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Received: 12 September 2022

Accepted: 23 October 2022

Published: 26 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

life

Review

Antibacterial and Antiviral Properties of
Tetrahydrocurcumin-Based Formulations: An Overview of
Their Metabolism in Different Microbiotic Compartments
Natalija Atanasova-Panchevska 1, Radoslav Stojchevski 1,2 , Nikola Hadzi-Petrushev 1 , Vadim Mitrokhin 3,
Dimiter Avtanski 2,* and Mitko Mladenov 1,3

1 Faculty of Natural Sciences and Mathematics, Institute of Biology, Ss. Cyril and Methodius University,
P.O. Box 162, 1000 Skopje, North Macedonia

2 Friedman Diabetes Institute, Lenox Hill Hospital, Northwell Health, 110 E 59th Street,
New York, NY 10022, USA

3 Department of Physiology, Pirogov Russian National Research Medical University, Ostrovityanova Street, 1,
117997 Moscow, Russia

* Correspondence: davtanski@northwell.edu; Tel.: +1-(212)-434-3552

Abstract: In this review, the basic metabolic characteristics of the curcuminoid tetrahydrocurcumin
(THC) at the level of the intestinal microbiota were addressed. Special attention was given to the
bactericidal effects of one of the THC-phospholipid formulations, which has shown greater bioavail-
ability and activity than pure THC. Similarly, quinoline derivatives and amino acid conjugates of
THC have also shown antibacterial effects in the gut. The microbial effect of pure THC is particularly
pronounced in pathophysiological conditions related to the function of the intestinal microbiota,
such as type II diabetes. Furthermore, the antiviral characteristics of Cur compared to those of
THC are more pronounced in preventing the influenza virus. In the case of HIV infections, the new
microemulsion gel formulations of THC possess high retention during preventive application in the
vagina and, at the same time, do not disturb the vaginal microbiota, which is critical in maintaining
low vaginal pH. Based on the reviewed literature, finding new formulations of THC which can
increase its bioavailability and activity and emphasize its antibacterial and antiviral characteristics
could be very important. Applying such THC formulations in preventing and treating ailments
related to the microbiotic compartments in the body would be beneficial from a medical point of view.

Keywords: tetrahydrocurcumin; intestinal microbiota; antibacterial properties; antiviral properties;
curcuminoid formulation; animal models

1. Background

Curcumin (Cur) has occupied scientific interest in the last decade [1] due to its possible
bioactivity in humans [2,3]. On the other hand, Cur has very poor oral absorption, in-
significant biodistribution, and low systemic bioavailability. To increase Cur bioavailability,
several methods such as phytosome, liposome, and micelle formulation, as well as Cur
co-formulation with adjuvants such as piperine, have been utilized [4]. Although new for-
mulations improve curcuminoid absorption in the small intestine, a significant proportion
of curcuminoids reach the colon and are excreted [5]. This is an essential step since it has
been demonstrated that the animal gut microbiota conducts several metabolic/catabolic
reactions to curcuminoids, which should be included in the overall assessment of Cur
bioactivity and bioavailability [6,7].

Tetrahydrocurcumin (THC), a reduced analog of Cur with phenolic and -diketo moi-
eties [8], has been identified as an active Cur metabolite in the gastrointestinal system.
THC has been demonstrated to be superior to Cur in terms of anti-diabetic [9], anti-
hyperlipidemic, anti-oxidant, and anti-cancerogenic effects which may be related to the
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biotransformation of Cur by intestinal microbiota [10,11]. Despite this advantage, there
have been several efforts to develop new, even better THC formulations in order to increase
the work of the gut flora. Different studies on THCs’ intestinal bioconversion are being
conducted in order to reveal the possible pool of catabolites generated from various THC
formulations via gut microbiota-driven metabolism [8–10]. In this direction, Duan et al. [12]
reported antitumor activity of three new THC derivatives, but since the anti-cancerogenic
efficacy of THC derivatives is not the objective of this study, regarding their mechanisms
of action the reader is directed to the relevant works. More relevantly, the results of Ou
et al. [13] have a very important contribution, implying that THC might potentially target
specific components of the viral replication machinery or block cellular signaling pathways
required for viral reproduction. In light of this, THC was proposed as an alternative to
Cur in the prevention of human immunodeficiency virus (HIV) infection. Moreover, the
recently employed computer-assisted in silico molecular docking and molecular dynamic
simulations, focused on the comparison between the gp120-Cur and gp120-THC inhibitory
effects, demonstrate that the THC-gp120 complex has greater chemical stability. This is
another example of improved antiviral properties based on increased upregulation as a
result of the changed formulation of the THC complex [14].

Henceforth, the current study attempted to review the known interactions and the data
about the intestinal metabolism of various THC formulations, as well as to appropriately
identify clinically or in silico tested THC formulations based on their antibacterial and
antiviral capabilities.

2. Effect of the Curcuminoid Formulation on Its Metabolism in the
Intestinal Microbiota

The study of Bresciani et al. [15] added a new value to our understanding of the
metabolism of human intestinal bacteria, especially in terms of the metabolic fate of dif-
ferent formulations of curcuminoids. Concerning qualitative differences, no variance has
been found between the lecithin-curcuminoid formulation and the unformulated botanical
extract, albeit the phospholipid formulation undergoes faster microbial degradation of
the base components compared to the unformulated Cur extract [15]. The curcuminoids
in the phospholipid delivery method undergo more efficient microbial biotransformation
than the Cur extract alone. The comparison of lecithin to a basic botanical extract for-
mulation also revealed that the primary difference was in the synthesis of metabolites
after 24 h of microbial incubation [15]. Curcuminoid catabolites are mostly recovered as
tetrahydro-forms after 5 h of incubation due to the activity of microbial reductases. The
parent curcuminoids are mainly digested by the colonic microbiota within 24 hours, leading
to demethylation and/or bis(demethylation). The main curcuminoid catabolites formed
after 24 h of microbial fermentation are bis(dimethyl)-tetrahydrocurcumin (BDM-THC),
bis(dimethyl)-hexahydrocurcumin (BDM-HHC), and dimethyl-tetrahydrocurcumin (DM-
THC), and the yield of these compounds is substantially greater in case of the phospholipid
formulation [15]. To the best of our knowledge, Bresciani et al. [15] were the first to report
that BDM-HHC is one of the basic curcuminoids extracted from microbial catabolites.
These findings demonstrate that the human colonic microbiota is capable of generating
demethylated curcuminoids [6]. The curcuminoids administered in a phospholipid formu-
lation are also better absorbed in the upper digestive tract compared to the curcuminoids
administered in their parent, unformulated form [16]. However, the formulation’s effect on
microbial catabolism of curcuminoids in this part of the gut is unknown. The novel findings
in Bresciani et al. [15] study support the importance of the intestinal microbiota in curcum-
inoid degradation, which was also already shown in the case of other polyphenols [17].
Furthermore, compared to the unformulated extract, the phospholipid formulation leads to
a more effective microbial biotransformation of Cur [17] (Figure 1).
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Figure 1. Effects of the curcuminoid formulation on its metabolism in the intestinal microbiota.

From all the above, the in vivo bioavailability and the potential bioactivity attributed to
curcuminoids should be reassessed. The phospholipid formulation by combining different
curcuminoids might create a composition with considerably increased bioavailability,
activity, and microbial stability.

3. Quinoline Derivatives and AA Conjugates of THC and Their
Antibacterial Properties

Manjunatha et al. [18] investigated the antibacterial activity of quinoline derivatives of
THC (Figure 1) against two Gram-positive (B. cereus and S. aureus) and two Gram-negative
bacteria (E. coli and Y. enterocolitica).

Table 1 presents the data based on the minimum inhibitory concentration (MIC) values
of quinoline derivatives of THC in the form of compounds from 1a to 1f, published by the
same authors. Among all examined derivatives, 1c is proven to be the most efficient against
Gram-negative bacteria, with the lowest MIC values against the tested strains. Compounds
1c and 1b were shown to be highly efficient against all bacteria tested in this study, whereas
compound 1e was found to be relatively effective [18]. Furthermore, 1e and 1f were more
active against B. cereus than against other bacteria [18].
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Table 1. Comparison of the structural characteristics and the MIC data of quinoline derivatives and
amino acid conjugates of THC against Gram-positive and Gram-negative bacteria. (Modified from
Manjunatha et al. [18,19]).

Type of Compound/
conjugate (Figure 2)

Compound
Activity against Bacterial Strain

For Each Bacterial Strain the Reported MICs Were Ranked, Highest to Lowest;
Longer Bar = Stronger Activity/Lower MIC

B. cereus S. aureus E. coli Y. enterocolitica
Quinoline derivative 1a 12 1 12 1

1b 12345 1234 123456 12345
1c 123456 123456 123453 12345678911
1d 1 123 1234567 12
1e 1234 12345 123 1234
1f 123 12 1234 123

Amino acid conjugate 2a 1234567 1234567891 12345678 1234567
2b 123456789 123456789 1234567891123 12345678
2c 1234567891 1234567891123 12345678911 1234567891123
2d 12345678911 12345678 1234567891 123456789
2e 12345678 1234567 123456789 123456
2f 123456789112 123456789112 123456789112 1234567891
2g 123456789 12345678911 1234567891123 123456789112

The same group also tested amino acid (AA) conjugates of THC (presented in Figure 2a–g)
and reported antibacterial activity against two Gram-positive (B. cereus and S. aureus) and
two Gram-negative (E. coli and Y. enterocolitica) species [19].

Table 1 also presents the MIC-related data for the AA conjugates of THC, indicating
that all tested conjugates in general appear to be more active compared to the quinoline
derivatives. Additionally, both the AA conjugates and the quinoline derivatives were also
substantially more active than THC [18,19] (MIC data for THC not shown).

At the same time, THC-glycine and THC-valine conjugates (2f and 2d, respectively)
are the most effective against B. cereus. According to Manjunatha et al. [19], THC and its
AA conjugates suppress bacterial growth in the following order of strength: 2f > 2d > 2a >
2c > 2b > 2e > 2g > THC. Actually, the authors have shown that compound 2f inhibited the
growth of S. aureus the most, whereas compound 2g led to minimal inhibition, following
the growth inhibition trend: 2f > 2c > 2d > 2a = 2b = 2e > THC > 2g. The same research has
confirmed that 2f mostly inhibited the growth of E. coli and Y. enterocolitica, and their MIC
values were associated with the trend of inhibition (Table 1).

Kapoor et al. [20] have also found that some Cur bio-conjugates comprising esters
and peptides have stronger antifungal and antibacterial properties, which can be related
to improved cell uptake, increased cellular concentration, and improved receptor binding
capacity. The AA part of the derivatives appears to make the THC conjugates hydrophilic,
which aids in the increased absorption of the covalently bound THC into bacterial cells.

A similar pattern has been discovered for various natural and synthetic compounds,
which exhibit varying activity based on the derivative structure and the studied bacte-
rial strain [21,22]. Comparing the activity of various THC derivatives against bacteria
demonstrated that virtually all of the investigated THC derivatives (Figure 2) have higher
MIC values against Gram-negative than Gram-positive bacteria, as this impact is primarily
due to differences in the compound structure [23,24]. Gram-positive bacteria have an
exterior peptidoglycan layer that acts as a permeability barrier [25]. The outer phospholipid
membrane of Gram-negative bacteria is impervious to lipophilic solutes [26]. Furthermore,
porins in the cell membrane serve as a selective barrier to hydrophilic solutes, rendering
cells resistant to antibacterial compounds [26].
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Figure 2. Quinoline derivatives and amino acid conjugates of THC: 1a.—1-(2-(4-hydroxy-3-
methoxyphenethyl)-4-methylquinolin-3-yl)-3-(4-hydroxy-3-methoxyphenyl)propan-1-one; 1b.—
1-(2-(4-Hydroxy-3-methoxyphenethyl)-4-phenylquinolin-3-yl)-3-(4-hydroxy-3-methoxyphenyl)
propan-1-one; 1c.—1-(2-(4-Hydroxy-3-methoxyphenethyl)-6-nitro-4-phenylquinolin-3-yl)-3-(4-
hydroxy-3-methoxyphenyl)propan-1-one; 1d.—1-(6-Chloro-2-(4-hydroxy-3-methoxyphenethyl)-4-
phenylquinolin-3-yl)-3-(4-hydroxy-3-methoxyphenyl)propan-1-one; 1e.—1-(6-Amino-2-(4-hydroxy-
3-methoxyphenethyl)-4-phenylquinolin-3-yl)-3-(4-hydroxy-3-methoxyphenyl)propan-1-one;
1f.—1-(6-Chloro-4-(2-chlorophenyl)-2-(4-hydroxy-3-methoxypheneth-yl) quinolin-3-yl)-3-(4-hydroxy-
3-methoxyphenyl) propan-1-one; 2a. Alanine. 2b. Isoleucine. 2c. Proline. 2d. Valine. 2e.
Phenylalanine. 2f. Glycine. 2g. Leucine. (Modified from Manjunatha et al. [18,19].

Finally, in vitro experiments demonstrated that specific THC quinoline or AA con-
jugates have a substantial antimicrobial impact. The findings demonstrated that altering
THC’s side chain carbonyl activity improved its antibacterial properties [18,19]. Manju-
natha et al. [18] discovered a quinoline derivative with an electron-donating amino group
with the highest free radical scavenging activity. These derivatives might have relevant
pharmaceutical use and might significantly impact the use of THC in fostering or inhibiting
some specific intestinal microbial species in relation to different physiological conditions.
In this direction, both THC quinolone and THC amino acidic conjugates might have signifi-
cant pharmaceutical relevance in the treatment of diseases associated with the change of
intestinal microbiota such as diabetes or any other immunologically associated conditions.

4. THC Impact upon Diabetes Type II: Relation to the Gut Microbiota and
Pancreatic GLP-1

Type II diabetes (T2D) is caused by both hereditary and environmental factors and
is characterized by disturbances in glycolipid metabolism. It has been established that
dysbiosis of the gut microbiota induced by aging and a high-fat diet is a significant factor
that can worsen diabetes [27]. As a result, the intestinal microbiota is seen as a novel
therapeutic target for improving diabetes and other metabolic illnesses [28]. Different
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studies reported that after oral treatment with Cur in people or mice, THC (as one of
Cur’s primary metabolites in vivo) could be extracted from the small intestine and the
liver [29]. Further, Yuan et al. [30] demonstrated that in diabetic leptin receptor-deficient
(db/db) mice, THC could enhance blood insulin levels, indicating that THC exhibited a
glucose-lowering impact in the early stages of diabetes by boosting compensatory insulin
production from the pancreas. Glucagon-like peptide 1 (GLP-1) has been shown to lower
fasting blood glucose (FBG) by increasing insulin release from pancreatic cells in a glucose-
dependent manner [31]. Furthermore, GLP-1 receptor stimulation promotes cell survival
and proliferation [32]. As a result, the hypoglycemic effect found in THC-treated db/db
mice [30,33] is related to the fact that THC increases the expression of GLP-1 in the pancreas.
THC may therefore protect islet cells from persistent hyperglycemia by boosting blood
insulin and pancreatic GLP-1 expression.

Over the last two decades, it has been demonstrated that the gut microbiota is critical
in controlling obesity and T2D [34,35] and that it can sustain host physiological function by
modulating its composition and/or functioning [36,37]. Most bacteria in the gut belong to
four recognized phyla: Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria [38], and
the microflora composition is markedly different in db/db mice [36]. THC may increase the
number of Bacteroidetes and Firmicutes while decreasing the abundance of Proteobacteria
and Actinobacteria phyla, thus enhancing the variety of the gut microflora. Diabetes is a
chronic low-grade inflammatory disease linked with dysregulated gut microbiota [39]. The
abnormal proliferation of Proteobacteria, in particular, affects gut-resident immune cells,
and the production of intestinal mucosal immunoglobulin A (IgA) leads to a compromised
intestinal immune system, which is followed by decreased GLP-1 secretion by entero-
endocrine cells [40]. Actinobacteria, according to Nuli et al. research [41], may comprise
bacteria that are favorably connected with lipid metabolism. Authors showed that Firmi-
cutes in the colon promote calorie absorption, resulting in obesity [42]. Bacteroidetes, which
break down soluble fiber into short-chain fatty acids (SCFA) via microbial fermentation,
have been linked to the initiation and progression of diabetes [43,44]. Such colonic SCFAs
have the potential to be efficient regulators of the plasma peptide YY (PYY), GLP-1, and
postprandial insulin levels [45]. Furthermore, SCFAs lower FBG by increasing glucose
metabolism indicators [46]. As a result, THC may have a direct regulatory influence on
the gut flora, comparable to its parent compound Cur [47]. However, Yuan et al. [30]
stressed the importance of significant intestinal microbiota growth as a precondition for the
discernible rise in GLP-1 released by the gut, which may explain why the THC-induced
glucose-lowering effect in db/db mice is detected after 8 weeks of treatment.

Taking into account the preceding studies, Yuan et al. [30] re-evaluated the link be-
tween GLP-1 expression in the pancreas and the four major intestinal microbiota and
revealed a positive association between GLP-1 and the abundance of Bacteroidetes or Fir-
micutes, indicating that their increased growth could be responsible for the intensity by
which THC enhances GLP-1 expression. Meanwhile, a negative connection was discovered
between Proteobacteria and Actinobacteria abundance and GLP-1 expression, demonstrating
that THC-induced growth inhibition of these phyla may contribute to GLP-1 upregula-
tion [30]. Overall, it can be inferred that THC can improve gut microbiota dysbiosis, directly
lowering FBG levels via modifying GLP-1 expression. However, two different opinions
disagree on the direct action of SCFA on pancreatic cells. SCFAs had a positive regulatory
impact on insulin release, according to Shah et al. [48], although Orgaard et al. [49] con-
cluded that SCFAs had no physiologically significant effect in perfused mouse pancreas
(Figure 3).
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Figure 3. Tetrahydrocurcumin (THC) impact upon diabetes type II: relation to the gut microbiota
and pancreatic GLP-1. Data from studies performed on mice. GLP-1—glucagon-like peptide 1;
SCFA—short-chain fatty acids; PYY—peptide YY (in blood plasma); FBG—fasting blood glucose;
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In summary, THC demonstrated anti-diabetic properties, which may be connected to
its effect on gut microbiota and elevation of GLP-1 expression in the pancreas. The study
of Yuan et al. [30] has offered some new aspects about the THC’s hypoglycemic impact
associated with regulating the GLP-1 expression. However, further research is needed
to determine the relevant processes. Although the mechanisms have not been ultimately
proven, at this point, it is worth stressing that THC’s actions upon gut microbiota in
conditions of pre-diabetes or T2D could have considerable benefits.

5. Anti-Influenza Virus Activity of THC

In their study, Ou et al. [13] examined the anti-type A influenza virus (anti-IAV)
bioactivity of numerous curcuminoids in order to elucidate the antiviral mechanism of Cur
and to develop stable derivatives with higher biological activity. In this direction, they
examined the following questions: (i) Does the stable metabolite THC possess an anti-IAV
function? (ii) What is the essential structure responsible for the Cur-mediated anti-IAV
activity? It should be noted that Cur can be degraded or bio-transformed very fast in a
neutral pH environment and is unstable in physiological conditions [20]. Hence, it is critical
to determine whether Cur may exhibit antiviral actions in physiological conditions via its
metabolites. THC, as one such metabolite, can cause a decrease in viral production, despite
its lesser potency than Cur, indicating that THC may serve as a viable antiviral drug against
IAV [13].



Life 2022, 12, 1708 8 of 13

The modern pharmaceutical approach declared that it is critical to design antiviral
medications that target key components and cellular factors or pathways essential for suc-
cessful viral replication. The curcuminoids assessed in Ou’s study [13] have been proven
to significantly suppress the propagation of the IAV, probably through multiple mecha-
nisms [13]. First, after virus entry, THC dramatically decreased IAV yields, demonstrating
that THC likely targets particular phases of the viral replication machinery or dampens
cellular signaling involved in the viral replication [46]. Furthermore, the Ras/Mitogen-
activated protein kinase (MAPK)/ERK kinase (MEK)/extracellular-signal-regulated kinase
(ERK) cascade [50–52], the nuclear factor kappa B (NF-κB) pathway [53,54], and the phos-
phatidylinositol 3-kinase (PI3K)/protein kinase B (PKB) signaling pathways [55,56], are
activated and necessary for viral replication. Interestingly, it was proven that THC strongly
inhibited the activation of PI3K/PKB and MAPK signaling pathways in human HL-60
leukemia cells [57]. Because THC only mildly decreased viral particle infectivity and did not
entirely block viral hemagglutinating activity (HA), it could be expected that modulation of
these signaling pathways can contribute significantly to THC-mediated anti-IAV action. In
addition, desmethoxycurcumin (DMC) and bisdemethoxycurcumin (BDMC), which have
one or no methoxy groups, have the same inhibitory effect as Cur, demonstrating that the
methoxy groups are not responsible for the HA [13].

From a chemical point of view, Cur has a symmetrical structure composed of two
aromatic rings connected by two unsaturated carbonyl (enone) groups. The enone group
serves as the acceptor in the Michael reaction of addition, which is important in intermolec-
ular conjugation with certain proteins [58]. Cur may interact with viral surface proteins
and interfere with their function, therefore inactivating virus infectivity via the Michael
addition reaction. Hence, in terms of HA inhibition, THC, unlike Cur, failed to reduce
viral HA activity [13]. Because each double bond conjugated to the carbonyl moiety of
Cur is saturated, the resultant THC cannot function as a Michael reaction acceptor [59].
Furthermore, the presence of glutathione (GSH), one of the most abundant endogenous
antioxidants, reduces Cur’s inhibitory effects. This means that incubating Cur with a
protein or peptide (e.g., GSH) that has exposed electron-donating functional groups (e.g.,
the SH group of cysteine in GSH) prevents the Michael acceptor electrophile (MAE) region
of Cur from being accessible, thus limiting Cur’s ability to change viral surface proteins [13].
It is crucial to note that GSH does not influence the hemagglutination inhibition (HI) effect.
We believe that either the Michael addition reaction is insufficient (other Cur-dependent
actions contribute to its anti-IAV effectiveness) or that GSH is not an adequate molecule to
compete with the IAV surface protein (i.e., hemagglutinin) for the conjugation to Cur. A
variety of phyto-compounds with MAE characteristics failed to suppress IAV’s HA activity,
demonstrating that Michael’s addition is not the main contributor to anti-IAV activity [60].
The docking simulation indicated that Cur might create one and two hydrogen bonds
with the Asn133 and Gln226 residues on the receptor binding site of the viral HA protein.
This explains why GSH competition is ineffective because cysteine is unlikely to be the
major residue on the HA protein’s ribosomal binding site (RBS) region that interacts with
Cur [60]. Soundararajan et al. [60], employing docking studies, imply that conjugation
of Cur with RBS residues on HA reduces the chance of IAV to connect with its cellular
receptor, hence preventing viral entrance. This is consistent with the experimental results
from Ou et al. [13], showing that incubating viral particles with Cur before cell attachment
limits IAV-induced red blood cells agglutination (HI effect), decreases plaque development
on Madin–Darby canine kidney (MDCK) cells, and reduces virus production.

Although Cur successfully prevents viral entrance by interacting with the viral HA
protein, resistant virus variants would seem to emerge in response to Cur. Nonetheless,
Chen et al. [61] reported no IAV variants against Cur, even after five rounds of the blind
passage under Cur exposition. This is explained by the fact that Cur-dependent antiviral
ability also occurs through acting on cellular factors [61–63], and accumulating evidence
suggests that antiviral compounds targeting cellular factors appear to be a high barrier to
the development of resistant virus variants [54,64].
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6. THC-Loaded Vaginal Nano-Microbicide for HIV/AIDS Prevention

Microbicides (vaginal/rectal) for the prevention of sexually transmitted human im-
munodeficiency virus (HIV)/acquired immunodeficiency syndrome (AIDS) infection have
received much interest recently [65,66]. Targeting the early stages of HIV, i.e., entrance,
fusion, and integration, remains an elusive yet incredibly effective preventive method for
HIV infection prevention. Furthermore, clinically accessible entry inhibitors have demon-
strated numerous drawbacks in terms of adherence and adoption. As a result, innovative
early-stage inhibitors are required to prevent HIV infection caused by sexual transmission.
Cur, as a polyphenolic molecule, has shown a wide range of medicinal actions [59,67–70]. It
has also been demonstrated to have significant anti-HIV efficacy as a possible glycoprotein
(gp120)-binding inhibitor, protease inhibitor, integrase inhibitor, and topoisomerase II
(needed for viral replication) inhibitor [71–73]. On the other hand, Cur may cause poor
consumer compliance owing to its coloring and odor when applied topically. In light
of this, THC, a colorless metabolite of Cur, has been recommended as an alternative to
Cur for HIV infection prevention. Yet, no data showing the involvement of THC as an
early-stage HIV inhibitor has been revealed. Mirani et al. [14] used computer-assisted in
silico molecular docking and molecular dynamic simulation to examine the equivalence of
Cur and THC for their gp120-CD4 binding inhibitory activities. The same authors have
shown that the THC-gp120 combination has higher stability than the Cur-gp120 complex.
Based on in silico data, they predicted that THC is more hydrophobic than Cur, fits deeper
in the hydrophobic cavity of the gp120 receptor, and hence inhibits gp120-CD4 binding
activity that is equal to or better than Cur’s. As a result, Mirani et al. concluded that THC
could be used to manufacture vaginal microbicides to prevent sexually transmitted HIV
infection [14].

THC, being a Biopharmaceutics Classification System (BCS) class II molecule, has low
solubility, which can lead to poor bioavailability. As a result, Mirani et al. [14] proposed
producing THC in an o/w (oil-in-water) microemulsion. Its cytotoxicity in distinct microen-
vironments (such as cervicovaginal epithelial (CaSki), colorectal epithelial (Caco-2), and
peripheral blood mononuclear (PBMC) cells) has been investigated. The obtained cytotoxi-
city is attributable to the simple glycerol monolaurate (GML)-based o/w microemulsion
composition, which likewise exhibited toxicity in CaSki cells and PBMCs [14]. Data utiliz-
ing TZM-bl cell lines revealed a four-fold increase in anti-HIV activity of THC-loaded o/w
microemulsion compared to THC alone. The increased activity was ascribed not only to
improved drug solubility and quick absorption into cells to exert HIV inhibition activity
but also to the presence of GML, which possesses intrinsic HIV inhibitory actions. The
THC-loaded o/w microemulsion is proposed to be delivered vaginally, so its impact on
the vaginal microenvironment (i.e., Lactobacillus species, which help to maintain the acidic
environment in the vagina by producing lactic acid and H2O2) was empirically tested to
prevent various vaginal infections. GML and THC particularly have not been shown to
have any effect on Lactobacillus sp. [61]. Taking this into account, the THC-loaded o/w
microemulsion was found to be nontoxic at a concentration of 1 mM, which is approxi-
mately 1000 times higher than the HIV inhibitory concentration, ensuring the safety of the
developed formulation for vaginal delivery.

Due to low retention in the vaginal mucosa, the THC-loaded o/w microemulsion-
based system may have poor and short-term effectiveness. To increase retention, Mirani
et al. [14] proposed the conversion of the THC-loaded o/w microemulsion into a gel dosage
form by using Carbopol Ultrez 10 NF (1% (w/w)) as a gelling agent. The gel produced
in this manner was found to be safe and effective, which opens a new avenue for the
application of THC. This is another example of the effective reformulation of THC, which
increases its application in the direction of the prevention of sexually transmitted diseases.

7. Conclusions

Based on all of the above, it seems crucial to develop new formulations of THC that
will increase its bioavailability and efficacy as well as enhance its antibacterial and antiviral
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properties. For this purpose, in-depth preclinical studies with in vivo, in vitro, and in silico
models are needed to evaluate the effects of new THC formulations. Based on the reviewed
experimental findings, it seems reasonable to expect that the use of such THC formulations
in the prevention and treatment of various ailments related to the microbiotic compartments
in the body would be useful and of great importance from a medical perspective.
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AA amino acid
AIDS acquired immunodeficiency syndrome
Anti-IAV anti-type A influenza virus
BCS Biopharmaceutics Classification System
BDMC bisdemethoxycurcumin
BDM-HHC bis(demethyl)-hexahydrocurcumin
BDM-THC bis(demethyl)-tetrahydrocurcumin
Caco-2 cells colorectal epithelial cell lines
CaSki cells cervicovaginal epithelial cell lines
Cur curcumin
db/db diabetic (leptin receptor-deficient) mouse model
DMC desmethoxycurcumin
DM-THC demethyl-tetrahydrocurcumin
ERK extracellular-signal-regulated kinase
FBG fasting blood glucose
GLP-1 glucagon-like peptide 1
GML glycerol monolaurate
gp120 glycoprotein 120
GSH glutathione
HA hemagglutinating activity
HI hemagglutination inhibition
HIV human immunodeficiency virus
HL-60 cells human leukemia 60 cells
IAV type A influenza virus
IgA immunoglobulin A
MAE Michael acceptor electrophile
MAPK mitogen-activated protein kinase
MDCK cells Madin–Darby canine kidney cells
MEK mitogen-activated protein kinase
MIC minimum inhibitory concentration
NF-κB nuclear factor kappa B
o/w oil-in-water
PBMCs peripheral blood mononuclear cells
PI3K phosphatidylinositol 3-kinase
PKB protein kinase B
PYY plasma peptide YY
RBS ribosomal binding site
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SA sialic acid
SCFA short-chain fatty acids
SH sulfhydryl group
THC tetrahydrocurcumin
TZM-bl s. JC53-bl (clone 13), JC53BL-13 cells
T2D type II diabetes

References
1. Shehzad, A.; Ha, T.; Subhan, F.; Lee, Y.S. New mechanisms and the anti-inflammatory role of curcumin in obesity and obesity-

related metabolic diseases. Eur. J. Nutr. 2011, 50, 151–161. [CrossRef]
2. Shen, L.; Ji, H.-F. Bidirectional interactions between dietary curcumin and gut microbiota. Crit. Rev. Food Sci. Nutr. 2019, 59,

2896–2902. [CrossRef]
3. Mirzaei, H.; Shakeri, A.; Rashidi, B.; Jalili, A.; Banikazemi, Z.; Sahebkar, A. Phytosomal curcumin: A review of pharmacokinetic,

experimental and clinical studies. Biomed. Pharmacother. 2017, 85, 102–112. [CrossRef]
4. Tsai, Y.-M.; Jan, W.-C.; Chien, C.-F.; Lee, W.-C.; Lin, L.-C.; Tsai, T.-H. Optimised nano-formulation on the bioavailability of

hydrophobic polyphenol, curcumin, in freely-moving rats. Food Chem. 2011, 127, 918–925. [CrossRef]
5. Tan, S.; Calani, L.; Bresciani, L.; Dall’asta, M.; Faccini, A.; Augustin, M.A.; Gras, S.L.; Del Rio, D. The degradation of curcuminoids

in a human faecal fermentation model. Int. J. Food Sci. Nutr. 2015, 66, 790–796. [CrossRef]
6. Burapan, S.; Kim, M.; Han, J. Curcuminoid Demethylation as an Alternative Metabolism by Human Intestinal Microbiota. J. Agric.

Food Chem. 2017, 65, 3305–3310. [CrossRef]
7. Lou, Y.; Zheng, J.; Hu, H.; Lee, J.; Zeng, S. Application of ultra-performance liquid chromatography coupled with quadrupole

time-of-flight mass spectrometry to identify curcumin metabolites produced by human intestinal bacteria. J. Chromatogr. B. Analyt.
Technol. Biomed. Life Sci. 2015, 985, 38–47. [CrossRef]

8. Del Rio, D.; Rodriguez-Mateos, A.; Spencer, J.P.E.; Tognolini, M.; Borges, G.; Crozier, A. Dietary (poly)phenolics in human health:
Structures, bioavailability, and evidence of protective effects against chronic diseases. Antioxid. Redox Signal. 2013, 18, 1818–1892.
[CrossRef]

9. Rodriguez-Mateos, A.; Vauzour, D.; Krueger, C.G.; Shanmuganayagam, D.; Reed, J.; Calani, L.; Mena, P.; Del Rio, D.; Crozier, A.
Bioavailability, bioactivity and impact on health of dietary flavonoids and related compounds: An update. Arch. Toxicol. 2014, 88,
1803–1853. [CrossRef] [PubMed]

10. Williamson, G.; Clifford, M.N. Role of the small intestine, colon and microbiota in determining the metabolic fate of polyphenols.
Biochem. Pharmacol. 2017, 139, 24–39. [CrossRef]

11. Lai, C.-S.; Ho, C.-T.; Pan, M.-H. The Cancer Chemopreventive and Therapeutic Potential of Tetrahydrocurcumin. Biomolecules
2020, 10, 831. [CrossRef]

12. Duan, M.; Mahal, A.; Mohammed, B.; Zhu, Y.; Tao, H.; Mai, S.; Al-Haideri, M.; Zhu, Q. Synthesis and antitumor activity of new
tetrahydrocurcumin derivatives via click reaction. Nat. Prod. Res. 2021, 36, 5268–5276. [CrossRef]

13. Ou, J.-L.; Mizushina, Y.; Wang, S.-Y.; Chuang, D.-Y.; Nadar, M.; Hsu, W.-L. Structure-activity relationship analysis of curcumin
analogues on anti-influenza virus activity. FEBS J. 2013, 280, 5829–5840. [CrossRef]

14. Mirani, A.; Kundaikar, H.; Velhal, S.; Patel, V.; Bandivdekar, A.; Degani, M.; Patravale, V. Tetrahydrocurcumin-loaded vaginal
nanomicrobicide for prophylaxis of HIV/AIDS: In silico study, formulation development, and in vitro evaluation. Drug Deliv.
Transl. Res. 2019, 9, 828–847. [CrossRef]

15. Bresciani, L.; Favari, C.; Calani, L.; Francinelli, V.; Riva, A.; Petrangolini, G.; Allegrini, P.; Mena, P.; Del Rio, D. The Effect of
Formulation of Curcuminoids on Their Metabolism by Human Colonic Microbiota. Molecules 2020, 25, 940. [CrossRef]

16. Marczylo, T.H.; Verschoyle, R.D.; Cooke, D.N.; Morazzoni, P.; Steward, W.P.; Gescher, A.J. Comparison of systemic availability of
curcumin with that of curcumin formulated with phosphatidylcholine. Cancer Chemother. Pharmacol. 2007, 60, 171–177. [CrossRef]
[PubMed]

17. Cuomo, J.; Appendino, G.; Dern, A.S.; Schneider, E.; McKinnon, T.P.; Brown, M.J.; Togni, S.; Dixon, B.M. Comparative absorption
of a standardized curcuminoid mixture and its lecithin formulation. J. Nat. Prod. 2011, 74, 664–669. [CrossRef]

18. Manjunatha, J.R.; Bettadaiah, B.K.; Negi, P.S.; Srinivas, P. Synthesis of quinoline derivatives of tetrahydrocurcumin and zingerone
and evaluation of their antioxidant and antibacterial attributes. Food Chem. 2013, 136, 650–658. [CrossRef]

19. Manjunatha, J.R.; Bettadaiah, B.K.; Negi, P.S.; Srinivas, P. Synthesis of amino acid conjugates of tetrahydrocurcumin and evaluation
of their antibacterial and anti-mutagenic properties. Food Chem. 2013, 139, 332–338. [CrossRef] [PubMed]

20. Kapoor, N.; Narain, U.; Misra, K. Bio-active conjugates of curcumin having ester, peptide, thiol and disulfide links. J. Sci. Ind. Res.
2007, 66, 647–650.

21. Negi, P.S.; Jayaprakasha, G.K.; Jena, B.S. Evaluation of Antioxidant and Antimutagenic Activities of the Extracts from the Fruit
Rinds of Garcinia cowa. Int. J. Food Prop. 2010, 13, 1256–1265. [CrossRef]

22. Parvathy, K.S.; Negi, P.S.; Srinivas, P. Antioxidant, antimutagenic and antibacterial activities of curcumin-β-diglucoside. Food
Chem. 2009, 115, 265–271. [CrossRef]

23. Negi, P.S.; Jayaprakasha, G.K.; Jena, B.S. Antibacterial activity of the extracts from the fruit rinds of Garcinia cowa and Garcinia
pedunculata against food borne pathogens and spoilage bacteria. LWT-Food Sci. Technol. 2008, 41, 1857–1861. [CrossRef]

http://doi.org/10.1007/s00394-011-0188-1
http://doi.org/10.1080/10408398.2018.1478388
http://doi.org/10.1016/j.biopha.2016.11.098
http://doi.org/10.1016/j.foodchem.2011.01.059
http://doi.org/10.3109/09637486.2015.1095865
http://doi.org/10.1021/acs.jafc.7b00943
http://doi.org/10.1016/j.jchromb.2015.01.014
http://doi.org/10.1089/ars.2012.4581
http://doi.org/10.1007/s00204-014-1330-7
http://www.ncbi.nlm.nih.gov/pubmed/25182418
http://doi.org/10.1016/j.bcp.2017.03.012
http://doi.org/10.3390/biom10060831
http://doi.org/10.1080/14786419.2021.1931181
http://doi.org/10.1111/febs.12503
http://doi.org/10.1007/s13346-019-00633-2
http://doi.org/10.3390/molecules25040940
http://doi.org/10.1007/s00280-006-0355-x
http://www.ncbi.nlm.nih.gov/pubmed/17051370
http://doi.org/10.1021/np1007262
http://doi.org/10.1016/j.foodchem.2012.08.052
http://doi.org/10.1016/j.foodchem.2013.01.081
http://www.ncbi.nlm.nih.gov/pubmed/23561114
http://doi.org/10.1080/10942910903050383
http://doi.org/10.1016/j.foodchem.2008.12.036
http://doi.org/10.1016/j.lwt.2008.02.009


Life 2022, 12, 1708 12 of 13

24. Nostro, A.; Germanò, M.P.; D’angelo, V.; Marino, A.; Cannatelli, M.A. Extraction methods and bioautography for evaluation of
medicinal plant antimicrobial activity. Lett. Appl. Microbiol. 2000, 30, 379–384. [CrossRef]

25. Scherrer, R.; Gerhardt, P. Molecular sieving by the Bacillus megaterium cell wall and protoplast. J. Bacteriol. 1971, 107, 718–735.
[CrossRef] [PubMed]

26. Nikaido, H.; Vaara, M. Molecular basis of bacterial outer membrane permeability. Microbiol. Rev. 1985, 49, 1–32. [CrossRef]
27. Patterson, E.; Ryan, P.M.; Cryan, J.F.; Dinan, T.G.; Ross, R.P.; Fitzgerald, G.F.; Stanton, C. Gut microbiota, obesity and diabetes.

Postgrad. Med. J. 2016, 92, 286–300. [CrossRef]
28. He, C.; Shan, Y.; Song, W. Targeting gut microbiota as a possible therapy for diabetes. Nutr. Res. 2015, 35, 361–367. [CrossRef]
29. Sangartit, W.; Kukongviriyapan, U.; Donpunha, W.; Pakdeechote, P.; Kukongviriyapan, V.; Surawattanawan, P.; Greenwald, S.E.

Tetrahydrocurcumin protects against cadmium-induced hypertension, raised arterial stiffness and vascular remodeling in mice.
PLoS ONE 2014, 9, e114908. [CrossRef]

30. Yuan, T.; Yin, Z.; Yan, Z.; Hao, Q.; Zeng, J.; Li, L.; Zhao, J. Tetrahydrocurcumin ameliorates diabetes profiles of db/db mice by
altering the composition of gut microbiota and up-regulating the expression of GLP-1 in the pancreas. Fitoterapia 2020, 146, 104665.
[CrossRef]

31. Lee, Y.-S.; Jun, H.-S. Anti-diabetic actions of glucagon-like peptide-1 on pancreatic beta-cells. Metabolism 2014, 63, 9–19. [CrossRef]
[PubMed]

32. Pathak, V.; Vasu, S.; Gault, V.A.; Flatt, P.R.; Irwin, N. Sequential induction of beta cell rest and stimulation using stable GIP
inhibitor and GLP-1 mimetic peptides improves metabolic control in C57BL/KsJ db/db mice. Diabetologia 2015, 58, 2144–2153.
[CrossRef] [PubMed]

33. Pacini, G.; Ahrén, B. Glucagon-like peptide-1 and glucose-dependent insulinotropic peptide: Effects alone and in combination on
insulin secretion and glucose disappearance in mice. Physiol. Rep. 2017, 5, e13280. [CrossRef] [PubMed]

34. Le Chatelier, E.; Nielsen, T.; Qin, J.; Prifti, E.; Hildebrand, F.; Falony, G.; Almeida, M.; Arumugam, M.; Batto, J.-M.; Kennedy, S.;
et al. Richness of human gut microbiome correlates with metabolic markers. Nature 2013, 500, 541–546. [CrossRef] [PubMed]

35. Ley, R.E.; Turnbaugh, P.J.; Klein, S.; Gordon, J.I. Microbial ecology: Human gut microbes associated with obesity. Nature 2006, 444,
1022–1023. [CrossRef]

36. Canfora, E.E.; Meex, R.C.R.; Venema, K.; Blaak, E.E. Gut microbial metabolites in obesity, NAFLD and T2DM. Nat. Rev. Endocrinol.
2019, 15, 261–273. [CrossRef]

37. Fava, F.; Rizzetto, L.; Tuohy, K.M. Gut microbiota and health: Connecting actors across the metabolic system. Proc. Nutr. Soc.
2019, 78, 177–188. [CrossRef]

38. Arumugam, M.; Raes, J.; Pelletier, E.; Le Paslier, D.; Yamada, T.; Mende, D.R.; Fernandes, G.R.; Tap, J.; Bruls, T.; Batto, J.-M.; et al.
Enterotypes of the human gut microbiome. Nature 2011, 473, 174–180. [CrossRef]

39. Cani, P.D.; Osto, M.; Geurts, L.; Everard, A. Involvement of gut microbiota in the development of low-grade inflammation and
type 2 diabetes associated with obesity. Gut Microbes 2012, 3, 279–288. [CrossRef]

40. Shin, N.-R.; Whon, T.W.; Bae, J.-W. Proteobacteria: Microbial signature of dysbiosis in gut microbiota. Trends Biotechnol. 2015, 33,
496–503. [CrossRef]

41. Nuli, R.; Cai, J.; Kadeer, A.; Zhang, Y.; Mohemaiti, P. Integrative Analysis Toward Different Glucose Tolerance-Related Gut
Microbiota and Diet. Front. Endocrinol. 2019, 10, 295. [CrossRef] [PubMed]

42. Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut microbiome with
increased capacity for energy harvest. Nature 2006, 444, 1027–1031. [CrossRef]

43. Morrison, D.J.; Preston, T. Formation of short chain fatty acids by the gut microbiota and their impact on human metabolism. Gut
Microbes 2016, 7, 189–200. [CrossRef] [PubMed]

44. Chambers, E.S.; Preston, T.; Frost, G.; Morrison, D.J. Role of Gut Microbiota-Generated Short-Chain Fatty Acids in Metabolic and
Cardiovascular Health. Curr. Nutr. Rep. 2018, 7, 198–206. [CrossRef]

45. van der Beek, C.M.; Canfora, E.E.; Lenaerts, K.; Troost, F.J.; Damink, S.W.M.O.; Holst, J.J.; Masclee, A.A.M.; Dejong, C.H.C.; Blaak,
E.E. Distal, not proximal, colonic acetate infusions promote fat oxidation and improve metabolic markers in overweight/obese
men. Clin. Sci. 2016, 130, 2073–2082. [CrossRef]

46. Lappi, J.; Mykkänen, H.; Bach Knudsen, K.E.; Kirjavainen, P.; Katina, K.; Pihlajamäki, J.; Poutanen, K.; Kolehmainen, M.
Postprandial glucose metabolism and SCFA after consuming wholegrain rye bread and wheat bread enriched with bioprocessed
rye bran in individuals with mild gastrointestinal symptoms. Nutr. J. 2014, 13, 104. [CrossRef]

47. Pluta, R.; Januszewski, S.; Ułamek-Kozioł, M. Mutual Two-Way Interactions of Curcumin and Gut Microbiota. Int. J. Mol. Sci.
2020, 21, 1055. [CrossRef]

48. Shah, J.H.; Wongsurawat, N.; Aran, P.P. Effect of ethanol on stimulus-induced insulin secretion and glucose tolerance. A study of
mechanisms. Diabetes 1977, 26, 271–277. [CrossRef]

49. Ørgaard, A.; Jepsen, S.L.; Holst, J.J. Short-chain fatty acids and regulation of pancreatic endocrine secretion in mice. Islets 2019, 11,
103–111. [CrossRef]

50. Luig, C.; Köther, K.; Dudek, S.E.; Gaestel, M.; Hiscott, J.; Wixler, V.; Ludwig, S. MAP kinase-activated protein kinases 2 and 3 are
required for influenza A virus propagation and act via inhibition of PKR. FASEB J. 2010, 24, 4068–4077. [CrossRef]

51. Ludwig, S.; Planz, O.; Pleschka, S.; Wolff, T. Influenza-virus-induced signaling cascades: Targets for antiviral therapy? Trends Mol.
Med. 2003, 9, 46–52. [CrossRef]

http://doi.org/10.1046/j.1472-765x.2000.00731.x
http://doi.org/10.1128/jb.107.3.718-735.1971
http://www.ncbi.nlm.nih.gov/pubmed/4999413
http://doi.org/10.1128/mr.49.1.1-32.1985
http://doi.org/10.1136/postgradmedj-2015-133285
http://doi.org/10.1016/j.nutres.2015.03.002
http://doi.org/10.1371/journal.pone.0114908
http://doi.org/10.1016/j.fitote.2020.104665
http://doi.org/10.1016/j.metabol.2013.09.010
http://www.ncbi.nlm.nih.gov/pubmed/24140094
http://doi.org/10.1007/s00125-015-3653-1
http://www.ncbi.nlm.nih.gov/pubmed/26048235
http://doi.org/10.14814/phy2.13280
http://www.ncbi.nlm.nih.gov/pubmed/28611149
http://doi.org/10.1038/nature12506
http://www.ncbi.nlm.nih.gov/pubmed/23985870
http://doi.org/10.1038/4441022a
http://doi.org/10.1038/s41574-019-0156-z
http://doi.org/10.1017/S0029665118002719
http://doi.org/10.1038/nature09944
http://doi.org/10.4161/gmic.19625
http://doi.org/10.1016/j.tibtech.2015.06.011
http://doi.org/10.3389/fendo.2019.00295
http://www.ncbi.nlm.nih.gov/pubmed/31191448
http://doi.org/10.1038/nature05414
http://doi.org/10.1080/19490976.2015.1134082
http://www.ncbi.nlm.nih.gov/pubmed/26963409
http://doi.org/10.1007/s13668-018-0248-8
http://doi.org/10.1042/CS20160263
http://doi.org/10.1186/1475-2891-13-104
http://doi.org/10.3390/ijms21031055
http://doi.org/10.2337/diab.26.4.271
http://doi.org/10.1080/19382014.2019.1587976
http://doi.org/10.1096/fj.10-158766
http://doi.org/10.1016/S1471-4914(02)00010-2


Life 2022, 12, 1708 13 of 13

52. Pleschka, S.; Wolff, T.; Ehrhardt, C.; Hobom, G.; Planz, O.; Rapp, U.R.; Ludwig, S. Influenza virus propagation is impaired by
inhibition of the Raf/MEK/ERK signalling cascade. Nat. Cell Biol. 2001, 3, 301–305. [CrossRef] [PubMed]

53. Ludwig, S.; Planz, O. Influenza viruses and the NF-kappaB signaling pathway—Towards a novel concept of antiviral therapy.
Biol. Chem. 2008, 389, 1307–1312. [CrossRef] [PubMed]

54. Mazur, I.; Wurzer, W.J.; Ehrhardt, C.; Pleschka, S.; Puthavathana, P.; Silberzahn, T.; Wolff, T.; Planz, O.; Ludwig, S. Acetylsalicylic
acid (ASA) blocks influenza virus propagation via its NF-kappaB-inhibiting activity. Cell. Microbiol. 2007, 9, 1683–1694. [CrossRef]

55. Ehrhardt, C.; Wolff, T.; Pleschka, S.; Planz, O.; Beermann, W.; Bode, J.G.; Schmolke, M.; Ludwig, S. Influenza A virus NS1 protein
activates the PI3K/Akt pathway to mediate antiapoptotic signaling responses. J. Virol. 2007, 81, 3058–3067. [CrossRef]

56. Ehrhardt, C.; Ludwig, S. A new player in a deadly game: Influenza viruses and the PI3K/Akt signalling pathway. Cell. Microbiol.
2009, 11, 863–871. [CrossRef]

57. Wu, J.-C.; Lai, C.-S.; Badmaev, V.; Nagabhushanam, K.; Ho, C.-T.; Pan, M.-H. Tetrahydrocurcumin, a major metabolite of curcumin,
induced autophagic cell death through coordinative modulation of PI3K/Akt-mTOR and MAPK signaling pathways in human
leukemia HL-60 cells. Mol. Nutr. Food Res. 2011, 55, 1646–1654. [CrossRef]

58. Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4:
Automated docking with selective receptor flexibility. J. Comput. Chem. 2009, 30, 2785–2791. [CrossRef]

59. Hadzi-Petrushev, N.; Bogdanov, J.; Krajoska, J.; Ilievska, J.; Bogdanova-Popov, B.; Gjorgievska, E.; Mitrokhin, V.; Sopi, R.; Gagov,
H.; Kamkin, A.; et al. Comparative study of the antioxidant properties of monocarbonyl curcumin analogues C66 and B2BrBC in
isoproteranol induced cardiac damage. Life Sci. 2018, 197, 10–18. [CrossRef]

60. Soundararajan, V.; Zheng, S.; Patel, N.; Warnock, K.; Raman, R.; Wilson, I.A.; Raguram, S.; Sasisekharan, V.; Sasisekharan, R.
Networks link antigenic and receptor-binding sites of influenza hemagglutinin: Mechanistic insight into fitter strain propagation.
Sci. Rep. 2011, 1, 200. [CrossRef]

61. Chen, D.-Y.; Shien, J.-H.; Tiley, L.; Chiou, S.-S.; Wang, S.-Y.; Chang, T.-J.; Lee, Y.-J.; Chan, K.-W.; Hsu, W.-L. Curcumin inhibits
influenza virus infection and haemagglutination activity. Food Chem. 2010, 119, 1346–1351. [CrossRef]

62. Si, X.; Wang, Y.; Wong, J.; Zhang, J.; McManus, B.M.; Luo, H. Dysregulation of the ubiquitin-proteasome system by curcumin
suppresses coxsackievirus B3 replication. J. Virol. 2007, 81, 3142–3150. [CrossRef] [PubMed]

63. Kutluay, S.B.; Doroghazi, J.; Roemer, M.E.; Triezenberg, S.J. Curcumin inhibits herpes simplex virus immediate-early gene
expression by a mechanism independent of p300/CBP histone acetyltransferase activity. Virology 2008, 373, 239–247. [CrossRef]

64. Ehrhardt, C.; Rückle, A.; Hrincius, E.R.; Haasbach, E.; Anhlan, D.; Ahmann, K.; Banning, C.; Reiling, S.J.; Kühn, J.; Strobl, S.; et al.
The NF-κB inhibitor SC75741 efficiently blocks influenza virus propagation and confers a high barrier for development of viral
resistance. Cell. Microbiol. 2013, 15, 1198–1211. [CrossRef]

65. Ariën, K.K.; Jespers, V.; Vanham, G. HIV sexual transmission and microbicides. Rev. Med. Virol. 2011, 21, 110–133. [CrossRef]
[PubMed]

66. Adams, J.L.; Kashuba, A.D.M. Formulation, pharmacokinetics and pharmacodynamics of topical microbicides. Best Pract. Res.
Clin. Obstet. Gynaecol. 2012, 26, 451–462. [CrossRef] [PubMed]

67. Stamenkovska, M.; Thaçi, Q.; Hadzi-Petrushev, N.; Angelovski, M.; Bogdanov, J.; Reçica, S.; Kryeziu, I.; Gagov, H.; Mitrokhin, V.;
Kamkin, A.; et al. Curcumin analogs (B2BrBC and C66) supplementation attenuates airway hyperreactivity and promote airway
relaxation in neonatal rats exposed to hyperoxia. Physiol. Rep. 2020, 8, e14555. [CrossRef]

68. Hadzi-Petrushev, N.; Angelovski, M.; Rebok, K.; Mitrokhin, V.; Kamkin, A.; Mladenov, M. Antioxidant and anti-inflammatory
effects of the monocarbonyl curcumin analogs B2BRBC and C66 in monocrotaline-induced right ventricular hypertrophy. J.
Biochem. Mol. Toxicol. 2019, 33, e22353. [CrossRef]

69. Stamenkovska, M.; Hadzi-Petrushev, N.; Nikodinovski, A.; Gagov, H.; Atanasova-Panchevska, N.; Mitrokhin, V.; Kamkin, A.;
Mladenov, M. Application of curcumine and its derivatives in the treatment of cardiovascular diseases: A review. Int. J. Food Prop.
2021, 24, 1510–1528. [CrossRef]

70. Zhang, L.; Li, C.; Wang, S.; Avtanski, D.; Hadzi-Petrushev, N.; Mitrokhin, V.; Mladenov, M.; Wang, F. Tetrahydrocurcumin-Related
Vascular Protection: An Overview of the Findings from Animal Disease Models. Molecules 2022, 27, 5100. [CrossRef]

71. Prajakta, D.; Ratnesh, J.; Chandan, K.; Suresh, S.; Grace, S.; Meera, V.; Vandana, P. Curcumin loaded pH-sensitive nanoparticles
for the treatment of colon cancer. J. Biomed. Nanotechnol. 2009, 5, 445–455. [CrossRef] [PubMed]

72. Jordan, W.C.; Drew, C.R. Curcumin–a natural herb with anti-HIV activity. J. Natl. Med. Assoc. 1996, 88, 333. [PubMed]
73. Kumari, N.; Kulkarni, A.A.; Lin, X.; McLean, C.; Ammosova, T.; Ivanov, A.; Hipolito, M.; Nekhai, S.; Nwulia, E. Inhibition of

HIV-1 by curcumin A, a novel curcumin analog. Drug Des. Dev. Ther. 2015, 9, 5051–5060. [CrossRef]

http://doi.org/10.1038/35060098
http://www.ncbi.nlm.nih.gov/pubmed/11231581
http://doi.org/10.1515/BC.2008.148
http://www.ncbi.nlm.nih.gov/pubmed/18713017
http://doi.org/10.1111/j.1462-5822.2007.00902.x
http://doi.org/10.1128/JVI.02082-06
http://doi.org/10.1111/j.1462-5822.2009.01309.x
http://doi.org/10.1002/mnfr.201100454
http://doi.org/10.1002/jcc.21256
http://doi.org/10.1016/j.lfs.2018.01.028
http://doi.org/10.1038/srep00200
http://doi.org/10.1016/j.foodchem.2009.09.011
http://doi.org/10.1128/JVI.02028-06
http://www.ncbi.nlm.nih.gov/pubmed/17229707
http://doi.org/10.1016/j.virol.2007.11.028
http://doi.org/10.1111/cmi.12108
http://doi.org/10.1002/rmv.684
http://www.ncbi.nlm.nih.gov/pubmed/21412935
http://doi.org/10.1016/j.bpobgyn.2012.01.004
http://www.ncbi.nlm.nih.gov/pubmed/22306523
http://doi.org/10.14814/phy2.14555
http://doi.org/10.1002/jbt.22353
http://doi.org/10.1080/10942912.2021.1977655
http://doi.org/10.3390/molecules27165100
http://doi.org/10.1166/jbn.2009.1038
http://www.ncbi.nlm.nih.gov/pubmed/20201417
http://www.ncbi.nlm.nih.gov/pubmed/8691490
http://doi.org/10.2147/DDDT.S86558

	Background 
	Effect of the Curcuminoid Formulation on Its Metabolism in the Intestinal Microbiota 
	Quinoline Derivatives and AA Conjugates of THC and Their Antibacterial Properties 
	THC Impact upon Diabetes Type II: Relation to the Gut Microbiota and Pancreatic GLP-1 
	Anti-Influenza Virus Activity of THC 
	THC-Loaded Vaginal Nano-Microbicide for HIV/AIDS Prevention 
	Conclusions 
	References

