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Role of carbonic anhydrase in the anti-inflammatory mechanism of diosmin and
hesperidin in rats

Abstract

Flavonoids such as diosmin and hesperidin produce antinociceptive and anti-
inflammatory effects, potentially involving the inhibition of carbonic anhydrase (CA) as a
mechanism of action. It is believed that CA inhibition helps reduce inflammation by
improving symptoms such as pain, redness, swelling, warmth, and loss of mobility in the
affected area. We showed that diosmin and hesperidin produced an anti-inflammatory
effect involving inhibition of CA. The study was conducted on male Wistar rats by
measuring the time spent licking and the number of shakings after the 1 % formalin was
administered to the plantar area of the hind limb. Treatments were as follows: vehicle,
diosmin, hesperidin, meloxicam, acetazolamide, sulfonamide, and combinations of
inhibitors with the flavonoids. Subsequently, measurements in both hind limbs were
carried out to evaluate the degree of inflammation. The results indicated that diosmin and
hesperidin at 100 and 316.2 mg/kg decreased the time-spent licking and number of
shakings in phase 2 of the 1 % formalin test, whereas when administered in combination
with acetazolamide and sulfonamide at 100 mg/kg, the anti-inflammatory effect of the
flavonoids was reversed. These findings suggest that CA’s activity plays an important role
in the antinociceptive and anti-inflammatory effects of the flavonoids diosmin and

hesperidin.
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Study contribution

In this study, the influence of carbonic anhydrase on the mechanism of action of diosmin
and hesperidin is evaluated for the first time in an in vivo model, since so far it has been
demonstrated in vitro studies that both flavonoids have an inhibitory effect on this enzyme,
however, it has not been shown whether these flavonoids mediate their anti-inflammatory
effect through the inhibition of this enzyme in an experimental model; therefore, this work
is a starting point to evaluate the participation of anhydrase through a pharmacological
strategy initially. Accordingly, the natural-origin flavonoids diosmin and hesperidin were
evaluated as their therapeutic potential for alleviating pain and inflammation, where we
sought to elucidate the possible mechanism of action implicated in these flavonoids

through the inhibition of carbonic anhydrase.

Introduction

Nowadays, pain and diseases associated with inflammation represent a serious health
problem of growing incidence, both for the number of patients affected and the
tremendous impact on the quality of life of those who experience them. So, the need to
look for therapeutic alternatives has increased in recent years. Flavonoids are secondary
metabolites from plants that have been studied more in pain and inflammation, so they
have been presented as a good resource for new treatments. Despite the various
investigations concerning the different uses of flavonoids, their activity in the central
nervous system is not precisely known.

Hesperidin significantly inhibits the synthesis of prostaglandins in vivo®, and this
reduces the production of nitric oxide, tumor necrosis factor-alpha (TNF-a),

lipopolysaccharide-induced interleukin (IL-12), and interferon-alpha in a dose-depend
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manner, effects that could be associated with the mechanism of action through which
hesperidin reduces inflammation and nociception in several experimental models.® The
involved mechanism in the antinociceptive effect of hesperidin is also attributed to its
antioxidant activity by inhibiting the production of reactive oxygen species (ROS), which
is one of the triggers of inflammation and pain processes that are produced by cells
related to the defense mechanisms of the organism, such as the polymorphonuclear
neutrophils.®

ROS released during the inflammatory processes include the superoxide anion
(O2"), the hydroxide radical (OH"), hydrogen peroxide (H202), which can trigger a cascade
of signals that ends with the production of pain mediators such as prostaglandins
produced by cyclooxygenase-2 (COX-2), TNF-a, and IL-1B.®) Furthermore, several
studies have correlated the production of ROS with pain, evaluating the presence or
decrease of such species compared to pain intensity. The findings show that as the
amount of ROS decreases, the pain also decreases. On the contrary, the amount of these
substances increases during painful processes.* 9

The mechanisms responsible for other reported pharmacological effects of
hesperidin, such as the anti-inflammatory, are also not clearly described, but it is known
that it can reduce TNF-a, IL-13, and intercellular adhesion molecule 1 levels, in addition
to its ability to inhibit neutrophils that generate Oz and glycosylation end products.® This
suggests that this flavonoid can induce its antinociceptive effect through several
mechanisms since some of these products are also related to nociception. On the other
hand, diosmin has been explored as the main component of Daflon (containing 90 %
diosmin and 10 % other flavonoids expressed as hesperidin), which is used in clinics to
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improve microcirculation. However, diosmin is also reported to possess various
pharmacological activities, including anti-inflammation, antioxidation, cancer protection,
liver protection, neuroprotective, cardiovascular protection, renal protection, and retinal
protection.(”) Despite this, no specific drug targets have been identified yet.

Regarding its neuroprotective effect, it has been reported that diosmin combined
with hesperidin significantly improved mechanical and thermal hyperalgesia in the rat
chronic constriction injury model. These effects can be blocked by dopamine like 2-
receptor (D2) antagonists, gamma-aminobutyric acid subtype A receptor GABAA,
modulators, and opioids, but not by the serotonin receptor subtype 5 HT(1A) inhibitor.
Consequently, diosmin alone may exhibit antihyperalgesic effects through D2 and opioid
receptors, accompanied by reduced expression of pro-inflammatory cytokines (IL-1j,
TNFa, and IL-6).® In another study, diosmin was shown to attenuate pain and
inflammation by inhibiting spinal cord cytokines (IL-18, TNFa, and IL-33/stimulation
tumorigenicity 2 receptor (St2)) and activating glial cells.® It was also demonstrated to
have antinociceptive effects in various models of inflammation in rats and mice by
antagonizing transient receptor potential vanilloid 1 without producing side effects.(”

Recent researchers have validated CAs (metalloenzymes that catalyze the rapid
conversion of carbon dioxide and water to bicarbonate and protons) as new therapeutic
targets for the design of new anti-glaucoma drugs, anticonvulsant, anti-cancer drugs,
among others.19 Among the different isoforms in the human body, hCA II and VII are
highly expressed in the nervous system, both centrally and peripherally, and can be
modulated to relieve pain and decrease inflammation. The physiologically dominant
isoform is hCA I, expressed in different central nervous system cells, such as

5



oligodendrocytes and astrocytes. Moreover, high levels of hCA VII are observed in the
cortex, hippocampus, and thalamus, making them promising targets for alleviating this
condition.V

In addition, different in vitro inhibition assays of CA isoforms have shown that
natural phenolic compounds, such as hesperidin and other flavonoids, cause their
inhibition, leading to their involvement in the discovery and design of new drugs, as well
as providing a possible molecular mechanism to attenuate pain and inflammation.(?

In this study, the influence of carbonic anhydrase on the mechanism of action of
diosmin and hesperidin is evaluated for the first time in an in vivo model, since so far it
has been demonstrated in vitro studies that both flavonoids have an inhibitory effect on
this enzyme, however, it has not been shown whether these flavonoids mediate their anti-
inflammatory effect through the inhibition of this enzyme in an experimental model;
therefore, this work is a starting point to evaluate the participation of anhydrase through
a pharmacological strategy initially. Therefore, the natural-origin flavonoids diosmin and
hesperidin were evaluated as therapeutic potentials for alleviating pain and inflammation,
where we sought to elucidate the possible mechanism of action implicated in these

flavonoids through the inhibition of CA.

Materials and methods
Ethical statement
The study was conducted according to the guidelines of the Declaration of Helsinki and

approved by the Comité Institucional de Etica, Facultad de Quimica, Universidad



Nacional Autonoma de Meéxico (protocol code: OFFICIO/FQ/CICUAL/482/22 on July

27th, 2022).

Experimental animals, accommodation, and feeding conditions

Male Wistar rats weighing between 180 and 250 g were used in sixteen experimental
groups, each consisting of six animals (N = 96). All experiments were conducted under
controlled environmental conditions; the rooms were kept under a 12/12-hour dark-light
cycle and included extraction and injection of air with at least 16 changes per hour; the
temperature and relative humidity of the environment in the procedure room were
maintained at 22 £ 2 °C and between 40 and 70 %, respectively. All the animals were

provided with food and water ad libitum.

Drugs and reagents

The products used in this project were the following: Fluka® analytical diosmin with batch:
SLBC3987V, Sigma-Aldrich® hesperidin with batch: SLBT3541, Sigma-Aldrich®
acetazolamide with batch: BCCC4390, Sigma-Aldrich® sulfonamide with batch:
0000120872, Sigma-Aldrich® Tween 80 vehicle with batch: 9005656 prepared at 1 %;
and as the active ingredient, meloxicam in its commercial presentation, Flaxol MX
veterinary injectable solution of Biochem® with batch: ASD4887. For the 1 % formalin
preparation, a 1.25 mL aliquot of the 40 % concentrate was taken and made up to 50 mL

in a flask.



Experimental design

The oral route (PO) of administration was selected as the suggested route for the clinical
use of flavonoids. Doses were based on the reported literature from studies with diosmin
(D) and hesperidin (H),® 13 as well as for acetazolamide (A) and sulfonamide (S).(14 15
Once the antinociceptive and anti-inflammatory effects of both flavonoids were evaluated
at doses of 100 and 316.2 mg/kg, the dose of 100 mg/kg was chosen due to its significant
response concerning the vehicle and the reference drug and without any significant

difference in comparison to the dose of 316.2 mg/kg.

Evaluation of the involvement of carbonic anhydrase
To evaluate the influence of CA on the possible mechanism of action of flavonoids, the
doses were tested in combination with the inhibitors A and S (groups D/A, H/A, D/S, and

H/S, all at 100 mg/kg).

Treatments

The volume for the treatments' administration that each rat received was 0.1 mL/100 g
body weight. The vehicle consisted of 1 % Tween 80. For the preparation of the doses of
flavonoids, or drugs A and S, the necessary amount of each was weighed, and a
suspension was made using 1 % Tween 80. Doses of 100 and 316.2 mg/kg, PO, were
used to administer both flavonoids. Meloxicam, the antinociceptive reference drug, was
used at a dose of 10 mg/kg PO. The drugs A and S were prepared for a dose of 100 mg/kg
and then intraperitoneally administered. Flavonoids were given 30 minutes before the

induction of nociception, and drugs A and S were administered 10 minutes before.



Evaluation of 1 % formalin-induced biphasic response

The rats were evaluated by placing them in methacrylate cylinders with a height of 25 cm
and an area of 706.86 cm?. For adaptation, each animal remained for at least 15 minutes
in the methacrylate cylinder before the start of the test. Then, rats were injected into the
sole of the right hind paw with 2 yL of 1 % diluted formalin with a 30-gauge needle and
instantly returned to the cylinders. The nociceptive behavior was observed immediately,
during the first five minutes (0-5min), and then 20 minutes after the formalin
administration for another five minutes (20—25 min). The nociceptive behavior of the paw
was guantified as the number of shakings and the time the animal spent licking the paw
during the two phases. At the end of the evaluations, euthanasia in a CO2 chamber was
performed. Immediately, the corresponding measurements of the plantar diameter were

made in both hind limbs to quantify the degree of inflammation.

Evaluation by the thread test

For the measurement of inflammation, the paw circumference measurement method was
used.®® In this test, the width of the healthy limb and that with edema was measured to
determine the degree of inflammation of the injected limb through the difference between

both circumferences.



The anti-inflammatory activity was calculated by using the following relationship:

To

% antiinflammatory ef fect = x100

Where: T, thickness of paw in the control group; To, thickness of paw edema in the test

compound-treated group.

Ethanol-induced gastric ulcer assessment

This test was performed to evaluate the gastric protection capacity of the flavonoids
diosmin and hesperidin through the employed administration route, and in comparison
with meloxicam as the reference drug, which produces gastrointestinal adverse effects.?)
The degree of gastric damage was assessed in groups with diosmin 100 mg/kg,
hesperidin 100 mg/kg, and meloxicam 10 mg/kg. The gastric ulcer was induced with
absolute ethanol in rats.(® Thirty minutes after the treatment with the vehicle, flavonoids
(100 mg/kg), and meloxicam (10 mg/kg), rats were given 1 mL of absolute ethanol, PO
One hour later, rats were sacrificed in a CO2 chamber to dissect their stomachs, which
were subsequently filled with 10 mL of 10 % formaldehyde to be fixed. After 10 minutes,
the greater curvature of the stomach was cut to expose the inner walls. Gastric damage
was identified through a mucosal lesion with elongated bands of hemorrhagic lesions,
which were captured and measured in millimeters with the ImageJ image processing

program. The following formulas were used to obtain the results:

. Ulceration area
Ulceration Index (UI) =

Total stomach area

(Mean Ul of control group - Ul of treatment)

Gast tecti %) =
astroprotection (%) (Mean Ul of control group)
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Histopathological evaluation

Stomach samples were stored in the fixative solution (10 % buffered formalin), next, the
tissues were processed (dehydration, clarification and paraffin impregnation), and cut into
3 um thickness. Staining was carried out using hematoxylin and eosin. The analysis will

be carried out by observing morphological changes of the stomachs.

Statistical analysis

For the 1 % formalin test, data are presented as the mean + the standard error of the
mean (SEM) in the time courses of the time-spent licking and the number of shakings. A
two-way analysis of variance (ANOVA), followed by Tukey's multiple comparison test,
was used to compare the evaluated parameters between the groups. Differences were
considered significant at P < 0.05. To measure the diameter of swollen extremities and
gastric damage, a one-way analysis (ANOVA), followed by the post-hoc Tukey’s test, was
used. Differences were considered significant at P < 0.05. Data analysis was performed

with the Prism GraphPad® version 5.01 program.

Results

Formalin test

The formalin-induced nociception produced the typical shaking and licking behavior,
characterized by brief and rapid withdrawal or the injected paw flexion.*® Graphing the
time spent licking and the number of shakings based on the distinctive phases of this pain
test,?9 the nociceptive behavior was evaluated in the control and treatment groups.
Conventionally, the neurogenic phase is the result of central sensitization of dorsal horn

11



neurons and activity of C and A6 fibers, while the inflammatory phase is due to the release
of inflammatory molecules and sensitization of the spinal cord, as well as decreased
activity of C fibers.(?)

Analyzing the graph in Figure 1A, we found that in both phases, the flavonoids
decreased the time spent licking and the number of shakings compared to the vehicle
(control), demonstrating their analgesic-anti-inflammatory effect. A greater effect was
observed in phase 1 on time-spent licking for diosmin at both doses relative to meloxicam,
with a significant difference of P < 0.05, while hesperidin and meloxicam had the same
effect level. Regarding the number of shakings, in phase 1, a greater antinociceptive
response was obtained from both flavonoids in their two doses compared to meloxicam,
with a difference of P < 0.01. Meloxicam did not show an attenuating effect on the number
of shakings at this point, which can be attributed to the fact that this drug is a selective
inhibitor of COX-2,? and since in the chronic state of inflammatory pain, COX-2 is the
predominant isoenzyme at the site of inflammation and in the spinal cord, which occurs
in phase 2.3

Additionally, in this inflammatory phase, the effect could be seen in the decreased
number of shakings, having the same effect as the flavonoids (panel B in Figure 1). In
phase 2 of both assessed behaviors, it was observed that flavonoids produced the same
effect as achieved by meloxicam, which was significant for vehicle P < 0.001. Additionally,
no significant difference was found between 100 mg/kg and 316.2 mg/kg in the diosmin

and hesperidin evaluations.
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Figure 1. Evaluation of the anti-inflammatory effect of the flavonoids diosmin and
hesperidin in the 1 % formalin test. In panel (A), each bar represents the mean + SEM of
the time spent licking (s) in two intervals, phase 1 (neurogenic) and phase 2
(inflammatory). Animals in the groups were administered diosmin and hesperidin at
100 mg/kg and 316.2 mg/kg, and meloxicam at 10 mg/kg. In panel (B), each bar
represents the mean + SEM of the number of shakings in phases 1 and 2 for the same
treatments. In both panels, a two-way analysis of variance was performed: *P < 0.05 vs.
vehicle, and #P < 0.05 vs. meloxicam. All groups consisted of at least six animals.
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Standard Error of the Mean (SEM)

In Figure 2, both flavonoids at 100 mg/kg were compared against the A and S
inhibitors at the same dose. Likewise, different combinations among these groups were
also compared to demonstrate the participation of CA in the antinociceptive effect of
diosmin and hesperidin. As shown in panels A and B of Figure 3, there was no
therapeutic effect of A and S inhibitors when administered individually, as no significant
difference was observed from the vehicle in both phases of the test. In contrast, when
administered in combination with flavonoids, it was observed that the time-spent licking
and the number of shakings increased significantly (P < 0.001) concerning the diosmin
and hesperidin groups administered individually, thus decreasing the anti-inflammatory
effect caused by the flavonoids and suggesting that both A and S somehow inhibit the
therapeutic effect of diosmin and hesperidin.

Regarding phase 1, only diosmin and hesperidin showed a difference versus
control in both behaviors (time-spent licking, P < 0.01, and number of shakings, P < 0.05)
(Figures 2A and 2B). In addition, there was no decrease in the measurement of

behaviors with individual administration of A and S in this phase.
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Figure 2. Evaluation of the anti-inflammatory effect of the flavonoids diosmin and
hesperidin in the 1 % formalin test. In panel (A), each bar represents the mean + SEM of
the time spent licking (s) in two intervals, phase 1 (neurogenic) and phase 2
(inflammatory). Animals in the groups were administered with the vehicle, (D) diosmin
and (H) hesperidin at 100 mg/kg, (A) acetazolamide and (S) sulfonamide at 100 mg/kg,
and the different combinations with flavonoids (D-S, D-A, H-S, H-A). In panel (B), each

bar represents the mean + SEM of the number of shakings for phases 1 and 2 for the
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same treatments. For both panels, a two-way analysis of variance was performed where
*P < 0.05 vs. vehicle, *P <0.05 vs. hesperidin, and *P < 0.05 vs. diosmin. All groups

consisted of at least six animals.

Thread test
The edema was measured to determine the degree of inflammation of the injected limb.
Figure 3A shows the anti-inflammatory effect of diosmin, hesperidin, and meloxicam
compared to vehicle (P < 0.0001). In the same way, as in the formalin test, no significant
differences were observed among the evaluated doses of flavonoids.

When diosmin and hesperidin were individually administered, they produced a
high anti-inflammatory effect; however, combined with the A and S inhibitors, their effect

was significantly decreased (panel B in Figure 3).
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Figure 3. Evaluation of the anti-inflammatory effect of the flavonoids diosmin and
hesperidin in the thread test. In panel (A), each bar represents the groups administered
with diosmin and hesperidin at 100 and 316.2 mg/kg and meloxicam at 10 mg/kg. In panel
(B), the groups administered with the vehicle, (D) diosmin and (H) hesperidin at
100 mg/kg, acetazolamide (A) and sulfonamide (S) at 100 mg/kg, and the different
combinations among flavonoids and inhibitors (D-A, D-S, H-A, and H-S) are shown. For
both panels, each bar represents the mean + SEM of the percentage of anti-inflammation
in at least six animals. A one-way analysis of variance followed by a Tukey's test was

performed: *P < 0.05 vs. vehicle, *P < 0.05 vs. hesperidin, and ®*P < 0.05 vs. diosmin.

Gastroprotective effect of diosmin and hesperidin

We evaluated a possible adverse effect of treatments using the ethanol-induced gastric
ulcer test. The diosmin and hesperidin groups showed a significant difference
(P <0.0001) regarding the percentage of gastroprotection in comparison with the
reference drug meloxicam (Figure 4A). In panel B in Figure 5, the ulceration index (Ul)
or percentage of existing damage is shown, where a significant difference of P < 0.0001
with respect to the vehicle was observed in the diosmin, hesperidin, and meloxicam
groups. A remarkable difference of P < 0.0001 against meloxicam was obtained with the
flavonoids, indicating that both provide significant protection of the gastric mucosa

compared to the vehicle and the drug meloxicam.
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Figure 4. Gastroprotective effect of diosmin, hesperidin, and meloxicam on gastric
lesions induced by absolute ethanol in Wistar rats. In panel (A), each bar represents the
mean = SEM of the percentage of gastroprotection in at least six animals. In panel (B),
each bar represents the ulceration index (Ul). For both panels, a one-way analysis of
variance followed by a Tukey'’s test was performed: *P < 0.05 vs. vehicle, and P < 0.05

vs. meloxicam.

Histopathological changes in gastric tissue

On the histopathological assessment, gastric tissue damage in rats receiving absolute
ethanol was observed in the glandular section, an extensive area of the lamina propria
with abundant erythrocytes outside the vascular bed, dissecting the glands. The
submucosal fibers are separated by oedema, expanding the submucosa (diffuse mild
gastric hemorrhage) (Figure 5A and 5E). The group administered with diosmin
100 mg/kg shows a focus of the glandular section with accumulated erythrocytes in the

middle and apical part of the mucosa (mild focal gastric congestion) (Figure 5B and 5F).
18



Hesperidin (100 mg/kg) prevented the development of damage, as there were no obvious
pathological changes (Figure 5C and 5G). Meloxicam (10 mg/kg) produced a significant
area of lesion in the glandular section, with accumulation of erythrocytes in the middle
and apical part of the mucosa. The submucosal fibers are separated by oedema,

expanding the submucosa (mild focal gastric congestion) (Figure 5D and 5H).

F Qosmn 00 mpsg G Heaperan 100 mpk) Mozmcam 10 mohy

oy

Figure 5. Representative photomicrographs with morphological changes of gastric
lesions in rats. Panel A) (absolute alcohol, vehicle) mild diffuse gastric hemorrhage. B)
Diosmin 100 mg/kg, mild focal gastric congestion. C) Hesperidin 100 mg/kg, no apparent
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changes. and D) Meloxicam 10 mg/kg, mild focal gastric congestion. Below are
representative photographs of gastric lesions in E) absolute alcohol, vehicle, F) diosmin,

G) hesperidin and H) meloxicam.

Discussion

In the present study, the involvement of CA in the antinociceptive effect of the flavonoids
diosmin and hesperidin was evaluated in acute and tonic pain induced with 1 % formalin
in Wistar rats. It is reported in the literature that different flavonoids, including diosmin and
hesperidin, cause a therapeutic effect,®” in doses ranging from 5 mg/kg to 400 mg/kg
without producing toxic effects in experimental models with mice and rats.®> 26 For
people, the dietary intake of these flavonoids in Western countries is estimated to be
between 193 and 562 mg, which corresponds to 2.8 to 8 mg/kg of body weight for a 70
kg person.@” In this study, we used doses of 100 and 316.2 mg/kg. Nonetheless, there
was no significant difference among these two groups, so it was decided to use the lower
dose of 100 mg/kg for the subsequent experiments.

The response of the flavonoids was compared to the reference drug, meloxicam.
Analyzing the results in phase 1 of the formalin test, we noticed that the effect of the
flavonoids diosmin and hesperidin on both assessed behaviors was greater than that of
meloxicam. When phase 2 was reached, the effect of meloxicam was equal to that of
flavonoids, since there were no significant differences among these groups. Meloxicam
is a non-steroidal anti-inflammatory drug considered an inhibitor of COX-1 and COX-2
with greater selectivity for COX-2, COX-2 is typically absent in cells but is rapidly

expressed in response to stimuli such as lipopolysaccharides or pro-inflammatory
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cytokines, regulating the production of prostanoids involved in inflammatory and non-
inflammatory processes. @8

Even so, their mechanism of action and the involvement of CA have not been
elucidated yet. CAs are zinc-containing metalloenzymes that catalyze the hydration and
dehydration reactions of carbon dioxide (CO2) and carbonic acid (H2COs3), respectively.
The hydration reaction generates bicarbonate ions (HCO3s’) and hydrogen ions (H*) from
CO2, while the dehydration reaction generates COz from H2C0O3.2® Margheri et al.3%
found that some CA isoforms (CAIV, CAIX, and CAXIl) were overexpressed in the
presence of inflammation, so they were considered therapeutic targets for this condition.
Likewise, the CAIl and CAVII isoforms were identified as therapeutic targets for
neuropathic pain since they are found at relatively high levels in the cortex, hippocampus,
and thalamus.®b

In our study, the administration of the flavonoids diosmin and hesperidin resulted
in decreased time-spent licking and shaking behaviors, as well as diminished limb
inflammation, in comparison to the vehicle, acetazolamide, sulfonamide, and their
respective flavonoid combinations. In phase 1, or “neurogenic”, the activation of Ad fibers
and C fibers occurs during the first minutes of the evaluation, resulting in the generation
of action potentials that induce, in turn, the release of neurotransmitters in the dorsal horn
of the spinal cord, causing the transmission and perception of pain. At this point, the pH
of the medium remains balanced; however, as the minutes pass, the damage progresses
and phase 2, or “inflammatory” is reached. In this phase, a cascade of inflammatory
substances sensitizing or exciting nociceptors is triggered. These include K* and H* ions,
serotonin, bradykinin, histamine, prostaglandins, leukotrienes, and substance P.(1° 20)

21



It has been reported that in inflamed tissues, there was a high concentration of
hydrogen ions, indicating that the pH became more acidic as the intensity of the
inflammatory reaction increased; pathophysiologically relevant pH values (6.1-6.9
threshold) produced a selective non-adapting excitation of nociceptors and a significant
sensitization to mechanical stimulation. Thus, it has been proposed that local acidosis
plays a major role in cutaneous pain and hyperalgesia, where the hydrogen ions
selectively excite “polymodal” and “high-threshold mechanosensitive” C-fibers.G? In
addition, since CAs are overexpressed in inflammatory conditions, we can suggest that
these enzymes contribute to acidifying the environment by increasing pCO2 and
decreasing the pH in the affected area, considering these values are inversely
proportional.©3)

When analyzing the obtained results in the formalin test, an increase in time-spent
licking and shaking behaviors was observed in phase 2 compared to phase 1 in the
vehicle group, acetazolamide, sulfonamide, and the combinations of these with
flavonoids. Supuran with others®* 35 reported that flavonoids, as well as various phenolic
compounds, acted by binding to the enzyme by anchoring to the hydroxyl ion, which was
bound to the solvent molecule bound to zinc (Zn(ll)). Based on these findings, it is
expected that the effect of flavonoids on CA may be mediated by the inhibition of the
activity of this enzyme on the hydration of CO2 and the dehydration of H2COs, which are
reactions carried out by this enzyme, helping the pH of the medium to stabilize.(®4 35

After the acetazolamide and sulfonamide inhibitors were given alone and in
combination with the flavonoids (D/S, D/A, H/S, and H/A), no anti-inflammatory response
was observed since the time-spent licking, the count of the number of shakings, and the
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percentage of inflammation remained elevated without a special difference concerning
the vehicle group. In fact, A and S reversed the activity of flavonoids when they were
administered in combination. Like flavonoids, A and S are CA inhibitors that bind
differently to the enzyme. Both lack isoform specificity, which can lead to side effects such
as increased urination, dry mouth, nausea, and vomiting in the case of acetazolamide
and diarrhea, abdominal pain, and headache in the case of sulfonamide.(®)

Supuran® evaluated the inhibition of CA with different natural products, reporting
that inhibitors such as A and S acted by coordinating the inhibitor with the Zn(ll) ion
through the replacement of water/hydroxide ion linked to zinc, resulting in a tetrahedral
geometry of Zn(ll), thus interrupting the hydration cycle of carbon dioxide, which indicates
that A and S are non-competitive inhibitors since the enzyme cannot catalyze its reaction,
in addition to reducing the number of functional enzyme molecules that can perform the
reaction. At this point, and considering that both A and S bind with the Zn(ll) ion, change
the conformation of the molecule, and replace the hydroxyl ion, we suppose that when
flavonoids are administered, they bind to the hydroxyl ion and are displaced by the
inhibitors A and S, which explains why no effect was observed. However, further studies
are needed to evaluate the factors involved in the effect of Aand S on D and H.

Moreover, it is known that A and S inhibitors have greater affinity and inhibitory
activity on CAIl and CAVII isoforms, which are considered therapeutic targets for pain.?
This helps us to explain why a lack of anti-inflammatory activity was observed since CAII
and CAVII are mainly located in the thalamus and cortex, leaving them very far from the
hind limb, which was the site of injury. In contrast, the isoforms CAIV, CAIX, and CAXII
are overexpressed in this site since they are present in the membrane of basal cells, i.e.,
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in cells located in the lowest part (or base) of the epidermis, which is the outermost layer
of the skin and with which the affinity of the inhibitors is lower. (8

It has been reported that both A and S showed efficacy against different types of
pain in doses ranging from 100 to 200 mg/kg in neuropathic and visceral pain
models.# 39 However, concerning their anti-inflammatory effect, there are few studies,
some of them related to their efficacy against chronic obstructive pulmonary disease, lung
inflammation, and inflammatory bowel diseases such as Crohn's disease and ulcerative
colitis.9) The reason may be because CAll is also located in the esophagus, colon, and
stomach. Since A and S are more related to this isoenzyme, they contribute to alleviating
diseases related to these organs.(®

Although there is evidence that these inhibitors could produce an anti-inflammatory
effect, more studies are needed to determine their efficacy in different types of
inflammation since, particularly in the formalin test, it is suggested that the evaluated dose
was not enough to inhibit all CAs present in the body, including ones mainly related to
inflammation, and thus generate a high response in terms of the time-spent licking and
the number of shakings. There are several in vitro and in vivo studies that highlight the
action of A and S inhibitors in reducing symptoms related to neuropathic pain, presenting
them as favorable drugs for this type of condition.!* This, in the first place, makes it clear
that both A and S can cross the blood-brain barrier and having greater affinity with the
isoforms CAIll and CAVII, which are in greater quantity in the thalamus, hippocampus,
and cortex, as mentioned before.

Related to that, we could not find reports on their effects on inflammatory
mechanisms. In this study, the injury was caused by a chemical stimulus (1 % formalin)
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to cause inflammation of a limb, as opposed to neuropathic pain, in which partial damage
is caused to peripheral or spinal nerves such as spinal nerve ligation and partial sciatic
nerve ligation. Regarding the combinations of A and S with flavonoids, a significant
difference in the time-spent licking compared to the vehicle group was observed. Even
so, this effect was not sufficient to match the response of the flavonoids individually
administered, as there was a significant difference between the diosmin and hesperidin
groups with the combinations. Concerning the number of shakings, the combinations with
A and S did not show a decrease or a significant difference with the vehicle group.

The above suggests the importance of the mechanism that the flavonoids diosmin
and hesperidin have on CA to cause an anti-inflammatory effect, since, as mentioned
before, this is not the only mechanism by which these substances cause a response.
Therefore, as we obtained a similar response to the vehicle with these combinations, we
can suggest that CA inhibition is one of the main mechanisms by which the flavonoids
produce their effect. Moreover, these results suggest that both A and S inhibited CA
isoforms by changing the enzyme structure, preventing flavonoids from causing their anti-
inflammatory effect; nevertheless, more studies are needed to evaluate.

Concerning the ethanol-induced gastric injury in rats, the flavonoids diosmin and
hesperidin produced a marked protective effect against gastric ulceration, obtaining a
high percentage of gastroprotection compared to the meloxicam and vehicle groups. The
drug meloxicam produced an area of ulceration notably greater than the flavonoids
visualized by the hemorrhagic bands. It has been shown that several flavonoids produce
effective anti-ulcerogenic activity that is comparable to that of clinically used anti-ulcer
drugs.“V Suérez et al.*? analyzed hesperidin in different experimental models of gastric
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ulcer, finding that this flavonoid showed an outstanding ability to reduce the ulceration
rate. Similarly, Elshazly et al.*® proposed that the gastroprotective effect of flavonoids
was associated with a decrease in free and total gastric acidity and an increase in gastric
pH, which could be related to CA inhibition. However, more evidence is needed to support
this information, and more studies should be carried out.

In conclusion, diosmin and hesperidin are promising alternatives for treating pain
and inflammation, potentially through the inhibition of carbonic anhydrase. The
explanation of CA inhibition due to diosmin and hesperidin mostly is unexplored, and our
current findings have created new questions on the effects and molecular mechanisms
of CA. Therefore, this is a starting point for further research towards more specific assays

on the mechanisms of action involved in these new therapeutic applications.
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