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Abstract

Naphthoquinone derivatives have various pharmaambgproperties. Here, we
describe the synthesis of new 1,4-naphthoquinoneales inspired by lawsone and
B-lapachone and their effects on both migrationlmbblastsn vitro and dermal wound
healing in diabetic mice. NMR and FTIR spectroscapgled characterization of
chemical composition and demonstrated the moleaasaations after the synthesis of
four different derivatives, namely 2-bromo-1,4-ndqaguinone (termed derivatives),
2-N-phenylamino-1,4-naphthoquinone (derivat®, 2-N-isonicotinoyl-hydrazide-1,4-
naphthoquinone (derivatives6), and 1N-isonicotinoyl-hydrazone-[2-hydroxy-3-(3-
methyl-2-butenyl)]-1,4-naphthoquinone (derivativ&/). Our results indicate that
derivativesS3, S5, S6 and S7 were non-toxic to the 3T3 fibroblast cell line. daratch
assays, derivativeSs3 andS6, but notS5 or S7, stimulated the migration of fibroblasts.
Compared with untreated diabetic mi&8, S6 and S7 treatments accelerated wound
closure. However, derivativ€3 was optimal for the stimulation of epithelization,
thereby increasing the number of keratinocyte kysrd blood vessels, and reducing
diffuse cellular infiltration, compared to derivags S6 andS7. Our results suggest that
novel 1,4-naphthoquinone derivatives promote fitasb migration and accelerate

wound closure under diabetic conditions.
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1. INTRODUCTION

Diabetes includes a heterogeneous group of disorddraracterized by
hyperglycemia and a relative or absolute lack ofuim secretion or action [1].
According to the World Health Organization, morarthone million people die from
diabetes each year, and an increasing number iehpmatequire hospitalization. Current
projections indicate that nearly 415 million adulsve diabetes and that this estimate
will reach 642 million individuals in 2040 [2].

Non-healing wounds are a typical hallmark of diabethat results in chronic
lesions, ulcers, and amputation of the extremitegatively impacting patient quality
of life and raising costs for health systems [3, Approximately 85 million patients
with diabetes worldwide have complications assedatith delayed cutaneous wound
healing [5].

Cutaneous wound healing is a dynamic process taqtiines coordinated
participation of many cell types acting in distiqpdtases to restore the anatomical and
functional integrity of tissue [6]. The wound hegliimpairment seen in diabetes is a
consequence of both extrinsic and intrinsic facioduding repeated trauma and/or
maintained hyperglycemia. Both factors negativelfiec the phases of healing by
interfering with cellular penetration, oxidative takolism, collagen deposition, blood
circulation, and angiogenesis [7]. Therefore, gitleat different cellular and molecular
events are affected by diabetic conditions, armeat based on simultaneous correction
of the multiple deficits could be an attractiveeatiative. However, new therapeutic
products with these characteristics may have digete and/or involve high costs [8].
Thus, developing effective and economical therafesorrecting healing of diabetic

wounds are still needed.



The chemical modification of existing active priplels is a strategy of great
importance in identifying new medicinal products].[Examples of successful
medicines that originated from natural productslude procaine, simvastatin, and
dapagliflozin, among others [10]. This approach cesult in new drugs capable of
promoting improvements in the quality of life ofabetic patients with wounds that are
slow to heal.

Naphthoquinones are natural aromatic compoundsctratoe found in several
plant families and are traditionally used for thdyeing properties [11]. However,
recently, a variety of biological activities to cpounds as lawsong;lapachone, and
lapachol (Figure 1), have been reported, includamgimalarial, antioxidant, and
antitumoral activities [12-15].

These natural naphthoquinones have been demouistoateave wound healing
properties, which may be due to anti-inflammatang antioxidant properties [16, 17].
Additionally, a previous study demonstrated thaal oadministration of lawsone
promoted cutaneous healing of both excision andsimt wounds in rats [18].
Furthermore, previous studies have been demordstrdie influence of electron-
donating or withdrawing groups into structure of4-haphthoquinones able to
improving their pharmacological activities [19, 2({owever, to the best of our
knowledge, there are no available data on the atialuof the potential healing effects
of these naphthoquinone derivatives for diabetiands. Thus, the present study aimed
to evaluate the effects of naphthoquinones devigatin skin wound healing in diabetic

mice.



2. MATERIALSAND METHODS

Melting points were determined by the MQAPF-301 arppus and were
uncorrected. Infrared spectra were obtained usimg Bomem FT-IR MB-102
spectrometer with KBr pelletsH NMR (400 MHz) and*C NMR (100 MHz) spectra
were recorded using the Bruker Advanced DPX spewter with CDCJ or DMSOds
as the solvent. Column chromatography was perfonnsedy silica gel 60G 0.0630-200
mm (70-230 mesh ASTM) Merck and silica gel 60G 0.2—mm VETEC. TLC
analyses were performed on precoated aluminumsplattesilica gel 60F 254 plates
(0.25 mm, Merck). Solvents were purified and driectoading to the standard
procedure.

Naphthoquinones were purchased from Sigma-AldridBA) and were used
without purification; these included 1,4-naphthogqui@ S1), lawsong(S2) (2-hydroxy-
1,4-naphthoquinone), and 2-bromo-1,4-naphthoquindtermed derivative S3).
Lapachol (2-hydroxy-3-(3-methyl-2-butenyl)-1,4-népdguinone) $4) was isolated
from the bark offabebuia sp., collected in the Agreste Region of AlagoaseStRrazil)
and used as the starting material for the synth&fsisN-Isonicotinoyl-hydrazone-[2-
hydroxy-3-(3-methyl-2-butenyl)]-1,4-naphthoquinoftermed derivativeS7). S1 was
used for the synthesis of N-phenylamino-1,4-naphthoquinone (derivatisg), while
S2 was used for the synthesis ofNzsonicotinoyl-hydrazide-1,4-naphthoquinone

(derivativeSb).

2.1. Chemistry
2.1.1. Extraction and characterization of lapachol ($4)
Lapachol was isolated from wooden chipsTabebuia sp. bark by aqueous

sodium carbonate extraction (10% wl/v), followed lkijlute hydrochloric acid



precipitation and then ethanol or ethyl acetateystallization, leading to a 1-2% yield
from the bark. @H1403; mp: 139-140 °C (lit. 140 °C). Yellow solid. [2I¥MR *H
(400 MHz, CDC}): 6 8.13 (1H, dd,) = 7.6; 1.3 Hz); 8.08 (1H, dd,=7.5; 1.4 Hz); 7.76
(1H, td,J = 7.6; 1.3 Hz); 7.66 (1H, td, = 7.6; 1.3 Hz); 7.3 (1H, s, OH); 5.21 (1H, m),
3.32 (1H, dJ = 7.4 Hz); 1.79 (3H, s); 1.69 (3H, s). NRMC (100 MHz, CDCJ): &
184.6 (C=0); 181.7 (C=0); 159.9 (CH), 152.7 (C)4IB3(CH); 133.8 (CH); 133.7
(CH); 132.7 (CH); 129.6 (C); 129.3 (C); 126.6 (CH)9.6 (C); 25.7 (CH3); 22.5 (CH);
17.8 (CH3). FTIR: 1665 (C=0); 2917 (CH2 e CH3); 138=C); 3354 (OH); 724 (CH

aromatic).

2.1.2. Synthesis and characterization of naphthoquinones derivatives

In order to assure novelty in the synthesis ronteperform modifications in the
structure of 1,4-naphthoquinone with nitrogenateaug. All target compounds were
obtained by nucleophilic attack of the most bagimgen directly into a carbonyl group

(C1) orin a carbon (C2) of 1,4-naphthoquinone.

2.1.2.1. 2-N-Phenylamino-1,4-naphthoquinone (S5)

1,4-naphthoquinon&l (871 mg, 3.5 mmol) was dissolved in 60 mL of water
and after complete dissolution, it was added ton@L3of aniline solution. The mixture
was stirred at reflux for 24 h when the TLC constimpof the starting material was
observed. Solids obtained were filtered, washedh weold water, dried, and
recrystallized with methanol to obtain the derivats5 at 69% yield. GH11N16NOy,
mp. 156-160 °C; Dark red solid, NM#{ (400 MHz, CDC}) ): & 8.11 (2H, m); 7.77
(1H, td,J = 7.4; 1.5 Hz); 7.68 (1H, td = 7.6; 1.5 Hz); 7.43 (2H, t] = 8.0 Hz); 7.29

(2H, d,J = 8.8 Hz); 7.23 (1H, t) = 7,4 Hz); 6.43 (1H, s), NMKC (100 MHz, CDCJ):



§ 183.9 (C=0); 182.1 (C=0); 144.7 (C=C-N); 137.4NE-134.9 (CH); 133.2 (C);
132.3 (CH): 130.3 (C); 129.7 (CH); 126.5 (CH); 1I26CH): 125.6 (CH); 123.6 (CH):;

122.8 (2 x CH); 103.3 (CH).

2.1.2.2. 2-N-Isonicotinoyl-hydrazide-1,4-naphthoquinone (S6)
2-Hydroxy-1,4-naphthoquinor® (2.5 g, 14.4 mmol) was dissolved in 100 mL
of 80% glacial acetic acid solution. To this suspen, 1.6 g of isonicotinoyl hydrazide
was added gradually. After the addition of the laygdtte, a color change was observed
from yellow to red. After 72 h of constant stirrirj room temperature, the solid
obtained was filtered off, washed with 80% acetim asolution and water, dried, and
recrystallized from methanol to give the composédat 45% vyield. GsH11N303; Poec
222-224 °C; Orange solid, NMB (400 MHz, DMSOd-6):  11.0 (1H, s); 9.5 (1H, s);
8.8(2H,dJ=5.9Hz); 8.03(1H,d]=7.4; 1.2 Hz); 7.9 (2H, dd,= 7.4; 1.1 Hz); 7.85-
7.83 (3H, m); 7.76 (1H, tdl = 7.4; 1.2 Hz); 5.76 (1H, s). NMEC (100 MHz, DMSO-
d6): 5 182.7 (C=0); 181.3 (C=0); 164.3 (NHCO); 150.9 (CHA8.7 (C=C-N); 139.6
(C); 135.4 (CH); 133.3 (CH); 132.8 (C); 130.9 (@R6.3 (CH); 125.9 (CH), 121.8

(CH): 102.4 (C).

21.23. 1-N-nsonicotinoyl-hydrazone-[2-hydr oxy-3-(3-methyl-2-butenyl)]-1,4-
naphthoquinone (S7)

Lapachol$4 (484 mg, 2.0 mmol) was dissolved in 20 mL of 10%NEsolution.
To this solution, 5 mL of an aqueous solution amisotinoyl hydrazide (6.0 mmol)
was added and was kept under constant stirringaath temperature. After 48 h, TLC
consumption of the starting material was observatitae reaction was treated with 4

mL of glacial acetic acid. A solid was obtainedtbg precipitation of the medium using



ice water; this was filtered and recrystallizedrrethanol to obtain the derivati& at
95% vyield. GoHaoN3Os; mp 164-167 °C; Orange solid, NM{ (400 MHz, DMSO-
d6): § 16.4 (1H, sl, NH); 8.90 (2H, d,= 5.5 Hz); 8.10 (1H, sl); 7.98 (1H, sl); 7.86 (2H,
d,J = 5.5 Hz); 7.56 (2H, m); 5.08 (1H, m); 3.24 (2HJc 7.2 Hz) 1.73 (3H, s); 1.65
(3H, s). NMR™®C (100 MHz, DMSOd6): 5 179.7 (C=0); 166.4 (C-OH); 15.5 (NHCO);
150.9 (CH); 140.3 (C); 131.3 (C, C=N); 130.9 (C304 (CH); 129.4 (CH); 127.9 (C);
124.3 (CH), 123.3 (CH); 122.4 (CH); 121.7 (CH); MLTC); 25.4 (CH3); 21.2 (CH2);

17.9 (CH3).

2.2. Biology
2.2.1. Cdll culture

The mouse fibroblast cell lines 3T3 were maintaimedulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal in@vserum, 2 mM-glutamine,
and 40ug/mL gentamicin, and cultured in a humidified atplosre contained 5% GO
incubator at 37 °C. For the experiments, cells wgevn for 24 h in supplemented
medium in a 96-well cell culture plate. The assag werformed using cells between 3—

5 passages. In all experiments, untreated cells wszd as negative controls.

2.2.2. Cell viability assay and treatment

The effect of naphthoquinone derivatives on celbility was evaluated by the
MTT assay [22]. Naphthoquinone derivatives weresaliged in dimethyl sulfoxide
(DMSO) and then diluted with DMEM. Cells were platen 96-well plates (6 x
10%well) and treated with naphthoquinone derivatimesoncentrations of 1, 5, 10, or
50 uM, for 24 h. Thereafter, the medium was replaceth iresh RPMI containing 5

mg/mL MTT. Following an incubation period (3 h)anhumidified CQ incubator at 37



°C and 5% C@ the supernatant was removed and dimethyl suléogaution (DMSO,

150 mL/well) was added to each cultured plate. rAfldeubation at room temperature
for 15 min, the absorbance of the solubilized MT®rnfazan product was
spectrophotometrically measured at 540 nm. Thrdeviolual wells were assayed for
each treatment and the percentage viability redatie the control sample was

determined as (absorbance of treated cells/absmelzruntreated cells) x 100%.

2.2.3. In vitro scratch wound healing assay

To evaluate the effect of naphthoquinone deriestion fibroblast motility, we
used the scratch assay as described by Herrergan€arzarrough, Hasturk, Leung and
Van Dyke [23]. Cells were maintained in 24 well tpka until they reached 90%
confluency. Thereafter, a vertical stripe on thi m®nolayer was made using a sterile
pipette (20QuL) tip. The wells were washed with PBS to removadieells and debris,
and then naphthoquinone derivatives were added caneentration of 1@M. As a
control, the cells were treated with cell culturedium. After 24 h of treatment, cells
were photographed using an inverted microscopen(@lg 1X70) with digital camera
aid to measure the wound closure area. Cell maratvas analyzed using Image J

software and expressed as the area in pixelsqldrdnalyzed.

2.2.4. Animals

Experiments were carried out on adult male Swig® if25—-35 g) obtained from
the Federal University of Alagoas (UFAL) breedingtuThe animals were maintained
with free access to food and water and kept at 2> with a controlled 12-h

light/dark cycle at the Institute of Biological aktalth Sciences (UFAL). Experiments
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were performed during the light phase of the cyBleexperiments were carried out in

accordance with institutional guidelines and etlfisgsense Number 050/2013).

2.2.5. Induction of diabetes mellitus

Diabetes mellitus was induced in 12-h-fasted migeu injection in the orbital
venous plexus of alloxan monohydrate (65 mg/kgsalised in sterile saline (0.9%,
NaCl) as described previously [24]. Control miceevmjected only with saline. Blood
glycaemia of the samples obtained from the taihweas determined using a glucose
monitor. Only mice with glucose levels above 200dahgvas considered to be diabetic,

and those animals were included in the experiment.

2.2.6. Excision wound model and treatment

Twenty-one days after alloxan injection, period evhstabilization of diabetes
was ensured, animals were anesthetized using i@péarnitoneal injection of a ketamine
(100 mg/kg) and xylazine (10 mg/kg) mixture. Thétexa the dorsal region was shaved,
wiped topically with distilled water, and circulaounds were made using a template of
metal circle with a diameter of 1 cm. Animals wéised individually in disinfected
cages after recovery from anesthesia and maintalngdg experiments. Animals were
randomly divided into five groups of 5 animals: Adiabetic animals (NDB) treated
with 50 ul of PBS, diabetic animals (DB) treated with plOof PBS, diabetic animals
(DB) treated with 50ul of 2-bromo-1,4-naphthoquinon&3, 50 pmol/Kg), diabetic
animals (DB) treated with 5@l of 2-N-isonicotinoyl-hydrazide-1,4-naphthoquinone
(S6, 50 umol/Kg), and diabetic animals (DB) treated with @Oof 1-N-isonicotinoyl-

hydrazone-[2-hydroxy-3-(3-methyl-2-butenyl)]-1,4pmhoquinone %7, 50 umol/Kg).
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All animals received topical treatment on the wasmdhce daily until the end of the

experiments.

2.2.7. Wound closur e measur ements

Macroscopic evaluation of the wounds was perforogdg a digital camera, on
day O (before the start of treatment) and 8n68, 9", and 12" days after injury, and the
data were analyzed using Adobe Photoshop CS5 gseftwihe results of wound
measurements on various days were expressed anfagye of wound closure. The
wound closure percent was calculated using thewviatlg equation: [(AO — Al)/A0 x
100], where A0 is the initial wound area (day O)l & is the wound area or"36", 9",

or 12" after initial wound.

2.2.8. Histopathological analysis

The new full-thickness skin layer that was regetggtaby 12 days post
wounding was removed using a surgical scalpel igtological analysis. Animals were
euthanized with thiopental sodium (100 mg/kg, i.m) collect granulation/healing
tissue. The skin specimens were fixed in 10% bafféormalin, processed, and blocked
with paraffin [25]. Then, sample were sectioned iBtum-thick sections and stained
with hematoxylin and eosin (H&E), as per the staddaethod and visualized under a
light microscope (Olympus BX51 attached DP70 Digiiamera System) at 10x and

40x magnification.

2.2.9. Statistical Analysis
Data were expressed as mean + standard deviatiom. sfatistical analysis

involving two groups was done using Studemfsst. Analysis of variance followed by
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the Tukey’s test were used to compare three or mereps. Values of p < 0.05 were

considered as indicative of significance.
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3.RESULTS
3.1 Synthesis of naphthoquinones derivatives

The strategy for the synthesis I¢fsubstituted-naphthoquinon&s, S6, and S7
iIs presented in Figure 2. All compounds were oleinn yields ranging from
satisfactory to excellent by nucleophilic attacktleé most basic nitrogen directly into
the carbonyl group (C1) or into a carbon (C2) & th4-naphthoquinone nucleus and

were characterized by adequate spectroscopic tpobsi Figure 2.

3.2. FTIR spectra

In this study, FTIR data were used to identify tn@jor functional groups
present in the compounds. In general, FTIR spedftr@oducts showed the stretching
vibrations of OH, NH, and Nigroups binding were observed in the 3440-3200 cm
region. In the starting material 1,4-naphthoquindag/sone or lapachdhe bands of
two carbonyl groups/(*C=0) andv(*C=0) and stretching vibrations of C—O were
observed in the 1660-1640 ¢rand 1224-1047 cinregions, respectively. In th83
derivative, the stretching vibrations of C—Br wdsserved at 690 cm For the 2N-
substituted-naphthoquinon&s andS6, the bands of the carbonyl grougdC=0) and
v(*C=0) were observed in the 1673-1660"tragion, while the stretching vibrations of
C-N appeared in the 1670-1343 tmegion. ForS7, a 1N-acylhydrazone, was
observed the appearance of an absorption band whitle attributed to the formation
of the C=N bond was observed. ThHEC=N) was observed in the 1681-1545"tm

region.

3.3.'H NRM spectra
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'H NMR spectroscopic analysis of the compour8®S7 showed signals
concerning the aromatic hydrogens of the naphtleatergy system betweeh 8.1-7.8
ppm as doublets and triplets. The singlet corredpgnto the hydrogen CH (H3),
proton neighboring the bromo group appearsd a&.5 ppm. InS5, this hydrogen,
neighboring the aniline group, was observed &4 ppm and ir56 the proton (H3)
appears at 5.7 ppm. The chemical shift of thisgratan be explained in terms of the
presence of electron donor or electron withdrawaligs connected to the conjugate
system. FoIS7, this signal is absent due to the presence ofdtyerenyl side-chain at
C3. Regarding the isonicotinoyl hydrazide groupspre inS6 andS7, the four pyridyl
protons could be assigned at 8.8 and 7.8 ppm,vwitbeottho protons with respect to
nitrogen (H19 and H21, Figure 2) are largely ddded In S6, the two singlets
observed at approximately 9.6 and 11.0 ppm aretaldlee N(1)H and N(2')H groups
(Figure 2). In addition, the presence of the N(IJt¢mical shift at 11.0 ppm ir6Svas
indicative of conformation in which N(1)H is hydyen bonded to the carbonyl oxygen
(*c=0).

The comparison ofH NMR spectra between the starting matesiatl theS7
derivativeindicated that the signals from the side-chain &w@re virtually unchanged.
The presence of a largely deshielded signal at o in theS7 spectra was indicative
of conformation in which N(2')H is hydrogen bondedhe carbonyl oxygerf¢=0). It
Is expected thaS7 will adopt theE or Z conformation in solution. In this type of
reaction, E- and Z-acylhydrazones are in equilibrium through the nmeediate
hemiaminal (Figure 3). In this studjH NMR data indicated that only one of two
possible diastereoisomers was formed with Zkstereochemistry for the C=N double
bond inS7. Z-stereochemistry was established by the intramtde®N(2')-H 10=C six-

membered hydrogen-bonded ring.
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3.4. °C NMR spectra

13C NMR spectra 085 andS6 showed the two carbonyl groups (C=0) between
6 183.7-181.8 ppm, which demonstrates that the aphthoquinone nucleus was
preserved and the substitution of the nitrogenaosigoccurred at the C2 carbon. In
addition, in S5 and S6 the C=C-NH was observed at 144.7 and 148.7 ppm,
respectively. The aromatic carbonsShfwere observed betweén34.8-122.1 ppm. In
the'®C NMR spectra 087, an 1N-acylhydrazone, the signals&179.6 and 166.4 ppm
were attributed to the carbonylQ=0) and*C-OH groups, respectively. These signals
result from the structural modification of the n#quinone nucleus that occurred after
the insertion of the isonicotinoyl hydrazide groufhe signal of the carbon in the
hydrazone group"C=NNCOR) was observed &t131.0 ppm. The four carbons of the
pyridyl groups inS6 and S7 were observed ai 150.8 and 121.9 ppm, as well as a
carbonyl group of amide at 164.1 and 159.9 ppm, respectively. The COSY and
HMBC spectra were used to confirm the structured8 anambiguously assign the

chemical shifts for all the hydrogen and carbometo

3.5. Effects of naphthoquinone derivatives on cell viability

Because naphthoquinone derivatives could have t@dtivities, we first
evaluated the cytotoxicity of these compounds uam@ITT assay. As shown in Figure
4, there was a significant reduction in the viapibf 3T3 cells after treatment with 1,4-
naphthoquinon&l and lapachoB4, but not with lawson&2. Moreover, it should be

noted that the naphthoquinone derivativ&® S5, S6, and S7 did not present a
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significant decrease in cell viability at the testlses. On the basis of these results, we
selected the compoun@8, S5, S6, andS7 to proceed to the next step and evaluate their
respective effects on cell migration.
3.6. Effects of naphthoquinone derivative exposure on fibraoblast motility

The effect of naphthoquinone derivatives on mignatactivity was performed
with 3T3 mouse fibroblast cells using a scratchagssScratches were made on
confluent cells and then treated with RPMI-mediuocongrol) or naphthoquinone
derivatives at a concentration of {B®1 for 24 h. As shown in Figure 5, the treatment of
fibroblasts for 24 h with the naphthoquinone ddnxes S3 and S6 accelerated the
wound closure area by approximately 56% and 68%pewtively. However, cells
treated with naphthoquinone derivatii&sandS7 exhibited a profile of wound closure
area similar to the untreated cells (control), @ating no effect of this derivative on the
migratory capacity of fibroblasts. On the basighefse results, we evaluated the effects
of these derivatives on an vivo wound-healing model. It is important to emphasize
that, although the derivative7 did not show an effect on fibroblasts in the sdrat
assay, we decided include this derivative in thevivo test due to its structural
similarity to derivativeS6 (isonicotinoyl group) and the fact th&f has not previously

been described in the literature.

3.7. Effects of naphthoquinone derivatives on in vivo wound healing assay

Here, the excision wound model was used in ordersgess healing activity of
the naphthoquinone derivativé&3, S6, and S7 in mice with diabetes induced with
alloxan. The progression of healing was evaluataddays 3, 6, 9, and 12 post

wounding.
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As shown in Figure 6A and 6B, the diabetic mice J[piBesented a significant
delay in wound closure kinetics compared to the-diabetic mice (NDB) at all times
analyzed. When the alloxan-induced diabetic miceewwpically treated with the
naphthoquinone derivative®3, S6 or S7, an improvement in wound closure compared
to the PBS-treated diabetic animals was observedshnd", and 12' days post
wounding (Figure 6A and B). Notably, treatment w8y S6 or S7 presented a similar
effect on diabetic wound closure on day 6 with $6.735.1%, and 32.7% wound
closure, respectively (Figure 6B). However, on @&ymproved healing effects were
produced by naphthoquinone derivativé3® and S6, with 82.7% and 78.1% wound
closure, respectively. Th&7-treated wound had a wound closure rate of only &%
the 9" day.

We further examined the effects of naphthoquinomegivetives on tissue
regeneration in wounds. Randomly selected photbgrap wound tissue on day 12 of
non-diabetic (NDB) and diabetic (DB) mice treateithWw’BS, and diabetic mice treated
with S3 (DB+S3), S6 (DB+S6), orS7 (DB+S7) are shown in Figure 7. Skin sections
from non-diabetic animals (NDB) showed an intengghelialization at 12 days post
wounding, accompanied by a layer of keratinocytes mature granulation tissue with
blood vessels and cells showing a fibroblast-likerphology (Figure 7, NDB). In
diabetic mice (DB), the epithelialization was nobmplete, with an intense
accumulation of inflammatory cells and a thin fiaglayer of epithelium and
keratinocytes (Figure 7, DB). The histological peofof skin from diabetic animals
treated with the compound® or S6 brought an increase in the number of layers of
epithelialization, accompanied by a reduction & #dccumulation of inflammatory cells
and the presence of fibroblast-like cells (FigurddB+S3 and DB+S6). In wounds on

diabetic mice treated wit87, despite the improvement in wound closure revebied
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thin layer of epithelization, absence of fibroblhke cells and diffuse accumulation of

inflammatory cells were still observed (Figure B£57).



19

4. DISCUSSION

Delayed skin wound healing in diabetes remainsaasimportant clinical
problem, leading to prolonged hospitalization angne amputation. Consequently,
obtaining chemical entities by synthesis or semitlsgsis remains as effective way to
obtain new drugs with healing effects. In this studiew derivatives from 1,4-
naphthoquinones were synthetized and characteraetl their biological effects
evaluated on am vitro model of cell migration (scratch assay) and onmeblealing in
alloxan-induced diabetic mice. Our results provide first evidence that two of the
naphthoquinone derivatives evaluated in this st@8$ and S6) act directly on
fibroblasts by increasing their migratory activiiyn vitro. Moreover, we also
demonstrated that naphthoquinone derivati®8s S6, and S7 effectively promote
diabetic wound closure.

Indeed, 1,4-naphthoquinones are widely distributad nature. They are
structurally related to naphthalene and chara@ériz their two carbonyl groups in the
1,4 positions, leading to the name 1,4-naphthoqueso Naphthoquinones are highly
reactive organic compounds and have been showawve important pharmacological
properties, such as antimalarial, antibacteridifiamgal, and anticancer properties [12,
13]. However, despite this wide range of effectadi®es on the effects of non-natural
naphthoquinone derivatives in wound healing rensaarce. Only a small number of
natural naphthoquinones, such as alkannin and sinkdave been studied and
demonstrated wound healing properties [26, 27].

Here we describe a method for the synthesi-etibstituted-naphthoquinones.
The reaction of 1,4-naphthoquino® with aniline furnished N-phenylamino-1,4-
naphthoquinone, derivatives. The reaction of 2-hydroxy-1,4-naphthoquin@iewith

N-acylhydrazide (isoniazide) in an acid medium leal 2-N-acylhydrazino-1,4-
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naphthoquinone, derivativié6. In contrast, the reaction in a weakly alkalineusoh led

to 1-N-acylhydrazone-2-hydroxy-1,4-naphthoquinone, derrea&7. In this case, the
formation of the conjugate base in alkaline sohlutiwas proposed to explain this
behavior. The findings of the present study aregneement with those reported by
Carroll et al. [28] and Campos et al. [29].

The chemical reactivity of the 1,4-naphthoquinoneleus is an example of an
a,p-unsaturated substance. Due to this charactetiisag,have ambident behavior when
reacting with nucleophiles, being able to undepgolefinic attack (1,4 addition) or
direct addition to the carbonyl (1,2-addition). Tgreferred position of the addition will
depend on the nature of the nucleophile and thaiogaconditions [30].

Naphthoquinones are involved in oxidative processes to their structural
properties and their capacity to generate reacxgen species [31]. Moreover, the
mechanism of action and pharmacological propedigbese substances are dependent
on their acid-base and oxide-reduction propertwsich can be modulated by the
structural modification of the quinone nucleus Hbye tintroduction of various
substituents.

Previous studies showed that naphthoquinone demegtre potentially toxic
[32], and several studies have shown that chanmgései structure of molecules cause
reduction in its cytotoxicity [33], improve its bagical effects [34], or even reveal new
activities. Notably, conjugation of naphthoquinomath gold nanoparticles can reduce
the cytotoxicity of these compounds [35]. Our resuh the cytotoxicity assay showed
that derivatives, in particuleg3, S5, S6, and S7, have low toxicity compared to 1,4-
naphthoquinone. This low cytotoxicity of the compda might be explained by a
possible change in solubility of molecules; howeverther studies are required to

clarify this aspect.
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Fibroblasts are important cells in normal wound linga they produce
extracellular matrix and collagen structures thagp®rt the other cells associated with
effective wound healing [36]. In addition, the alilof fibroblasts to migrate is an
extremely important feature during the granulatimsue formation phase of wound
healing [37]. One way of assessing the interfereasfoompounds on cell migration is
the scratch assay. This method is a simple andtdivay to measure the rate of cell
migration in ann vitro wound model. Once the cell monolayer is disruptied,loss of
cell-cell interaction induces secretion of growdttbrs and cytokines at the wound
edge, initiating migration and proliferation of lse38].

In the present study, fibroblasts treated with niapiuinone derivativeS3 and
S6 induced an enhanced migration capacity leadingnpooved closure of the scratched
area, suggesting that these derivatives have atdaiffect on fibroblasts. These results
are consistent with a previous study in which aaotimphthoquinone derivative, 2,3-
dimethoxy-1,4-naphthoquinone, significantly imprdvefibroblast motility, a
phenomenon that involved the lysophosphatidic amighaling pathway [39]. In
addition, B-lapachone, a naturatnaphthoquinone, exhibited an inductor effect om th
migration of mouse 3T3 fibroblasts through diffaréAPK signaling pathways [40].
Thus, these observations support the notion thavateres S3 and S6 may directly
affect fibroblast migration; however, future stugiare required to determine the
molecular mechanisms underlying the effects ofdltesivatives.

Diabetes is associated with altered skin wounditg§B, 4]. This deficiency in
healing may be associated with a persistence t#nmhatory cells in the wound area,
which causes tissue damage and impairs wound tesol(4l, 42]. As already
demonstrated, hyperglycemia and oxidative stredsc@ excessive proinflammatory

cytokine production, sustaining an infiltration tEukocytes in injured tissue from
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diabetic mice [43-45]. As shown in the present gtutlabetic wounds still contained a
large number of inflammatory cells infiltrated intissue on day 12 after wounding,
while non-diabetic wounds already exhibited an aded stage of healing. Topical
application of naphthoquinone derivativ&8 and S6 significantly attenuated the
infiltration of inflammatory cells, which suggestisese compounds might provide a
favorable microenvironment for wound healing. Thenaept that attenuating the
inflammatory response can accelerate diabetic eotawound healing has previously
been demonstrated using other topical treatmer@is {Zonsidering this proposal, we
cannot dismiss the effect of these naphthoquineneatives in accelerating each phase
of the healing process, which would result in fasi@sure of wounds. In addition,
previous reports have demonstrated that arnebia-Ijaphthoquinone derivative,
accelerates the wound closure process in distioctets of delayed healing, due to the
induction of expression of eNOS, VEGF, and H-{47, 48]. Thus, it is possible that
these mediators also play a role in the naphthagqénderivative-mediated wound
healing process. Although the derivati$é did not show a direct effect on fibroblast
migrationin vitro, when topically applied to a wound in alloxan-indd diabetic mice,
this derivative promoted an improvement in skin ndwelosure. However, microscopic
analysis revealed a weak reduction in the accumoulaif inflammatory cells. These
differentiated effects induced by the naphthoquenderivatives could be attributed to
the actions at distinct targets at the injury Shieerefore, although speculative, this idea

cannot be dismissed. Further studies are required/éstigate this concept.

5. CONCLUSION
Based on the outcomes of the present study, we mEnated that

naphthoquinone derivativeS3 and S6, but notS7, improve fibroblast migrationn
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vitro. However, the topical application 88, S6, andS7 accelerated the wound healing
process in alloxan-induced diabetic mice. Takenetiogr, we conclude that
naphthoquinone derivatives may have potential lasading-promoting agent for wound

healing, particularly under diabetic conditions.
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Figure 1. Chemical structures of natural naphthoquinonevdtives.

Figure 2. Strategy of synthesis of N-substituted-1,4-naphtimoanesSs, S6 andS7.

Figure 3. Equilibrium ofE andZ-hydrazones through intermediate hemiaminals.

Figure 4. The viability of 3T3 cells after 24 h naphthoquie derivatives exposure.
The dotted line represents the control group (cebsted with DMEM) and bars
represent the mean = S.D. One-way ANOVA was usdid Wikey test, where a p-value

< 0.05 was deemed statistically significant. *p €% and **p < 0.001 vs control

group.

Figure 5. Effect of naphthoquinone derivatives in closufescratched areas in the
scratch assay. Representative photomicrographseofvbunded cells at 24 h after the
scratch, and quantitative analysis of area closuredcratch assay expressed as
percentage of initial area. Bars represent mearbt Gne-way ANOVA was used with
Tukey test, where a p-value < 0.05 was deemedsttally significant. *p < 0.05 and

**p < 0.01 vs control group.

Figure 6. Effect of topical application of naphthoquinonerigdatives in the excisional
wounds in diabetic mice. (A) Representative phapps of wounds at days post
wounding of non-diabetic animals (NDB), diabeticinaals (DB), diabetic animals
treated withS6 (DB+S6), and diabetic animals treated wB (DB+S3). (B) Wound

closure kinetics. Bars represent mean + S.D. OneAMOVA was used with Tukey
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test. +p<0,05, ++p<0,01, and +++p<0,001 comparedNBB group. **p<0.01 and

***n<0.001 compared to DB group.

Figure 7. Representative images of histopathological seststained with H&E from
non-diabetic (NDB) mice, diabetic mice topicallgated with PBS (DB) or 50mol/Kg
naphthoquinone derivatives3, S6 or S7 during 12 days. Set of images in on the left
panel represents 10x magnification with scale @8 idn, while the set of images on
the right panel represents 40x magnification andlesdar 20um. (A) total
reepithelization; ) multi-stratified epithelium;#) layer of keratinocytes—¢) fusiform

cells (fibroblast-like cells);) blood vessels4 diffuse cellular infiltration.
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Highlights

» 1,4-Naphthoquinone derivatives were synthesized and characterized.
e Synthesized 1,4-naphthoquinones promoted fibroblast migration in vitro.
* 1,4-Naphthoquinone derivatives improved the healing process in diabetic

wounds by inhibiting the inflammation phase.



