Borghans, & Koenderman, 2013). PMN releases important regulatory

WILEY——2

chemokines, leukotrienes, and cytokines; it also attacks to the patho-
gens, antimicrobial peptides, and oxidative products (Alves-Filho,
Spiller, & Cunha, 2010). Neutrophil function during an uncontrolled
sepsis leads to tissue damage or multiple fractures due to their accu-
mulation in vital organs (Alves-Filho et al., 2010; Cohen, 2002). Direct
effect of curcumin on neutrophilic chemical activity and chemical
activity reduces infiltration of neutrophils into inflammatory tissues
(Larmonier et al, 2010; Takahashi et al., 2007). Curcumin also
prevented PMN chemotaxis through downregulation of PI3K activity,
AKT phosphorylation, superoxide, and IL-8 that plays chemotaxis
mediator role in human neutrophils (Ezekiel & Heuertz, 2015;
Larmonier et al., 2010).

4.6.3 |
cell

Immunomodulatory effect of curcumin on T

CD4+ T helper (Th) lymphocytes are separated to a number of sub-
classes cells including Thi, Th2, Th17, and T regulatory cells (Tregs;
Saito, Nakashima, Shima, & Ito, 2010). These subsets are identified
to have several profiles of transcription factors and cytokines expres-
sion. It has been investigated that curcumin has the ability to decrease
the expression of Thl cytokines (TNF-a, IL-12, IL-1, and IFN-y) in
CD4+ T cells through suppressing IL-12 production in macrophages
and arise the Th2 cytokines expression (IL-10 and IL-4; Kang et al.,
1999). Curcumin blocks expansion and differentiation of Th17 cells
by inhibiting the expression of IL-17, IL-6, IL-21, and related orphan
receptor gamma t (RORyt) signaling and signal transducers and activa-
tors of transcription 3 (STAT3) phosphorylation (Bakir et al., 2016;
Kanakasabai et al., 2012).

CD4" CD25" Tregs are modulator of adaptive and innate immune
responses (Bakir et al., 2016; Kanakasabai et al., 2012). Some cyto-
kines prevent the immune system, for example, transforming growth
factor-beta (TGF-B) and IL-10 produced by Tregs, which play an
important role in tolerating the immune system in sepsis (Chen, Zhou,
Shan, Li, & Lin, 2015; Sharma, Yang, Matsuo, & Wang, 2015).

Forkhead/winged helix transcription factor p3 (FOXP3) is a protein
participant in the immune response that is especially expressed by
CD25" CD4" Tregs and regulates their development and also activity
(Bakir et al., 2016; Fontenot, Gavin, & Rudensky, 2003). As it is men-
tioned in a lot of studies, curcumin has the ability to modulate the acti-
vation and the proliferation of T cells (Ranjan, Chen, Johnston, Jeon, &
Nagabhushan, 2004). Chen, Lu, et al. (2018) have shown that curcumin
can upregulate the CD4* CD25" Foxp3™ Treg cells and increase the
production of TGF-B and IL-10 that leads to downregulated prolifera-
tion activity of CD4* CD25™ T cells in the spleen of the septic mice.

464 |
DCs

Immunomodulatory effect of curcumin on

DCs are part of the proprietary antigenic prescribing cells that initiate
primary immune responses (Rogers, Kireta, & Coates, 2010) and have
the ability to both innate and adaptive immune (Steinman, Turley,
Mellman, & Inaba, 2000). Kim et al. (2005) found that curcumin
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inhibited the maturation of DCs and suppressed the expression of
CD80, major histocompatibility complex class Il, CD40, and CD86 on
the surfaces of DCs. It also prevents the LPS induced, IL-6, IL-18, IL-
12, TNF-q, the phosphorylation of mitogen-activated protein kinases,
and NF-kB nuclear translocation.

4.7 | Effect of curcumin on organ function and
mortality in sepsis

Sepsis and septic shock are the main causes of mortality in critically ill
patients. Mortality due to sepsis and septic shock is directly linked to
the disruption of the major organs such as the kidney, lung, cardiac,
liver, and brain (Vachharajani et al., 2010).

4.7.1 | Cardiac dysfunction

Previous studies have shown that cardiovascular dysfunction due to
sepsis is a major cause of death in patients with sepsis (Yang et al.,
2013). TNF-a and NF-kB can cause excessive E-selectin protein stim-
ulation by vascular endothelial cells. E-selectin molecules on the cell
membrane surface may be separated or dissolved (Roldan, Marin,
Lip, & Blann, 2003). Serum soluble E-selectin is an important factor
of vascular endothelial cell injury (Leeuwenberg et al., 1992).
Curcumin, by regulating the immune response, and improves vascular
endothelial through decrease serum E-selectin levels, may lead to a
decrease in cardiovascular dysfunction sepsis (Lu et al., 2015). Another
role of curcumin in prevention of vascular damage is associated to
Thrombospondin-1 (TSP1). TSP-1 is a matrix glycoprotein with differ-
ent roles in diverse cellular and physiological processes (Esemuede,
Lee, Pierre-Paul, Sumpio, & Gahtan, 2004). Sources of TSP-1 include
activated leukocytes, platelets, vascular smooth muscle cells, endothe-
lial cells, and fibroblasts (Chen, Herndon, & Lawler, 2000). TSP-1 is
also an important activator of TGF-B1 (Brunner & Blakytny, 2004).
TSP-1 expression may affect the prognosis of patients with sepsis by
preventing innate immune function (McMaken et al., 2011). Lu et al.
(2015) have shown that curcumin decreases LPS-induced vasocon-
strictive dysfunction in thoracic aortas. In addition, curcumin may be
involved in this protective effect by inhibiting the expression of
TGF-B1 and TSP-1.

4.7.2 | Kidney injury

Disseminated intravascular coagulation (DIC) is one of the major com-
plications of sepsis (Yadav, Mishra, et al., 2005). DIC with systemic
intravascular activation of coagulation cascade causes the fibrin depo-
sition and formation of thrombosis deposition in the microvasculature
(Zeerleder, Hack, & Wouillemin, 2005). Glomerular fibrin deposition
(GFD) is a serious pathophysiological process that is associated with
renal damage (Aslan et al., 2018). The anti-inflammatory effects of
curcumin may be one of the vital mechanisms to reduce coagulation
disturbances related to DIC that prevents intravascular formation of
fibrin sedimentation in the kidney by reducing the amount of platelets

and the level of fibrinogen (Yadav, Mishra, et al., 2005). Curcumin also

suppressed the release of cytokines and mediators of inflammation
through blocking c-Jun/AP-1, IKK/I-kB, and the Janus kinase/signal
transducers and activators of transcription (JAK/STAT) pathways.
Therefore, curcumin reduced the risk of kidney damage and mortality
due to organ dysfunction (Chen, Kuo, et al., 2007).

4.7.3 | Brain injury

Evidence suggests that brain dysfunction (known as septic encepha-
lopathy) is one of the leading causes of mortality in critically ill patients
(Gofton & Young, 2012). Sepsis causes oxidative stress, mitochondrial
dysfunction, inflammation, and death of brain cells (Vachharajani et al.,
2010). Zhao et al. (2016) have shown that curcumin enhanced blood
brain barrier (BBB) integrity and alleviate brain edema after sepsis.
Moreover, curcumin relieved neuronal apoptosis induced by sepsis
as supported by the decrease expression of Bax, reduced number of
dUTP nick-end labeling (TUNEL) positive neurons and increased
expression of B-cell lymphoma 2 (Bcl-2). Also, Vachharajani et al.
(2010) showed that curcumin decreased leukocyte adhesion and
platelet adhesion and blood brain barrier dysfunction in septic mice
via modulation of P-selectin expression and improved survival in sep-
tic mice.
4.7.4 | Liver injury

Patients with sepsis have remarkable levels of inflammatory mediators
and oxidative stress (oxygen free radicals) due to dysregulated
immune response, which cause damage to the mitochondrial mem-
branes, liver cell structures, and increased membrane permeability
(Yin et al., 2016). Sodium pump dysfunction leads to sodium hold,
hepatocyte edema, and eventually, hepatocyte apoptosis (Sakaguchi
& Furusawa, 2006). Also, this dysfunction inhibits total cytochromes
(CYPs), exacerbates inflammatory responses, and increases mortality
in sepsis (Albuszies et al., 2005). Curcumin can inhibit the production
of inflammatory cytokines (such as IL-1B and TNF from macrophages).
This reduction in IL-1B and TNF-a is accompanied with increased
expression of aryl hydrocarbon receptor, aryl hydrocarbon receptor
(AhR) nuclear translocator (Arnt), and CYP1A2 in the liver, which
reduces liver injury and mortality due to sepsis (Wu et al., 2006; Yin
et al., 2017).

4.7.5 | Lung injury

In sepsis, lung disorder is one of the main reasons for the development
of multiple organ failure, acute respiratory distress syndrome (ARDS),
and acute lung injury (ALI), which significantly increases mortality rates
in ICU (Xu et al., 2013). Curcumin can reduce pulmonary edema by
decreasing the inflammatory cell infiltration (neutrophils and macro-
phages) and lung W/D ratio (Xiao et al., 2012). Furthermore, the pro-
tective effect of curcumin play an important role in suppression of
ROS generation and, PMN infiltration. Curcumin also increases the
antioxidant status, and regulates inflammatory cytokines production
such as TNF-a and IL-8. (Xiao et al., 2012). Also, Yuan et al. (2012)
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have shown that curcumin, through the TREM-1 (one of the families of
immunoglobulins is expressed by macrophages and neutrophils and is
an amplifier of TLR) suppression, leads to increased anti-inflammatory
cytokines and inflammatory cytokines and reduces lung damage and
improves survival in septic animals.

As a result, most studies have shown that curcumin reduces dam-
age to various organs and reduces mortality by improving the immune
response, reducing oxidative stress, inflammatory mediators, and

increasing anti-inflammatory factors.

4.8 | Side effects of curcumin

As a final note, curcumin has been confirmed by the U.S. Food and
Drug Administration (FDA) as Generally Recognized as Safe (GRAS),
and safety profiles and good tolerability have been shown by clinical
trials, even at doses between 4 and 8 g/day (Hewlings & Kalman,
2017). Despite curcumin has a good safety profile, some negative side
effects have been reported including mainly gastrointestinal (nausea
and diarrhea), headache, rash, and increase in lactate dehydrogenase
contents and serum alkaline phosphatase (Asher & Spelman, 2013;
Hewlings & Kalman, 2017).

4.9 | Study strengths and weaknesses

Our study is the first systematic review study on the therapeutic
effects of curcumin on sepsis. In the context of the effect of curcumin
on sepsis, sufficient animal and cell studies have been available, which,
due to physiological control of the conditions, can provide a better
result in this regard. Some of these studies have evaluated the thera-
peutic effects of curcumin on sepsis in both the animal models and the
cell lines. Other strengths of these studies included the enough sample
size in animal studies and the use of different cell classes. Further-
more, different doses of curcumin and its analogs were used in these
studies, and most of the pathways were investigated for inflammatory,
oxidative, coagulation, and immune responses.

Lack of human study was considered as the most important limita-
tion of studies on the therapeutic effect of curcumin on sepsis. Also,
the short duration of interventions was one of the limitations of other

studies.

5 | CONCLUSION

All studies have shown that curcumin and its various analogs can
inhibit inflammatory, oxidative stress, and coagulation factors through
modulation of immune responses by different mechanisms. The effec-
tive role of curcumin in regulating the immune response has been
shown in human interventions in other diseases (such as inflammatory
bowel disease, metabolic syndrome, and rheumatoid arthritis;
Ghazimoradi et al., 2017; Khayyal et al., 2018; Singla et al., 2014).
Therefore, these effects may also be seen in sepsis. Despite the prom-

ising evidence of the therapeutic effects of curcumin on the sepsis

complication, further studies seem necessary to investigate its effect

and possible mechanisms of action in human studies.
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