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Abstract

Purpose of Review Sepsis is a clinical condition with a dysregulated immune system majorly attributed to bacteremia. The
contrivances underlying this disorder are essential to understand for an early and precise diagnosis. To tackle the burden
of challenges like antibiotic resistance and complications of other co-existing metabolic disorders like cancer and diabetes
which contribute to an ever-increasing sepsis-related mortality, innovative strategies need to be explored.

Recent Findings An accurate diagnosis, empirical antibiotic use, and supportive therapy are required for sepsis, preced-
ing which the initial identification of the survival mechanism adopted by the causal pathogen also becomes crucial for
strategizing the treatment. In-depth assessments of quinquennial studies available in literature put forth a panel of secreted
host-inflammatory cytokines and immune markers that are a prerequisite, to be assessed and then targeted to regulate the
host-response mechanism adopted during sepsis. New therapeutic strategies, like drug repurposing for sepsis, immunotherapy,
and phytotherapy, can aid in a better management of sepsis; hence, they need to be explored in preclinical and clinical trials.
A detailed analysis of lab-based studies on tacking antibiotic-resistant bacteria indicates that phytomolecules can serve as a
powerful tool to ameliorate antibiotic resistance and resolve cellular inflammation.

Summary This review has led us to propose combination therapy as a novel, effective approach whereby potential phytomol-
ecules can be clubbed with available antibiotic arsenal for use as an adjunct in sepsis treatment, for better clinical outcomes.

Keywords Antibiotic resistance - Combination therapy - Drug repurposing - Inflammation - Phytomolecules - Sepsis

Introduction

Sepsis is defined as a life-threatening organ dysfunction
caused by a dysregulated host response to infection, and it
has become a global health concern due to a high incidence
and associated mortality. A meta-analysis by Fleischmann
et al. [1] on 27 global studies and a review by Schlapbach
and group [2] concluded that approximately 30 million
cases of hospital-treated sepsis in high-income countries are
recorded every year with 5.3 million deaths. A comprehen-
sive analysis published by Rudd et al. [3] revealed that there
was an increase in the incidence and mortality of patients
with sepsis in low- or middle-income countries (LMICs) too,
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which indicated that the economic status and availability of
healthcare facilities are not directly linked to the incidence
or mortality of this condition.

Sepsis is considered infectious when caused by bacte-
rial, fungal, or viral species or it can be trauma-induced and
therefore categorized as noninfectious. Pathogenic bacteria
have been documented as the leading cause of bloodstream
infections [4], and bacterial sepsis or bacteremia is one of
the major causes of morbidity and mortality, worldwide [5].
Increasing fatality from bacterial sepsis is attributed to the
constant development of antibiotic resistance among sepsis-
causing bacteria. The most common bacteremia-causing
species are a group of gram-positive and gram-negative
bacteria, better known by the acronym ESKAPE [6]. In the
face of increasing resistance and the emergence of multidrug
resistant (MDR) bacteria, new strategies to combat sepsis
need to be explored to avoid a clinical crisis.

This review aims to present a compendious overview
of the mechanistics of the host—pathogen interactions dur-
ing sepsis to better analyze the challenges in the diagnosis
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and treatment of sepsis. It also explores the problem arising
due to antibiotic resistance, the approaches adopted by the
pathogens to block antibiotic attack, and the haze created
by certain comorbid conditions of sepsis. Finally, there is a
focus on treatment strategies that can aid in better manage-
ment of sepsis, especially on the emerging green approach,
which involves the use of dietary active compounds from
natural sources as an adjuvant with antibiotics to enhance
their efficacy (Fig. 1), that can improve the clinical outcomes
and lower the death figures.

Utility of a Panel of Markers of Host-
Pathogen Interaction for Diagnosis

The blood cell counts used to establish the diagnosis of
sepsis can often be misleading as their deranged values are
not sepsis specific. Therefore, understanding the molecular
cascade behind the host—pathogen interaction can lead to a
highly specific diagnosis and help design patient-specific
treatment.

Investigation of sepsis-induced immune alterations
is highly desirable, wherein these deviations are diag-
nosed with the help of established clinical biomarkers like
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procalcitonin (PCT), C-reactive protein (CRP), and inter-
leukin-6 (IL-6) that are indicative of underlying infection
and inflammation. These biomarkers are in clinical use.
However, due to the complexity of multiple physiological
pathways involved in sepsis, no single marker is considered
reliable in totality.

At the onset of bacterial infection, the activation of the
intracellular signal transduction cascade in the host causes
the release of proinflammatory cytokines like TNF-a, IL-1,
and IL-6 [7]. A study conducted by Feng et al. [8] on serum
interleukin levels in sepsis patients concludes that between
interleukins IL-6 and IL-18, the levels of IL-6 in serum were
high in sepsis patients. This proinflammatory cytokine, in turn,
regulates various pathways, for example; activation of the
complement system, proliferation of leukocytes, and upregu-
lation of chemokine expression. This host response against
any pathogen is amplified in the case of sepsis, resulting in
collateral damage and death of host cells and tissues (Fig. 2A).
The initial proinflammatory state of sepsis is superseded by a
prolonged state of immunosuppression that leads to a drop in
the number of CD4 + helper and CD8 +cytotoxic T cells due
to apoptosis, and there is a decreased response to inflammatory
cytokine secretion as evidenced by the postmortem studies of
ICU patients who died of sepsis [9]. In addition to the state
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Fig.1 A detailed illustration of the resistance mechanisms (RM) of sepsis-causing bacteria against specific classes of antibiotic and the mecha-
nisms targeted by the phytomolecules in multi-drug resistant (MDR) bacteria
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Fig.2 A The mechanism of bacterial sepsis initiated by deregulation
of the host immune system, leading to multiple organ dysfunctions in
the host and the process by which pleiotropic molecules like querce-
tin, curcumin, and andrographolide can help in regulating the sepsis

of immunosuppression, persistent inflammation sustained by
the release of damage-associated molecular patterns (DAMPs)
can present in sepsis patients [10]. Therefore, a more sensitive
panel of proinflammatory markers TNF-a, IL-1, IL-6, serum
lactate, and presepsin, along with CD4/CD8 counts, needs
to be monitored for the status of systemic chronic inflamma-
tion and immunosuppression, to design an effective support
therapy in sepsis patients.

In addition to the host—pathogen response, the challenge of
antibiotic resistance needs to be understood and resolved for
the effective treatment of sepsis. Therefore, next in the route to
successful treatment is alleviating antibiotic resistance.

The Problem of Antibiotic Resistance
in Sepsis

The management of sepsis requires a comprehensive and
systemic approach that includes accurate and prompt diag-
nosis, empirical antibiotic use, and supportive therapy. The
appropriate and timely administration of antibiotics plays a
crucial role in the achievement of a favorable outcome for

pathogenesis. B The different mechanisms of resistance to antibiotics
adopted by bacteria and how the action of antibiotics can be potenti-
ated with the chosen phytomolecules

patients with sepsis by avoiding septic shock. However, the
abuse and misuse of antibiotics have led to the problem of
antibiotic resistance in causal organisms (Table 1), which is
more pronounced in the case of sepsis. The lack of effective
therapy due to the rising phenomenon of antibiotic resist-
ance among the causative pathogens [20] is leading to the
emergence of numerous sepsis-causing antibiotic-resistant
bacteria that present a most serious challenge in medicine for
future years if new antimicrobials are not discovered [21].
To overcome the generation of more antibiotic-resistant
bacterial species, the mechanism adopted by sepsis-causing
bacteria needs to be defined for each patient.

Mechanisms Adopted by Bacteria to Survive Host
Immune Surveillance

The increasing rate of antibiotic resistance in sepsis-causing
bacteria is leading to a decrease in the efficacy of the current
arsenal of antibiotics. Two approaches are adopted by bac-
teria to survive in the host. The first approach is developing
self-defense mechanisms against the host response. Bacte-
ria can enter the bloodstream through various sites, but the

@ Springer



88

Current Clinical Microbiology Reports (2023) 10:85-98

Table 1 List of antibiotics
generally used for treatment

Sr.no  Antibiotics

Class of antibiotic

Resistant against organism

References

of sepsis and their resistance 1
pattern to sepsis-causing
bacteria

Azithromycin

\S)

Ceftriaxone

Ceftazidime
Cefotaxime
Ciprofloxacin
Clindamycin
Meropenem

Levofloxacin

O 00 N N U R~ W

Vancomycin

Macrolide
B-Lactam

B-Lactam
B-Lactam
Fluoroquinolone
Lincomycin
B-Lactam
Quinolone

Glycopeptide

S. aureus

MRSA, Streptococci, Enterococcus spp.,
Clostridium spp.

Pseudomonas spp.

Pseudomonas spp., E. coli, Enterobacter spp.

K. pneumoniae

MRSA

Enterobacter spp., K. pneumoniae
E. coli

Enterococcus spp.

[11]
[12]

[13]
[14]
[15]
[16]
(17]
(18]
[19]

majority of bacterial species are sensitive to oxidation by
the reactive oxygen species (ROS) released from the surface
of the host erythrocytes and therefore get killed instantly.
This is the initial host response to eradicate the pathogens
on entry. However, the sepsis-causing bacteria have evolved
multiple evasion systems that facilitate their survival in the
bloodstream. One mechanism that is common to all sepsis-
causing bacteria is the secretion of hemolysin (a-hemolysin,
B-hemolysin, or y-hemolysin) while they are latched onto the
erythrocytes, leading to cell lysis via the formation of pores
in the phospholipid bilayer [22]. This aids in the survival and
further proliferation of bacteria using host hemoglobin as a
source of nutrition and the formation of a bacterial pool that
can then spread through the bloodstream.

Another survival strategy of sepsis-causing bacteria is
to evolve themselves to escape the host immune system
and survive and replicate inside the host cells. Many of the
sepsis-causing bacteria adapt to the intracellular existence
for protection and survival by adhering on to the immune
cells like macrophages and nonimmune cells like epithelial
cells and osteocytes cells [23]. The sepsis-causing bacteria
form biofilms on the epithelial tissue surface surrounding
the site of the wound in the skin created due to injury or
the insertion of medical devices (Fig. 2A). The bacteria
that enter the bloodstream and are not caught by the innate
immune cells then adhere to the lining of the blood vessel
and form clusters of bacteria, embedded in a self-created
matrix made up of protein, lipid, nucleic acid, and/or poly-
saccharide. This matrix provides a protective layer that
helps in the growth of pathogenic bacteria and also aids in
resisting the action of treatment modalities like antibiot-
ics [24]. After growth within the colony and maturation,
the bacteria start spreading in the surrounding tissues,
and this dispersal catches the attention of macrophages
and NK cells which then initiates an enhanced immune
response in the host [25]. Biofilms are mostly reported
to form on indwelling medical devices and are generally
contaminated with sepsis-causing ESKAPE organisms.
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They are most often composed of a single bacterial spe-
cies; however, many biofilms associated with sepsis are
composed of multiple bacterial species making treatment
more difficult [26].

A similar protective layer is also formed by the com-
mensal bacteria present on the mucosal surfaces of the host
to prevent themselves from the host sentinels due to which
they are able to replicate and exist without detection. Such
bacteria can opportunistically become rogue and travel to
the breached endothelial lining caused by dysregulated
coagulation pathway during sepsis [27]. There are stud-
ies to document the adaptation of certain sepsis-causing
bacteria by internalizing in host cells. Wright et al. [28]
studied the intracellular association ability of uropatho-
genic E. coli invading bladder epithelial cells causing UTL.
Similarly, Edwards et al. [29] reported a sepsis model in
which S. aureus could invade endothelial cells and later
on cause infection by entering the blood stream. Horsley
et al. [30] experimentally showed that E. faecalis could
internalize in the urothelium of patients and cause urinary
tract infections. Another study on S. pyrogens invading
macrophages to escape immune clearance and degrading
epithelial intercellular junctions has also been presented
[31].

The second approach undertaken by pathogens is to
resist the antibiotic action via three different mechanisms
(Fig. 2B): (1) modification or degradation of antibiotic
molecules and the presence of resistant genes in the
genetic material of the causal microbe; (2) use of efflux
pump(s) in the bacterial cell wall; (3) modification of
the bacterial target site where the antibiotic molecule
was supposed to act [32]. Taking cognizance of these
survival mechanisms propounds that the immunocom-
promised state of the host suffering from sepsis needs to
be diagnosed timely and accurately along with the con-
trivances adopted by sepsis-causing bacteria so that the
antibiotic treatment or supportive therapy is strategized
accordingly.
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Exploratory Therapies for Effective
Treatment of Sepsis

Antibiotic combinations exhibiting synergistic action in
preclinical studies and trials are already out for clinical
use. An exploration study conducted by Abdul-Jabar and
group [33] on the combinations of piperacillin with tazo-
bactam, ceftazidime, and/or amikacin showed effective
results against sepsis-causing MDR Klebsiella pneumonia
and E. coli strains. Although there are clinical trials that
have assessed the effect of antibiotic combination therapy
in sepsis [34-36], and some are already in clinical use
for the treatment, bacteria have already started to develop
resistance against them too (Table 2). Therefore, nonan-
tibiotic drugs present a greater potential for being used
against resistant pathogenic bacteria. The strategies that
can be adopted for achieving this endpoint are discussed
herein.

Drug Repurposing

Drug repurposing is a process of identifying new thera-
peutic use(s) for existing and available drugs. It can cre-
ate a novel effective regimen out of the ineffective drugs,
thus reducing the time taken in the discovery, preclinical
studies, and clinical trials of a new drug [42]. In a study
by Mir6-Canturri et al. [43], tamoxifen, an anticancerous,
selective estrogen receptor modulator drug, was shown to
inhibit the growth of gram-negative MDR bacteria, mak-
ing it a candidate for drug repurposing. Another promising
candidate that emerged in a study was gallium nitrate, a
non-redox iron (IIT) analog used for treating hypercalce-
mia in malignancy, which exhibited broad antimicrobial
activity against the ESKAPE bacteria P. aeruginosa and
A. baumannii [44]. Hegazy and group [45] conducted a
screening of antidiabetic drugs metformin, sitagliptin,
and vildagliptin as antibacterial agents against MDR

Pseudomonas aeruginosa and found that they inhibited
bacterial pathogenesis in vitro.

Immunotherapy

In addition to antibiotics, immune-stimulation therapies to
restore and reorganize the immune system of the host can be
another strategy that may serve as a powerful tool in devel-
oping future treatments for sepsis. Immuno-modulators like
thymosin al are being investigated to reduce long-term sep-
sis-related mortality [46]. Another immune-modulator, inter-
leukin-7 (IL-7) essential for lymphocyte survival, can induce
the proliferation of CD4+and CD8+T cells. A randomized,
double-blind, placebo-controlled study conducted by Francois
and group on the immunomodulation by IL-7 in patients with
septic shock and severe lymphopenia found that IL-7 reversed
the distinct loss of CD4 + and CD8 + immune cells, and it also
increased the T cell activation that in turn was beneficial for
host immunity [47] Similarly, IL-6 inhibitors and anti-IL-6
receptor antagonists that are clinically used in various diseases
to control inflammation [48] should be evaluated for their
effect in sepsis and septic shock [49]. Although there are effec-
tive adjuvants that can serve as immune modulators to manage
the dysregulated immune system, most of them are still under
different phases of clinical trials with no sufficient evidence of
use in sepsis. Therefore, more studies and trials are needed for
immunotherapies to be established as a treatment for sepsis.

Phytotherapy

Apart from the chemical modalities, the therapeutic proper-
ties of several natural phytomolecules have been tradition-
ally used for treating infections. Most of these are dietary
ingredients and have been used in Chinese traditional medi-
cine, Ayurveda, and alternative herbal treatment regimens
for therapeutic purposes since ancient times [50]. Phyto-
molecules like alkaloids, flavonoids, and polyphenols that
exhibit anti-inflammatory, antioxidant, and antibacterial

Table 2 Resistance mechanisms adopted by sepsis-causing bacteria against clinically used antibiotic combinations

Sr.no Antibiotic—antibiotic combination Resistance against organism Resistance mechanism adopted

Geographical region References

Ampicillin + sulbactam E. coli
2 Amoxicillin 4 clavulanic acid Enterobacter spp., E. coli
3 Cefoperazone + sulbactam K. pneumoniae
4 Piperacillin + tazobactam E. coli, K. pneumoniae
5 Trimethoprim + sulfamethoxazole E. coli

Hyperproduction of TEM-1 Pittsburgh, PA, USA [37]

Hyperproduction of OXA-1 Barcelona, Spain [38]
B-lactamase, and penicillinases

Gene amplification of blagyy -3 Shanghai, China [39]
gene

Gene amplification of blagy,. ;5 Liverpool, UK [40]

gene

Development of permeability bar-
riers

Manila, Philippines  [41]
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properties can be explored for use in the treatment regimen
of sepsis patients as complementary therapeutic agents [51].

Phytomolecules as Potentiators
of Antibiotics

Individually, phytomolecules like berberine, rutin, sangui-
narine, piperine, and punicalagin have been reported to have
strong antibacterial activity [52]. Their combination with the
current antimicrobials that have become ineffective toward
certain sepsis-causing bacteria can be an effective strategy
to tackle bacterial defense mechanisms and thereby augment
antibiotic action (Table 3). The activity of some important
bioactive groups such as alkaloids, polyphenols, terpenoids,
and tannins is discussed below.

Alkaloids

Alkaloids are a class of nitrogen-containing compounds
found mainly in plants and also in animals. The well-known
alkaloids used in clinical settings are morphine, quinine,
ephedrine, etc. They are known for their anesthetic, cardio-
protective, anti-inflammatory, and antibacterial properties
[75]. The synergistic potential of some known alkaloids is
shown in Table 3, 3. A. Berberine, a common alkaloid, has

been reported to exhibit antibacterial activity by inhibiting
the DNA and protein synthesis in Streptococcus spp. [76].
The alkaloid sanguinarine was checked for its synergistic
potential with kanamycin, an aminoglycoside antibiotic, and
it was found that this combination was able to inhibit the
growth of antibiotic-resistant E. coli strain due to increased
uptake of the alkaloid followed by an increased ROS pro-
duction that eventually damaged the cell wall of the bacteria
[59]. Another alkaloid, piperine, also showed a synergistic
effect against resistant K. pneumonia when combined with
amikacin by inhibiting the biofilm formation [57].

Polyphenols

Polyphenols are secondary metabolites that are ubiquitously
distributed in higher plants and protect the plants from path-
ogens and various abiotic and biotic conditions like salin-
ity, temperature, drought, and stress. The polyphenols are
divided into two major groups, namely, flavonoids and non-
flavonoids. Flavonoids are a subclass of polyphenols and
further comprise different subdivisions, namely flavones,
flavonols, anthocyanidins, etc. The non-flavonoid group of
polyphenols comprises of benzoic acid, cinnamic acid, etc.
All polyphenols have been widely investigated for their anti-
microbial property and have been reported to show activities
like inhibiting biofilm formation, reduction of host tissue

Table 3 Various classes of bioactive phytomolecules and their synergistic antibacterial action with antibiotics

Section  Class of bioactives ~ Phytomolecule Antibiotic combination =~ Mechanism of action References
1.A Alkaloids Berberine Linezolid Efflux pump inhibitor [53]
Rifampicin Damage cell wall and cell membrane [54]
Conessine Levofloxacin Efflux pump inhibitor [55]
Piperine Rifampicin Not reported [56]
Amikacin Biofilm inhibition [57]
Sanguinarine Streptomycin Not reported [58]
Kanamycin Increased ROS production [59]
1.B Polyphenols Morin Ampicillin Inhibition of cell wall synthesis [60]
Imipenem Cell wall damage [61]
Rutin Gentamycin Adhesion inhibitor [62]
Ceftriaxone Inhibiting the entry in the cell wall [63]
Quercetin Amoxicillin Inhibition of B-lactamase activity [64]
Meropenem Downregulation of gene expression [65]
Baicalein Cefotaxime Inhibition of gene expression [66]
Ceftazidime Increase cell membrane permeability [67]
1.C Terpenoids Andrographolide  Erythromycin Not reported [68]
Imipenem Not reported [69]
Thymol Neomycin Destabilizing the permeability of cell membrane  [70]
Tetracycline Inhibition of biofilm formation [71]
Carsonic acid Gentamycin Efflux pump inhibitor [72]
1.D Tannins Punicalagin Oxacillin Suppression of the mec operon [73]
Epigallocatechin ~ Ciprofloxacin Inhibition of biofilm formation [74]

@ Springer



Current Clinical Microbiology Reports (2023) 10:85-98

91

adhesion, and neutralizing bacterial toxins [77]. A literature
search yielded studies on the synergistic potential of 4 differ-
ent polyphenols in combination with various antibiotics in
overcoming the defense mechanism of bacteria (Table 3, 3.
B). The flavonoid quercetin was shown to exhibit antibacte-
rial activity against some gram-positive and gram-negative
bacteria by damaging the cell membrane and by inhibiting
the biofilm formation [78]. Baicalein, when combined with
cefotaxime and probed against antibiotic-resistant K. pneu-
monia strains, was observed to exhibit synergistic activity
by inhibiting the expression of the CTX-M-1 gene of K.
pneumonia [66].

Terpenoids

Terpenoids are the largest and structurally most diverse natu-
ral bioactive. These are derived from mevalonic acid, which
is composed of isoprene structural units [79]. The essential
oil citronellol is a natural monoterpenoid and is known for
its antimicrobial properties. In a study by Lopez-Romero
et al. [80], the antimicrobial efficacy of essential oils car-
veol and carvone was assessed on antibiotic-resistant E. coli
and S. aureus. It was found that the essential oils formed
a monolayer around the cell and modified the electrostatic
potential and hydrophobicity of the bacterial cell wall,
thereby destabilizing the membrane integrity, and resulting
in the release of internal cellular components. Thymol was
reported to show antibacterial activity by permeabilization
of the cytoplasmic membrane of bacteria. Its synergistic
effect was assessed by combining it with tetracycline, and it
was found to be an effective combination against S. aureus
[71]. Studies on the synergistic action of terpenoids with
antibiotics are presented in Table 3, 3. C.

Tannins

Another important class of secondary metabolites are tan-
nins. Tannins are classified into two groups on the basis of
chemical structure and stability, hydrolysable tannins, and
condensed tannins [81]. These compounds are useful in the
external treatment of skin inflammation and injuries, and it is
also reported that the intake of tannins may prevent the onset
of chronic diseases [82]. Tannins are not majorly reported
for their antibacterial activity; however, their potential to
act in synergy with antibiotics has been reported (Table 2,
2.D.). Punicalagin, a tannin obtained from the pomegranate,
exhibited great potential in combination with oxacillin when
assessed against f-lactam methicillin-resistant S. aureus, and
it was observed that this combination was able to reverse the
resistance by suppressing the resistance genes [73].

The use of phytochemicals of plant origin in the clini-
cal regimen along with the standard antibiotic therapy
has already begun. Cai et al. [83] observed the synergistic

effect of cefoperazone with Xuebijing injection, a Chi-
nese herbal-based medicine, on severe sepsis patients and
reported a significant difference in the effectiveness of the
combined treatment. Similarly, septimeb (a herbal formu-
lation of several plant extracts fortified with selenium and
flavonoids) was used as an adjunct to the standard treatment
in sepsis management, and it was found to decrease mortal-
ity rate due to sepsis [84]. Similar trials designed in bigger
cohorts are the need of the hour. It is important to highlight
here that the major advantage of using these phytomolecules
in clinical regimens is that bacteria are unable to develop
resistance as phytomolecules are effective against the mul-
tiple molecular determinants responsible for bestowing drug
resistance to pathogens [85]. Hence, they can be classified as
antibiotic resistance breakers (ARBs). They also enhance the
bioavailability of the antibiotic molecule, thereby increas-
ing the overall efficacy [86] which makes phytomolecules
a better option as an adjunct for designing therapy against
antibiotic-resistant bacteria.

Tackling Complications Arising due
to Overlap of Other Inmunosuppressive
Conditions with Sepsis

Although the major hindrance of antibiotic resistance in
sepsis may be dealt with the strategies discussed above, the
challenges in sepsis are not limited only to the treatment.
The proinflammatory and immuno-suppression phases in
sepsis might occur simultaneously, and the intensity of
immune response depends on multiple factors associated
with both the host and the infection-causing pathogen.
The most common immuno-suppressive conditions that
can contribute to increasing the risk of developing sepsis
are increasing age and metabolic disorders like cancer and
diabetes [87].

Cancer

Cancer and sepsis as comorbidity have become a major pub-
lic health concern in most parts of the world [88]. Sepsis is
common in cancer patients as both the conditions are immu-
nosuppressive and cancer causes neutropenia and monocy-
topenia that are reported to promote the development of
sepsis [89]. The conventional cancer therapy regimens alter
the phagocytic activity of neutrophils and monocytes by
decreasing their count in the circulation [90]. Sepsis may or
may not be caused due to cancer but the immunosenescence
triggered in both conditions may contribute to this combi-
nation [91], which ensues mostly in patients undergoing
onco-therapies [92]. A retrospective analysis by Subburaj
et al. [93] on acute myeloid leukemia (AML) in children
undergoing chemotherapy indicated that 19% of cases of
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bloodstream infections were majorly caused by gram-neg-
ative bacteria and in this time there was a significant rise
in multidrug resistant infections in India in the last 5 years.
Another research done by Jacob et al. [94], on clinical pro-
files of adult patients with AML for 2 consecutive years,
reported the death of 63 AML patients undergoing different
phases of chemotherapy in a total of 80 of which 46% died
due to sepsis. The mechanism involved here is that chemo-
therapeutics can rupture the gut-epithelial layer which can
lead to mucositis and make it prone to ulceration and infec-
tion. The pathogenic bacteria colonizing the gut-endothelial
cells start infecting the exposed areas and move into the
circulation eventually leading to bloodstream infection and
sepsis [95].

Diabetes

Diabetes is a complex clinical syndrome with associated
chronic inflammation and immune suppression that affects
an individual’s overall immune homeostasis. Chronic hyper-
glycemia is a physiological state of increased production of
reactive oxygen species that induce the secretion of proin-
flammatory cytokines like TNF-a, IL-6, and IL-1 [96], a
mechanism similar to sepsis. There is clinical evidence that
diabetes worsens the prognosis of infections and is linked to
increased mortality when present as a comorbidity in sepsis
[97]. Studies have shown that hyperglycemia in a patient
increases susceptibility toward infection, which is related to
impaired chemotaxis, phagocytic abilities, and low antimi-
crobial activities, and leads to disturbances in the adaptive
immune response [98].

The comorbid conditions discussed herein contribute
majorly to sepsis-related mortality; therefore, it is important
to identify the mechanism of sepsis of the causal pathogen
and monitor the inflammatory and immune status of the
patient. Although there are targeted antibiotic regimens that
are used for the treatment of sepsis, regulating the immune
system using natural phytomolecules with anti-inflammatory
and antioxidant properties, and attacking the bacterial safety
mechanism have the potential to improve the overall morbid-
ity and mortality due to sepsis [99].

Selecting Pluripotent Phytomolecules
for Adjunct Therapy in Sepsis

In an exhaustive survey of 10 years of available literature
[100], it was found that numerous phytomolecules are being
investigated for their biological activities in vitro. The phy-
tomolecules that are discussed in this review are reported
for their noncytotoxicity in Ayurveda and are potential can-
didates with lab evidence to prove that they suppress the
effects of diabetes and cancer on host’s immune system as
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seen in in vitro and in vivo studies (Table 4). They also
simultaneously act on lowering the risk of the development
of sepsis.

Andrographolide

Andrographolide is a diterpenoid phytomolecule, from
the Andrographis paniculata plant that is known for its
broad range of therapeutic applications. Andrographolide
is a strong antiviral, antithrombotic, anticancer, and anti-
inflammatory agent [115]. Inflammation plays a major role
in sepsis physiology; thus, the use of andrographolide can
aid in downregulating inflammation by regulating the protein
synthesis of bacteria. It can also inhibit the lipopolysaccha-
ride-induced inflammation induced by sepsis-causing anti-
biotic-resistant bacteria via a decrease in the expression of
proinflammatory cytokines like TNF-a and IL-6 at mRNA
and protein levels through the nuclear factor kappa B (NF-
kB) signaling pathway [101]. Andrographolide can inhibit
biofilm formation by blocking the adhesion of sepsis-caus-
ing bacteria to the host tissue surface [116].

Berberine

Berberine is a natural alkaloid that has been isolated as the
principal component of the popular medicinal plant Ber-
beris vulgaris. The multifunctional nature of berberine as
a therapeutic agent is an attribute of its diverse effects on
enzymes, receptors, and cell signaling pathways. Its phar-
macology has been extensively studied including its anti-
inflammatory, anticancer, and antibacterial activity [117].
In a study by Xia et al. [54], the antidiabetic property of
berberine was assessed on diabetic rats, and it was found
that berberine was able to improve glucose metabolism and
reduce fasting blood glucose levels. The anti-inflammatory
property of berberine was studied in an animal model, and
it was observed that in 2,4,6-trinitrobenzene sulfonic acid
(TNBS)-induced colitis, berberine inhibited the levels of
proinflammatory cytokines IFN-y, IL-17, IL-6, IL-1f, and
TNF-a [106]. Other than the above properties, berberine
was shown to also exhibit antibacterial activity in a study by
Peng et al. [76], wherein this alkaloid inhibited the growth
of Streptococcus agalactiae by affecting the activity of its
DNA topoisomerase enzyme, leading to the inhibition of
DNA synthesis.

Curcumin

Curcumin is a dietary polyphenol, which is present in
the rhizome of the Curcuma longa plant. The bioactive
curcumin is known to possess several therapeutic proper-
ties like anti-inflammatory, anticancer, antibacterial, and
antioxidant [118]. Curcumin can inhibit the expression of
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Table 4 Biological activity of phytomolecules and their mechanism of action studied in preclinical models

Sr.no Phytomolecules Plant source

Biological activity

Mechanism of action Study model References

1 Andrographolide Andrographis paniculata Anti-inflammatory

Anticancerous

2 Baicalein Scutellaria baicalensis ~ Antidiabetic

3 Curcumin Curcuma longa

Immunomodulatory

4 Berberine Berberis vulgaris

Immunomodulatory

Anticancerous

5 Carsonic acid Rosmarinus officinalis Anticancerous

7 Piperine Piper longum Anticancerous

8 Punicalagin Punica granatum Anti-cancerous

Anti-inflammatory

Antidiabetic

9 Quercetin Amaranthus tricolor

Anti-diabetic

Strong anti-inflammatory Inhibition of NF-kB

Anti-inflammatory

Anti-inflammatory

Inhibition of lipopolysac- In vitro cell line [101]
charide induced inflam-

mation by decreasing the

expression of proinflam-

matory cytokines at

mRNA and protein level

Inhibition of proliferation In vitro cells [76]
and invasion via inhibit-

ing NF-«B target gene

expression

Inhibition of gluconeogen-  In vitro cells [102]
esis by regulating AKT/
IRS-1 pathway

In vivo cells [103]
pathway and P38 MAPK
activation

Promotes differentiation of  In vivo mice model

naive CD4+T cells

Inhibiting the activation of
TLR4/NF-xB signaling
pathway

[104]

In vivo mouse model [105]

Inhibits the function and
differentiation of Th-1 and
Th-17 cells

Induction of apoptotic cell
death via activation of
caspases 3 and 8

In vivo mice model  [106]

In vitro cells [107]

Derangement of the endo-  In vitro cell line [108]
cytic pathway in breast

cancer

Regression in breast cancer In vitro cell line [109]
by angiogenesis inhibition
and apoptosis induction

Stimulation of apoptosis In vitro cells [110]
via activation of caspases

3and 9

Inhibition of neuro-
inflammatory by NF-xB
pathway

In vivo rat model [111]

Insulin stimulation In vivo mice model  [112]

Decreases transcriptional [113]
activity of NF-xB

Promotes insulin secretion,
increases glucose uptake

Case—control study

In vivo rat model [114]

proinflammatory cytokines like TNF-«, IL-6, and IL-12
secreted from innate immune cells like dendritic cells or
macrophages after the entrapment of bacteria, and thereby
lower the inflammation induced by these secretions [119].
In a study performed by Sundaramoorthy et al. [120],
curcumin acted as an efflux pump inhibitor against colis-
tin-resistant E. coli. In another study conducted on the
mechanisms of antibacterial activity of curcumin, it was

found that irrespective of significantly different cell walls
of S. aureus and E. coli, curcumin was able to damage
both types of cell walls and promote increased uptake of
propidium iodide (intercalates in DNA) inside the cells,
leading to the death of the bacteria [121]. These observa-
tions indicate that curcumin is a potential phytomolecule
for overcoming antibiotic resistance against sepsis-causing
bacteria.
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Punicalagin

Punicalagin is a hydrolyzable ellagitannin found in alpha
and beta forms in the Punica granatum plant. This natural
bioactive is reported to exhibit multiple therapeutic proper-
ties including anti-inflammatory and anti-cancer [122]. The
anti-inflammatory property of punicalagin was assessed by
Cao et al. [123] in lipopolysaccharide-induced RAW264.7
macrophages and it was observed that punicalagin inhib-
ited NF-xB activation and initiated autophagy inhibition.
In another study conducted by Xu et al. [124], the effect of
punicalagin on resistant S. aureus was investigated and from
the results, it was inferred that punicalagin induced morpho-
logical damage to the cell membrane of the bacteria, and it
also inhibited the biofilm formation.

Quercetin

Quercetin is a natural polyphenolic flavonoid that is present
in various foods including onion, tomatoes, red amaranthus
leaves, and apples. It is a potent antioxidant possessing anti-
inflammatory, anticancer, antidiabetic, and antimicrobial
properties [125]. The high levels of secreted inflammatory
cytokines that add to the suppression of the host’s immune
system during sepsis can be managed with this phytomol-
ecule. A study assessed the anti-inflammatory potential of
quercetin in vitro, in which it was observed that quercetin
reversed the upregulation of I[CAM-1 and VCAM-1 via inhib-
iting the activation of NF-kB and AP-1 [126]. Therefore, the
use of quercetin can decrease the transcriptional activity of
NF-kB that in turn may prevent the development of sepsis
[113]. Quercetin is capable of reducing bacterial attachment
to the surface of host cells and blocking the expression of
genes involved in bacterial adhesion. It can also degrade the
extracellular matrix formed by bacterial biofilm [127], thus
making it a key molecule for adjunct therapy.

Conclusion

Sepsis is associated with extremely high mortality and long-
term morbidity in patients who survive. Cognizance of the
pathophysiology, specifically host immune response and
adaptations of sepsis-causing bacteria, is essential for pre-
cise and effective clinical intervention. In this context, based
on the available lab evidence, a panel of inflammatory and
immune status markers of the host has been delineated in
this study that can be investigated and targeted to manage the
organ dysfunction cascade. The problem of antibiotic resist-
ance and the mechanisms that sepsis-causing bacteria adopt
puts forth in three unconventional approaches of treatment,
viz. drug repurposing, immunotherapy, and phytotherapy
that will aid in alleviating the resistance in sepsis-causing

@ Springer

bacteria and in stabilizing the deranged immune system of
the host. The common etiopathology of sepsis with other
immune-compromised conditions like diabetes and cancer
adds-on to the state of organ dysfunction and contributes to
sepsis-related mortality. Such comorbid conditions can be
dealt with the phytomolecules that have anti-inflammatory
and antioxidant properties as an adjuvant. The phytomol-
ecules have been screened for their therapeutic efficacy,
safety, and multiple molecular targeting in preclinical stud-
ies which makes them suitable candidates for combination
therapy. Further studies and clinical trials are needed in this
direction to evaluate the efficacy of these innovative thera-
pies on sepsis outcomes.
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