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Abstract: The quantification of synergistic effects of multi-combination compounds is critical in
developing “cocktails” that are efficacious. In this research, a method for in silico modeling and
the quantification of synergistic effects of multi-combination compounds is applied for assessing a
combination of phytonutrients for joint pain. Joint pain is the most prominent and disabling symptom
of arthritis. Arthritic pain leads to a reduced quality of life. This research explores the efficacy of a
synergistic combination of two plant-based flavonoids—apigenin and hesperidin—on joint pain. The
study employs computational systems biology: (1) to identify biomolecular mechanisms of joint pain;
(2) to identify the specific effects of apigenin and hesperidin, individually and in combination, on
the mechanisms of joint pain; and (3) to predict the quantitative effects of apigenin and hesperidin,
individually and in combination, on joint pain and whether these combination effects are synergistic
or additive. Four molecular pathways that are affected by apigenin and hesperidin include the
following: (1) arachidonic acid metabolism, (2) PGE2 signaling, (3) COX-2 synthesis, and (4) oxidative
stress. The combination of apigenin and hesperidin significantly lowered PGE2 production, CGRP
production, TRVP-1 synthesis, COX-2 production, and reactive oxygen species (ROS) production.
Our results indicate that the apigenin and hesperidin combination synergistically affected four of the
five modalities to attenuate joint pain.

Keywords: joint pain; computational systems biology; osteoarthritis; CytoSolve®; dietary
supplements; apigenin; hesperidin; inflammation; oxidative stress

1. Introduction

The quantification of the synergistic effects of multi-combination compounds is critical
in developing “cocktails” that are efficacious. In this research study, a computational
systems biology method—in silico—is employed to quantify the synergistic effects of
multi-combination compounds—phytonutrients—to attenuate joint pain.

Joint pain is a hallmark of degenerative joint cartilage diseases such as osteoarthritis
(OA). Arthritic pain significantly affects the physical as well as psychological health, leading
to a poor quality of life [1,2], and despite its prevalence in older adults, therapeutic options
remain limited [3]. A lack of clear understanding of the interconnectedness of molecular
mechanisms on the degeneration of cartilage and pain is a key factor that affects the
development of effective treatments for OA-related joint pain [3–5], leading to short-lived
or ineffective treatments for OA joint pain [4].

Joint pain results from abnormal inflammatory and catabolic cellular processes that
degrade the cartilage in the joint as well as the peripheral and central nervous system [4].
Under the inflammatory conditions that exist in arthritic joints, the threshold for pain is
lower [6]. Pain receptors are distributed across all joints in tissues including cartilage,
ligaments, vasculature, and subchondral bone [6]. The pain input from the OA tissues is
transmitted through dorsal root ganglia (DRG) neurons, which then travels through the
spinal cord and ends in the cortical centers in the brain for processing [5]. Key targets
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for joint pain treatments include endocannabinoid receptors, opioid receptors, glutamate
receptors, and specific ion channels [7]. Inflammatory cytokine interleukin 1β (IL-1β)
increases the expression of cyclooxygenase 2 (COX-2) in cartilage, leading to the increased
production of prostaglandin E2 (PGE2) that induces pain [8]. The activation of pain-sensing
peripheral afferent neurons (PAN) by PGE2 leads to action potential propagation to the
spinal cord [9]. PGE2 facilitates the release of CGRP through the sensitization of TRPV1
responses in sensory neurons [10,11].

Research Aim

This research employs an in silico mechanistic platform for modeling molecular path-
ways to quantify the synergistic effects of multi-combination compounds. Specifically, this
research aims to understand the underlying mechanistic explanation of the positive effects
of two phytonutrients—the flavonoids apigenin and hesperidin—on joint pain. Researchers
have identified the need for computational approaches such as CytoSolve® to develop
“cocktails” of compounds, given the challenges of time and resources needed from con-
ventional in vitro and in vivo methodologies [12]. In this study, we analyze the individual
as well as the synergistic combination of these two phytonutrients. Apigenin, commonly
found in leafy green plants and herbs such as celery, parsley, herbs, sorghum, and dried
oregano, has strong anti-inflammatory and antioxidant properties [13–15]. Hesperidin natu-
rally occurs in citrus fruits and is also a potent anti-inflammatory and antioxidant agent [16].
The role of apigenin and hesperidin has been extensively studied in various pathologies
such as cancer, cardiovascular diseases, renal dysfunction, infections, neurodegeneration,
etc., due to their antioxidant and anti-inflammatory properties [13–16].

Effects of apigenin and hesperidin on inflammatory joint pathologies such as os-
teoarthritis are poorly understood. In this study, a computational systems biology frame-
work is used to understand the effect of apigenin and hesperidin on inflammation and
the subsequent pain in joints. Such computational—in silico—methodologies facilitate
the study of complex systems with multiple biochemical interactions concurrently, which
is harder to carry out using more conventional lab-based in vivo/in vitro methods. An
in-silico systems biology approach is employed in this study to (1) identify joint pain
molecular mechanisms that are potentially targeted by apigenin and hesperidin and to
(2) quantitatively predict how apigenin and hesperidin work in synergy to attenuate
joint pain.

2. Materials and Methods

The methodologies used to identify molecular mechanisms involved in joint pain and
the prediction of the quantitative effects of apigenin and hesperidin on these mechanisms
are described in this section. The CytoSolve® computational systems biology platform is
employed in this process. The protocol for setting up and using CytoSolve® is provided in
Supplementary Materials. This protocol consists of up to six (6) elements. Five (5) of those
six (6) elements were used for this study.

2.1. Systematic Literature Review Process and Inclusion Criteria

The workflow for the identification, organization, and curation of the literature and
the extraction of information from the literature was performed per the standardized
CytoSolve® protocol detailed in Supplementary Materials Section S1.4. and as employed in
previous studies [17,18].

The specific list of Medical Subject Headings (MeSH) keywords is provided in
Table S13 in Supplementary Materials Section S3.1. The literature review was restricted to
articles published during the time period of January 1980 to November 2019.

Using the keywords in Table S13, which is restricted by the time period aforementioned,
the relevant retrieved articles are categorized and represented in Figure 1 and follow
PRISMA guidelines [19].
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Figure 1. PRISMA flow diagram. The systematic literature review process included identifying the
relevant literature from PubMed, Medline, and Google Scholar. The literature was then filtered to
remove duplicate studies. The eligibility of articles for the comprehensive review was determined
using the inclusion criteria detailed in the Materials and Methods section.

Fourteen (14) independent searches, as denoted in Table S13 in Supplementary Materi-
als, of articles in PubMed dating up to 30 November 2019 were conducted. A systematic
literature review resulted in the identification of an initial set of 92 articles (duplicates were
removed). Further analyses of the title and abstract yielded 67 relevant articles that were
comprehensively reviewed by the authors. Of these 67 relevant articles, 34 informed about
4 molecular pathways related to joint pain, 19 informed about the biochemical interactions
between the two phytonutrients and 4 molecular pathways related joint pain, 14 informed
about the pharmacokinetic and pharmacodynamics properties of phytonutrients—apigenin
and hesperidin.

2.2. CytoSolve In Silico Modeling Protocol

The identification and extraction of data related to reaction rate constants, biochemical
reactions, and pharmacokinetic properties of apigenin and hesperidin with respect to
the molecular pathways of joint pain were performed per the standardized CytoSolve®

protocol detailed in Supplementary Materials Section S1.5. All biochemical reactions for
each of the individual joint-pain mathematical models along with the kinetic parameters
and the initial concentration of biochemical species are listed in Supplementary Materials
Sections S2.1–S2.4.

Molecular pathways of joint pain are converted into individual mathematical mod-
els using the biochemical reactions per the standardized CytoSolve® protocol detailed
in Supplementary Materials Section S1.6. The individual mathematical models are inte-
grated using the standardized CytoSolve® protocol detailed in Supplementary Materials
Section S1.7.
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2.2.1. Control Conditions

Under control conditions, apigenin and hesperidin concentrations are kept at zero.
For the IL-1β-induced COX-2 synthesis model, chondrocyte was presumed to be in an
inflammatory state. Under these conditions, IL-1β levels were found to be 0.0032 nM [20].
With this as an initial condition (IL-1β = 0.0032 nM), COX-2 concentrations were estimated
for the control condition by simulating a COX-2 synthesis model for a 2-day period.

For the arachidonic acid metabolism model, chondrocyte was assumed to be un-
der inflammatory conditions. Under such inflammatory conditions, arachidonic acid
levels were found to be 35 mM [21,22]. Arachidonic acid upregulates the production of
PGE2, which is a pro-inflammatory biomarker. Using the initial condition of arachidonic
acid = 35 mM, PGE2 concentrations were estimated for the control condition by simulating
an arachidonic acid metabolism model for a 2-day period. The predicted steady-state
concentration of PGE2 from the arachidonic acid metabolism model was used as an initial
condition for the PGE2 signaling model. TRPV1 and CGRP concentrations were estimated
for the control condition by simulating PGE2 signaling model for a 2-day period.

Under an inflammatory state, NADPH oxidase activity, which leads to production of
ROS, doubled in endothelial cells [23]. The oxidative stress model is simulated for a 2-day
period to obtain the control value of ROS using doubled NADPH oxidase activities as an
initial condition.

2.2.2. Computer Simulations to Study the Effect of Apigenin and Hesperidin on Integrated
Model of Joint Pain

The joint-pain integrated model includes four (4) individual models: (1) arachi-
donic acid metabolism model, (2) PGE2 signaling model, (3) COX-2 synthesis model, and
(4) oxidative stress model. The effect of apigenin and hesperidin, individually and in
combination, was analyzed by estimating the concentration levels of PGE-2, TRPV1, CGRP,
COX-2, and ROS in the presence of apigenin and hesperidin. The integrated model of joint
pain was simulated using standardized the CytoSolve® protocol detailed in Supplementary
Materials Section S1.8. Initial simulations indicated that all five biomarkers reached a
steady-state value at a simulation period of 2 days, and increasing the simulation time
beyond 2 days did not change results. Based on these data, a decision was made to assign
the 2 days as the duration of simulations. The administration of apigenin and hesperidin
occurred at the start of simulations (t = 0 s), and their levels were kept constant throughout
the simulation period.

The following computer simulations were performed:

a. Individual and combination effects of apigenin and hesperidin on COX-2 production;
b. Individual and combination effects of apigenin and hesperidin on PGE-2 production;
c. Individual and combination effects of apigenin and hesperidin on TRPV1 production;
d. Individual and combination effects of apigenin and hesperidin on CGRP production;
e. Individual and combination effects of apigenin and hesperidin on ROS production.

The output from the above simulations included the time-dependent concentration
profiles of the five (5) biomarkers of joint pain—COX-2, PGE2, TRPV1, CGRP, and ROS.

2.2.3. Computer Simulations to Determine Synergistic Effects of Apigenin and Hesperidin
on an Integrated Model of Joint Pain

A multi-combination cocktail may have greater therapeutic benefits if they can act
in synergy versus in an additive manner. To determine whether the specific combination
in this study acts synergistically or in an additive manner to modulate joint pain, it is
necessary to quantify the synergistic effect versus the additive effect. This calculation is
adapted from an earlier work applied to in vitro and in vivo studies [24].

In such quantification, the additive effect range—two endpoints—must first be deter-
mined for a particular biomarker. Determining the first endpoint of this range involves
a sequential addition of compounds at their specific dosages. Determining the second
endpoint of this range involves reversing the sequential addition of the compounds at their
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specific dosages. In this study, given that there are two compounds, apigenin was added
first, followed by hesperidin to determine the first endpoint for a particular biomarker.
Then, the sequence is reversed by adding hesperidin followed by apigenin to determine
the second endpoint for the same biomarker. These two endpoints provide a lower and
upper limit for the additive effect range of that biomarker for the specific dosages of these
two compounds.

Once the additive effect range is determined, the two compounds at the specific
dosages are added simultaneously to estimate the levels of the same biomarker. If the value
of the biomarker obtained by the simultaneous addition of both compounds lies within
the additive effect range, then the combination of these two compounds are deemed to
have an additive effect on that particular biomarker. If the value of biomarker obtained by
the simultaneous addition of both compounds is not in the additive effect range, the two
compounds may have a synergistic or an antagonistic effect. A combination is deemed to
be synergistic if the value of a biomarker is lower or higher than the additive effect range,
provided that the biomarker must be lower or higher, respectively, than the control in order
to have the desired beneficial effect. In this study, lowering each biomarker relative to
control is considered to have beneficial effects.

The following simulations are conducted to determine the additive effect range across
the five biomarkers of joint pain:

a. Sequential addition of apigenin first and then hesperidin to estimate COX-2 production;
b. Sequential addition of hesperidin first and then apigenin to estimate COX-2 production;
c. Sequential addition of apigenin first and then hesperidin to estimate PGE2 production;
d. Sequential addition of hesperidin first and then apigenin to PGE2 production;
e. Sequential addition of apigenin first and then hesperidin to estimate TRPV1 production;
f. Sequential addition of hesperidin first and then apigenin to estimate TRPV1 production;
g. Sequential addition of apigenin first and then hesperidin to estimate CGRP production;
h. Sequential addition of hesperidin first and then apigenin to estimate CGRP production;
i. Sequential addition of apigenin first and then hesperidin to estimate ROS production;
j. Sequential addition of hesperidin first and then apigenin to estimate ROS production.

The additive effect ranges for all five biomarkers were determined. The values of all
five biomarkers obtained from combination simulations from Section 2.2.1 were compared
to their respective additive effect ranges to determine the synergistic or additive effects of
apigenin and hesperidin combination on all five biomarkers of joint pain.

3. Results

Effects of apigenin and hesperidin, individually as well as in combination, were
analyzed on the joint-pain integrated model. Figure 2 illustrates the effect of apigenin
and hesperidin on joint-pain molecular pathways. Initial simulations were conducted for
a dose range of 0 to 100 mg for apigenin and 0 to 5000 mg for hesperidin to identify an
efficacious dose level for each of phytonutrient on all four mechanisms of action analyzed
in this study (please see Supplementary Materials Section S3.2 for the detailed results from
initial simulation studies). The initial results indicated that 30 mg of apigenin and 1000 mg
of hesperidin were most effective in reducing all five biomarkers (COX-2, PGE2, TRPV1,
CGRP, and ROS) of joint pain. Increasing the dose levels of apigenin to more than 30 mg
and hesperidin to more than 1000 mg did not further reduce the biomarker levels. Based on
these preliminary results, dose levels of 30 mg and 1000 mg were chosen for apigenin and
hesperidin, respectively, to simulate their individual and synergistic effects on biomolecular
pathways of joint pain.
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Figure 2. Mechanisms of action of joint pain affected by apigenin and hesperidin. Oval with black
outline contains the bioactive molecules. Apigenin and hesperidin affect five biomarkers of joint
pain—COX-2, PGE2, TRPV1, CGRP, and ROS—in both chondrocytes as well as endothelial cells.
COX-2—Cyclooxygenase 2; PGH2—Prostaglandin H2; PGE2—Prostaglandin E2; IL-1β—Interleukin
1β; IL1R—Interleukin 1 beta receptor; TAK1—Transforming growth factor-β (TGF-β)-activated
kinase 1; NFκB—Nuclear factor kappa-light-chain-enhancer of activated B cells; O2—oxygen;
H2O2—hydrogen peroxide; NOX—NADPH oxidase; SOD—superoxide dismutase; PKA—protein
kinase A; CREB—cAMP response element-binding protein; CGRP—calcitonin gene-related peptide.

3.1. Effect of Apigenin and Hesperidin on the COX-2 Synthesis Pathway

Apigenin and hesperidin targeted COX-2 synthesis in chondrocytes. The effects of
apigenin and hesperidin individually are shown in panels A and B, respectively, and the
results from their combination are shown in Figure 3C. COX-2 levels were compared over
a period of 2 days in the presence and absence of apigenin and hesperidin.

The levels of COX-2 were estimated to be 7.62 nM for the control condition. At
the end of a 2-day period, COX-2 concentrations reduced to 2.2 nM in the presence of
30 mg of apigenin, as shown in Figure 3A. In the presence of 1000 mg of hesperidin,
COX-2 concentrations reduced to 0.58 nM over a period of 2 days, as shown in Figure 3B.
When combined, apigenin and hesperidin lowered COX-2 levels even further to 0.28 nM
(Figure 3C).

To determine whether the apigenin and hesperidin combination value of 0.28 nM
reflects a synergistic effect, the additive effect range is calculated for the biomarker COX-2
by the sequential (forward and reverse) administration of apigenin and hesperidin. As
shown in Table 1, the additive effect range for the combination of 30 mg apigenin and
1000 mg hesperidin is 1.54–1.93 nM when apigenin and hesperidin were added sequentially.
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Figure 3. Individual (A,B) and combination effect (C) of apigenin and hesperidin on COX-2 produc-
tion in chondrocytes over simulations periods of 2 days. Apigenin at 30 mg dose (A), hesperidin at
1000 mg dose, (B) and their combination at 1030 mg dose (C) reduced the levels of COX-2 over a
period of 2 days. COX-2—cyclooxygenase 2.

Table 1. COX-2 estimations for additive effects of apigenin and hesperidin.

In Silico Experiment COX-2 (nM)

Apigenin First, Hesperidin Second 1.93
Hesperidin First, Apigenin Second 1.54

Apigenin and Hesperidin Simultaneously 0.28

When combined simultaneously, apigenin and hesperidin lowered COX-2 levels to
0.28 nM (Figure 3C). This value is lower than the additive effect range of 1.54–1.93 nM for
COX-2, indicating that this specific combination has a synergistic effect. Specifically, the
COX-2 level with the combination is 81.82–85.50% lower than the additive range. These
results indicate that apigenin and hesperidin act in synergy to reduce COX-2, which is
associated with joint pain.

3.2. Effect of Apigenin and Hesperidin on Arachidonic Acid Metabolism Pathways

Apigenin and hesperidin both targeted arachidonic acid’s metabolism. The effect of
apigenin and hesperidin individually is shown in panels A and B, respectively, and results
from their combination are shown in Figure 4C. PGE2 levels were compared over a period
of 2 days in the presence and absence of apigenin and hesperidin.
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Figure 4. Individual (A,B) and combination effect (C) of apigenin and hesperidin on PGE2 production
in chondrocytes over simulation periods of 2 days. Apigenin at 30 mg dose (A), hesperidin at
1000 mg dose (B), and their combination at 1030 mg dose (C) reduced the levels of PGE2 over a period
of 2 days. PGE2—prostaglandine E2.

The levels of PGE2 were estimated to be 823 AUC for the control condition. At
the end of a 2-day period, PGE2 concentrations reduced to 526 AUC in the presence of
30 mg of apigenin, as shown in Figure 4A. In the presence of 1000 mg of hesperidin,
PGE2 concentrations reduced to 447 AUC over a period of 2 days, as shown in Figure 4B.
When combined, apigenin and hesperidin lowered PGE2 levels even further to 286 AUC
(Figure 4C).

To determine whether the apigenin and hesperidin combination value of 286 AUC
reflects a synergistic effect, the additive effect range is calculated for the biomarker PGE2
by the sequential (forward and reverse) administration of apigenin and hesperidin. As
shown in Table 2, the additive effect range for the combination of 30 mg apigenin and
1000 mg hesperidin is 217–289 AUC when apigenin and hesperidin were added sequentially.

Table 2. PGE-2 estimations for additive effects of apigenin and hesperidin.

In Silico Experiment PGE2 (AUC)

Apigenin First, Hesperidin Second 289
Hesperidin First, Apigenin Second 217

Apigenin and Hesperidin Simultaneously 286

When combined simultaneously, apigenin and hesperidin lowered PGE2 levels to
286 AUC (Figure 4C). This value falls within the additive effect range of 217–289 nM for
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PGE2, indicating that this specific combination has an additive effect in reducing PGE2,
which is associated with joint pain.

3.3. Effect of Apigenin and Hesperidin on PGE2 Signaling Pathways

Apigenin and hesperidin both targeted the PGE2 signaling pathway and lowered both
biomarkers—TRPV1 and CGRP. The results are shown in Figure 5. Panels A and B represent
the individual effects of apigenin and hesperidin on TRPV1, respectively, and results from
their combination are shown in panel C. Panels D and E represent the individual effects
of apigenin and hesperidin on CGRP, respectively, and results from their combination are
shown in panel F. TRPV1 and CGRP levels were compared over a period of 2 days in the
presence and absence of apigenin and hesperidin.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 9 of 18 
 

To determine whether the apigenin and hesperidin combination value of 286 AUC 

reflects a synergistic effect, the additive effect range is calculated for the biomarker PGE2 

by the sequential (forward and reverse) administration of apigenin and hesperidin. As 

shown in Table 2, the additive effect range for the combination of 30 mg apigenin and 

1000 mg hesperidin is 217–289 AUC when apigenin and hesperidin were added sequen-

tially. 

Table 2. PGE-2 estimations for additive effects of apigenin and hesperidin. 

In Silico Experiment PGE2 (AUC) 

Apigenin First, Hesperidin Second 289 

Hesperidin First, Apigenin Second 217 

Apigenin and Hesperidin Simultaneously 286 

When combined simultaneously, apigenin and hesperidin lowered PGE2 levels to 

286 AUC (Figure 4C). This value falls within the additive effect range of 217–289 nM for 

PGE2, indicating that this specific combination has an additive effect in reducing PGE2, 

which is associated with joint pain. 

3.3. Effect of Apigenin and Hesperidin on PGE2 Signaling Pathways 

Apigenin and hesperidin both targeted the PGE2 signaling pathway and lowered 

both biomarkers—TRPV1 and CGRP. The results are shown in Figure 5. Panels A and B 

represent the individual effects of apigenin and hesperidin on TRPV1, respectively, and 

results from their combination are shown in panel C. Panels D and E represent the indi-

vidual effects of apigenin and hesperidin on CGRP, respectively, and results from their 

combination are shown in panel F. TRPV1 and CGRP levels were compared over a period 

of 2 days in the presence and absence of apigenin and hesperidin. 

  
  

Appl. Sci. 2022, 12, x FOR PEER REVIEW 10 of 18 
 

  
  

 
 

Figure 5. Individual (A,B) and combination effect (C) of apigenin and hesperidin on TRPV1 produc-

tion in chondrocytes over simulations periods of 2 days. Apigenin at 30 mg dose (A), hesperidin at 

1000 mg dose, (B) and their combination at 1030 mg dose (C) reduced the levels of TRPV1 over a 

period of 2 days. Individual (panels D and E) and combination effect (panel F) of apigenin and hes-

peridin on CGRP production in chondrocytes over simulation periods of 2 days. Apigenin at 30 mg 

dose (D), hesperidin at 1000 mg dose, (E) and their combination at 1030 mg dose (F) reduced the 

levels of CGRP over a period of 2 days. TRPV1—transient receptor potential cation channel subfa-

mily V member 1. CGRP—calcitonin gene-related peptide. 

The levels of TRPV1 were estimated to be 0.039 nM for the control condition. At the 

end of a 2-day period, TRPV1 concentrations reduced to 0.014 nM in the presence of 30 

mg of apigenin, as shown in Figure 5A. In the presence of 1000 mg of hesperidin, TRPV1 

concentrations reduced to 0.0007 nM over a period of 2 days, as shown in Figure 5B. 

To determine whether the apigenin and hesperidin combination value of 0.00019 nM 

reflects a synergistic effect, the additive effect range is calculated for the biomarker TRPV1 

by a sequential (forward and reverse) administration of apigenin and hesperidin. As 

shown in Table 3, the additive effect range for the combination of 30 mg apigenin and 

1000 mg hesperidin is 0.0027–0.0325 nM when apigenin and hesperidin were added se-

quentially. 

Table 3. TRPV1 estimations for additive effects of apigenin and hesperidin. 

In Silico Experiment TRPV1 (nM) 

Apigenin First, Hesperidin Second 0.0027 

Hesperidin First, Apigenin Second 0.0325 

Apigenin and Hesperidin Simultaneously 0.00019 

Figure 5. Individual (A,B) and combination effect (C) of apigenin and hesperidin on TRPV1 produc-
tion in chondrocytes over simulations periods of 2 days. Apigenin at 30 mg dose (A), hesperidin
at 1000 mg dose, (B) and their combination at 1030 mg dose (C) reduced the levels of TRPV1 over
a period of 2 days. Individual (panels D and E) and combination effect (panel F) of apigenin and
hesperidin on CGRP production in chondrocytes over simulation periods of 2 days. Apigenin at
30 mg dose (D), hesperidin at 1000 mg dose, (E) and their combination at 1030 mg dose (F) reduced
the levels of CGRP over a period of 2 days. TRPV1—transient receptor potential cation channel
subfamily V member 1. CGRP—calcitonin gene-related peptide.
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The levels of TRPV1 were estimated to be 0.039 nM for the control condition. At
the end of a 2-day period, TRPV1 concentrations reduced to 0.014 nM in the presence of
30 mg of apigenin, as shown in Figure 5A. In the presence of 1000 mg of hesperidin, TRPV1
concentrations reduced to 0.0007 nM over a period of 2 days, as shown in Figure 5B.

To determine whether the apigenin and hesperidin combination value of 0.00019 nM
reflects a synergistic effect, the additive effect range is calculated for the biomarker TRPV1
by a sequential (forward and reverse) administration of apigenin and hesperidin. As shown
in Table 3, the additive effect range for the combination of 30 mg apigenin and 1000 mg
hesperidin is 0.0027–0.0325 nM when apigenin and hesperidin were added sequentially.

Table 3. TRPV1 estimations for additive effects of apigenin and hesperidin.

In Silico Experiment TRPV1 (nM)

Apigenin First, Hesperidin Second 0.0027
Hesperidin First, Apigenin Second 0.0325

Apigenin and Hesperidin Simultaneously 0.00019

When combined simultaneously, apigenin and hesperidin lowered TRPV1 levels to
0.00019 (Figure 5C). This value is lower than the additive effect range of 1.54–1.93 nM for
TRPV1, indicating that this specific combination has a synergistic effect. Specifically, the
TRPV1 level with the combination is >99% lower than the additive range. These results
indicate that apigenin and hesperidin act in synergy to reduce TRPV1, which is associated
with joint pain.

The levels of CGRP were estimated to be 0.045 nM for the control condition. At the
end of a 2-day period, CGRP concentrations reduced to 0.0004 nM in the presence of 30 mg
of apigenin, as shown in Figure 5D. In the presence of 1000 mg of hesperidin, CGRP levels
reduced to 6.82 × 10−9 nM over a period of 2 days, as shown in Figure 5E. When combined,
apigenin and hesperidin lowered CGRP levels even further to 2.65 × 10−10 nM (Figure 5F).

To determine whether the apigenin and hesperidin combination value of 2.65 × 10−10 nM
reflects a synergistic effect, the additive effect range was calculated for the biomarker
CGRP by a sequential (forward and reverse) administration of apigenin and hesperidin.
As shown in Table 4, the additive effect range for the combination of 30 mg apigenin
and 1000 mg hesperidin is 0.066–1.17 × 10−6 nM when apigenin and hesperidin were
added sequentially.

Table 4. Estimations for additive ranges of CGRP.

In Silico Experiment CGRP (nM)

Apigenin First, Hesperidin Second 1.17 × 10−6

Hesperidin First, Apigenin Second 0.066
Apigenin and Hesperidin Simultaneously 2.65 × 10−10

When combined simultaneously, apigenin and hesperidin lowered CGRP levels to
2.65 × 10−10 nM nM (Figure 5F). This value is lower than the additive effect range of
0.066–1.17 × 10−6 nM for CGRP, indicating that this specific combination has a synergistic
effect. Specifically, the CGRP level with the combination is >99% lower than the additive
range. These results indicate that apigenin and hesperidin act in synergy to reduce CGRP,
which is associated with joint pain.

3.4. Effect of Apigenin and Hesperidin on Oxidative Stress Signaling Pathway

Apigenin and hesperidin targeted the oxidative stress signaling pathway. The effect of
apigenin and hesperidin individually is shown in panels A and B, respectively, and results
from their combination are shown in Figure 6C. ROS levels were compared over a period
of 2 days in the presence and absence of apigenin and hesperidin.
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Figure 6. Individual (A,B) and combination effect (C) of apigenin and hesperidin on ROS production
in chondrocytes over simulations periods of 2 days. Apigenin at 30 mg dose, (A) hesperidin at
1000 mg dose, (B) and their combination at 1030 mg dose (C) reduced the levels of ROS over a period
of 2 days.

To determine whether the apigenin and hesperidin combination value of 1.117 nM
reflects a synergistic effect, the additive effect range is calculated for the biomarker ROS by
a sequential (forward and reverse) administration of apigenin and hesperidin. As shown
in Table 5, the additive effect range for the combination of 30 mg apigenin and 1000 mg
hesperidin is 1.34–12.69 nM when apigenin and hesperidin were added sequentially.

Table 5. Estimations for additive ranges of ROS.

In Silico Experiment ROS (nM)

Apigenin First, Hesperidin Second 1.34
Hesperidin First, Apigenin Second 12.69

Apigenin and Hesperidin Simultaneously 1.117

When combined simultaneously, apigenin and hesperidin lowered ROS levels to
1.117 nM (Figure 6C). This value is lower than the additive effect range of 1.34–12.69 nM
for ROS, indicating that this specific combination has a synergistic effect. Specifically, ROS
levels with the combination are 16.64–91.20% lower than the additive range. These results
indicate that apigenin and hesperidin act in synergy to reduce ROS, which is associated
with joint pain.

4. Discussion

This study provides the in silico modeling and quantification of synergistic effects
of multi-combination compounds—phytonutrients—to attenuate joint pain using a com-
putational systems biology method—CytoSolve. The study revealed that four of the five
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biomarkers—COX-2, TRPV1, CGRP, and ROS—were synergistically affected by the specific
combination of apigenin and hesperidin. This study provides an in silico computational
systems biology framework to model and quantify the synergistic or additive effects for
multi-combination compounds on a particular physiological indication.

Joint pain is a hallmark symptom of several joint pathologies, such as osteoarthritis,
rheumatoid arthritis, etc. [25,26]. In addition, sedentary lifestyles and aging have also
been shown to cause joint pain [27]. The first line of treatment for joint pain includes
non-steroidal anti-inflammatory drugs (NSAIDs) [28]; however, the chronic use of NSAIDs
leads to adverse effects, including ulcers and kidney problems [29]. Increasing evidence
suggests that phytonutrients with anti-inflammatory and antioxidant potential lower joint
pain and improve inflammatory arthritis [30]. However, the mechanisms of actions of such
phytonutrients in reducing joint pain remain poorly understood.

Results from this study enable the mechanistic understanding of joint pain and the
development of a novel plant-based joint pain intervention for joint-related pathologies
such as osteoarthritis and rheumatoid arthritis. This study is a first of its kind, to the best
of our knowledge, that has not only mathematically modelled mechanisms involved in
joint pain using a computational systems biology approach to predict how apigenin and
hesperidin modulate the production of pro-inflammatory agents responsible for joint pain
but also in providing a quantification of the five specific biomarkers implicated in joint pain
to determine synergy versus additive effects of a multi-combination cocktail of compounds.

Systems biology is becoming a ubiquitous and reliable method to uncover how syn-
thetic small molecules as well as phytonutrients influence a myriad of biological functions
and diseases [31]. Leafy green vegetables, an essential part of Mediterranean, fruit, and veg-
etarian diets, have been shown to have anti-inflammatory effects [32]. Increasing evidences
suggests that diets rich in anti-inflammatory and anti-oxidant compounds can modulate
pain [33]. In this study, we focused on understanding the effects of apigenin, found in
vegetables such as parsley, spinach, and celery, and hesperidin, which is found in citrus
fruits, on joint pain. We used a systems biology approach to identify joint-pain molecular
mechanisms of action. Both apigenin and hesperidin were found to have molecular targets
in these molecular mechanisms of action. A summary of specific effects of apigenin and
hesperidin is presented in Table 6 below.

Table 6. Summary of effects of apigenin and hesperidin on mechanisms of joint pain.

Joint Pain Mechanisms of Action Apigenin Hesperidin

COX-2 Production Inhibits IKK activation Inhibits NF-kB
Arachidonic Acid Metabolism Inhibits COX-2 Inhibits COX-2

PGE2 Signaling Inhibits PKC activation Inhibits PLC activation
Oxidative Stress Pathway ROS Production ROS Production

5. Conclusions and Future Work
5.1. Conclusions

An integrated in silico model of joint pain was developed to assess the efficacy of
phytonutrients on five biomarkers of joint pain, namely, PGE-2, TRPV1, CGRP, COX-2,
and ROS. Apigenin lowered four of the five biomarkers, whereas hesperidin lowered all
five biomarkers of joint pain individually. A combination of apigenin and hesperidin
lowered all five biomarkers of joint pain; however, this specific combination synergistically
lowered four of the five biomarkers, COX-2, TRPV1, CGRP, and ROS, while additively
lowering PGE2.

The development of molecular systems architecture in this study provides a system-
wide understanding of biomolecular interactions that characterize a biological phenomenon
or a complex disease such as joint pain. In addition, such an architecture can provide
insights on the anti-inflammatory and nociceptive effects of apigenin and hesperidin that
may lead to improvements in joint pain.
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5.2. Future Work

While in vivo results have demonstrated the lowering of pain and swelling in equine
using this specific combination (patent application ref), future in vitro experiments are
planned to support the integrative molecular systems architecture developed in this study.
To simulate joint pain, in vitro experiments using chondrocytes under inflammatory con-
ditions could be undertaken. A comparison of all five biomarkers (PGE-2, TRPV1, CGRP,
COX-2, and ROS) from such in vitro experiments and those obtained from this study is
under consideration as part of future work to validate the results from this study.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app121910013/s1. References [34–106] are cited in the
Supplementary Materials.
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