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A B S T R A C T   

Streptomyces hygroscopicus UFPEDA 3370 was fermented in submerged cultivation and the biomass extract was 
partitioned, obtaining a fraction purified named EB1. After purification of EB1 fraction, nigericin free acid was 
obtained and identified. Nigericin presented cytotoxic activity against several cancer cell lines, being most active 
against HL-60 (human leukemia) and HCT-116 (human colon carcinoma) cell lines, presenting IC50 and (IS) 
values: 0.0014 μM, (30.0) and 0.0138 μM (3.0), respectively. On HCT-116, nigericin caused apoptosis and 
autophagy. In this study, nigericin was also screened both in vitro and in silico against a panel of cancer-related 
kinases. Nigericin was able to inhibit both JAK3 and GSK-3β kinases in vitro and its binding affinities were 
mapped through the intermolecular interactions with each target in silico.   

1. Introduction 

According to estimates from the World Health Organization (WHO) 
in 2015, cancer is the first or second leading cause of death before age 70 
years in 91 of 172 countries, and it ranks third or fourth in an additional 
22 countries [1]. It was noticed that age-standard cancer mortality rates 
have decreased for all types of malignancies, in spite of newer drugs only 
contribute to a small percentage of this improvement [2]. Moreover, the 

fact that tumor cells usually display chemotherapy resistance in patients 
is becoming increasingly worrying [3]. Thus, there is an urgent need for 
alternative therapeutic agents around on the world. 

The use of cytotoxicity screening models keeps providing pre
liminary data of great relevance in the search for bioactive extracts with 
potential antineoplastic application for future works [4]. Currently, 
about 60% of the small approved molecules used in clinic are related to 
natural products, and for antimicrobial drugs this percentage reaches 
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69% [5,6]. Natural products have played a very important role as 
established cancer chemotherapeutic agents, either in their naturally 
occurring or through semi-synthesis [7], so derived from microorgan
isms ranks as one of the most usual alternatives for the discovery of 
potential anticancer agents. Although several natural products have 
been identified for this purpose, the achievement of substantial amounts 
of isolated substances from crude extracts containing cytotoxic activity 
is urgently needed. 

Streptomyces sp., an actinomycetes Gram-positive filamentous bac
terium with fungal morphology and widely found in soil, are known as a 
valuable source of many biologically active compounds for medicine 
purposes [8]. It has been especially used as source of antitumor drugs 
mostly used to treat different types of cancer. As examples, we can 
mention doxorubicin, produced from Streptomyces peucetius [9]; dacti
nomycin also known as actinomycin D, produced from Streptomyces 
parvulus [10]; bleomycin produced from Streptomyces verticillus [11]; 
and immunosuppressive drugs rapamycin and ascomycin, produced by 
Streptomyces hygroscopicus [12]. Nigericin is another natural product of 
great importance produced from Streptomyces hygroscopicus [13]. This 
substance, also known as polyetherin A, azalomycin M, helixin C, anti
biotic K178 and antibiotic X-464, is an ionophore commercially ob
tained as a byproduct, or contaminant, at the fermentation of 
geldanamycin. Structurally, ionophores consist of a mono carboxylic 
acid containing polyethers that conformationally forms an oxygen rich 
hydrophilic interior capable to efficiently transport monovalent ions 
across the membrane (K+, Rb+, Na+, Cs+, Li+, H+). There are over 120 
naturally occurring ionophores known so far [14,15] giving these nat
ural products, released by Streptomyces sp., an economically importance 
that represents for about $150 million in sales annually [16]. In addition 
to nigericin free acid (1), on Fig. 1 are depicted some important iono
phores containing mono carboxylic acid in a polyether skeleton, like 
grisorixin (2), lonomycin (3) and mutalomycin (4). 

Cancer cells have a reversed internal pH if compared to normal cells 
(slightly alkaline internal pH favors cancer cell proliferation). Thus, 
ionophores are able to acidify the intracellular medium of the cytoplasm 
[17,18]. This pH disturbance has been used as a tumor cell sensitizer in 
combination with other drugs [19,20]. For instance, we can mention the 
potentiation of the clinically used anticancer drug paclitaxel [21] when 
associated with the ionophore inostamycin. In this case, after cancer 
cells have had their internal pH diminished, the DNA replication be
comes not properly. The cytotoxicity of the drugs towards cancer cells 
was improved by this approach. 

Colorectal cancer is the third most diagnosed cancer in males and the 
second in females, being one of the most common type of cancers. This 
disease has becoming a predominant cancer leading to accounts for 

approximately 10% of cancer-related mortality in western countries [22, 
23]. New treatments for primary and metastatic colorectal cancer have 
emerged, providing additional options for patients. These treatments 
include laparoscopic surgery, radiotherapy for rectal cancer and neo
adjuvant or palliative chemotherapies. However, these new treatment 
options have had limited impact on cure rates and long-term survival 
[24]. In recent years, targeted therapies have made some progress in the 
treatment of colorectal cancer and kinase proteins have been identified 
as important molecular targets for the discovery of new drugs. 

To target proteins kinases have emerged as one of the most intensely 
objectives pursued in current pharmacological research, especially for 
cancer, due to its critical roles in signaling pathways [25]. Kinase pro
teins regulate a variety of signaling pathways, which are particularly 
vital for cellular growth and proliferation [26]. In colorectal carcinoma, 
the dysregulation of JAK-3 (Janus kinase-3) leads to increased invasion 
and progressive growth [27]. Ruxolitinib was the first JAK inhibitor to 
reach the US market and it was approved in 2012 for the treatment of 
myelofibrosis and polycythemia vera. In the last decade, new JAK in
hibitors have been investigated as potential treatment for other types of 
cancer, including colorectal cancer [28,29]. 

Another protein kinase involved in cancer is glycogen synthase ki
nase 3 (GSK-3), a serine/threonine kinase existing as two isoforms 
named GSK-3α (51 KDa) and GSK-3β (47 KDa), expressed in most tissues 
and encoded by two different genes [30]. The mechanism by which 
GSK-3 affects neoplastic transformation and tumorigenesis is largely 
investigated but remains controversial. It has been known to have tumor 
suppressor and promotor activity [31]. GSK-3 role in cancer is largely 
investigated, so in some cases, its activity has been associated with 
tumor progression, while in other cases the suppression of GSK-3 ac
tivity has been associated with cancer progression, through stabilization 
of components of the β-catenin complex [32]. GSK-3 is overexpressed in 
various cancer such as colon, liver, and pancreatic tumors. Interestingly, 
GSK-3β downregulation prevented pancreatic cancer growth, angio
genesis, and vascular endothelial growth factor expression [33]. 
Therefore, the chemomodulation of GSK-3 activity is considered as a 
strategy for the development of new treatment modalities [34,35]. 

Therefore, this work aimed to carry out the purification and struc
tural characterization of nigericin achieved by fermentation of Strepto
myces hygroscopicus UFPEDA 3370, and to evaluate the inhibitory 
activity against protein kinases in vitro and in silico, in addition to anti
cancer activity. This strategy was encouraged after that preliminary 
testing of a fraction, containing an until then unidentified compound, 
showed a very marked cytotoxic activity against various tumor cell lines. 
Thus, the present work relies in our efforts to pursue the investigations 
on the biological interest of actinomycetes soil-derived metabolites from 

Fig. 1. Structures of ionophores with polyether skeleton.  
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Amazon (Brazil) and to consolidate a study which began with the 
identification of a Streptomyces hygroscopicus UFPEDA 3370 that enabled 
to isolate the bioactive macrolide elaiophylin [36]. 

2. Materials and methods 

2.1. General 

Chemicals and nigericin identification parameters are depicted on SI 
(supplementary information). MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5- 
diphenyl-2H-tetrazolium bromide] was obtained from Aldrich Chemical 
Co. (Milwaukee, WI, USA). The absorbance in cytotoxicity assay was 
measured in a well plate micro analyzer 3550 BIO-RAD, Inc. and fluo
rescence measured on a BD accuri C6 Flow Cytometer System. 

The Streptomyces hygroscopicus UFPEDA 3370 strain was provided by 
the Collection of Microorganisms of Antibiotics Department, from Fed
eral University of Pernambuco (UFPEDA, Recife, Brazil). The following 
cancer cell lines used in this study were purchased from Rio de Janeiro 
Cell Bank (Brazil): HCT-116 (human colorectal carcinoma), MCF-7 
(human breast adenocarcinoma), NCI–H292 (human mucoepidermoid 
lung), HL-60 (human acute promyelocytic leukemia), P815 (mouse 
mastocytoma) and L929 (mouse fibroblasts). 

2.2. Obtention of the fraction EB1 from Streptomyces hygroscopicus 
UFPEDA 3370 

Morphological and biochemical identification of the actinomycetes 
was previously reported [36]. The obtention of the extract, denominated 
EB1, from the fermentation of the Streptomyces hygroscopicus ACTSM-9H 
strain was performed according to procedure previously described [36]. 

During fermentation in submerged cultivation, S. hygroscopicus 
UFPEDA 3370 grew well in soya flour medium. The biomass separated 
from submerged cultivation was extracted with methanol to produce 
methanol extract from biomass (EMeOH 9H–B). Afterwards, approxi
mately 1.3 g of the methanolic biomass extract (EMeOH 9H–B) from 
S. hygroscopicus UFPEDA 3370 was subjected to liquid-liquid partition 
with n-hexane, ethyl acetate, and 2-butanol. The butanolic phase 
(FBuOH) showed promising antimicrobial and cytotoxic activities in 
previous study, being selected for fractionation in flash column chro
matography. The fractions F1–F11 were grouped and concentrated in a 
rotary evaporator under vacuum at 50 ◦C to produce the EB1 fraction as 
a very slimy red brown oil. 

2.3. Purification of nigericin by column chromatography 

To a round bottomed flask with capacity of 10 mL containing the 
fraction EB1 (1.0 g) was sequentially added MeOH (3 mL) and silica (1.0 
g). The methanol was then removed in a rotary evaporator under vac
uum leading to the formation of a powder extract. The silica powder 
solid was placed under a glass column (25 cm x 2,5 cm) packaged with 
silica (10.0 g) and the components were purified using a mix of n-hex
ane/ethyl acetate (1:1) as eluent. The fractions (R.F. = 0.75) was 
concentrated furnishing the nigericin as a pale yellow solid (0.3 g) 30% 
w/w yield. Spectral data for the isolated (+)- nigericin free acid from 
Streptomyces hygroscopicus UFPEDA 3370 are shown on Supporting in
formation and were compared with the literature [37]. 

2.4. Cytotoxic activity 

The cytotoxic activity of nigericin was tested at different concen
trations against a panel of cancer cell lines: HCT-116 (human colon 
carcinoma), HL-60 (human acute promyelocytic leukemia), MCF-7 
(human breast adenocarcinoma), NCI–H292 (human mucoepidermoid 
lung), P815 (mouse mastocytoma) and L929 (mouse fibroblasts). The 
MTT assay was performed according to the literature [38]. The cancer 
cell lines HCT-116, HL-60 and MCF-7 were grown in RPMI-1640 

medium and NCI–H292, P815 and L929 were grown in Dulbecco’s 
Modified Eagle’s Medium (DMEM). Both media were supplemented 
with fetal bovine serum (FBS) (10% of final concentration) followed by 
treatment with penicillin and streptomycin as antibiotics (1% of final 
concentration). 

The cells (3 × 105 cells/mL) were plated in 96-well plates and 
incubated in the presence of CO2 atmosphere (5%) for 24 h at 37 ◦C. 
Then, nigericin free acid in concentration ranging from 0.0007 μg/mL to 
25 μg/mL (final concentration) was added and incubated at 37 ◦C for 72 
h. Then, 25 μL of MTT (5 mg/mL in PBS) was added to each well and the 
plates were left for another 3 h in incubator at 37 ◦C and at the end of 
that period the supernatant was aspirated. To perform the reading, 100 
μL of dimethylsulfoxide (DMSO) was added in each well for the disso
lution of the formazan crystals. The amount of formazan was measured 
by reading the absorbance at 560 nm. Concentration leading to 50% 
inhibition of viability (IC50) was calculated by regression analysis using 
GraphPad Prism 5.0. Each sample was tested in triplicate in two inde
pendent experiments. Doxorubicin was used as positive control. 

2.5. Isolation of human peripheral blood mononuclear cells (PBMCs) 
assay 

The project was submitted and approved by the Human Research 
Ethics Committee of the Federal University of Pernambuco, in accor
dance with Resolution 466/12 of the National Health Council and 
approved with CAAE 23236618.1.0000.5208. In this assay, human pe
ripheral blood mononucleated cells (PBMCs), including lymphocytes 
and monocytes, were collected from healthy middle-aged volunteers. 
The result of this assay enables to calculate the selectivity index that 
measure the selective toxicity of a tested compound toward cancer cells. 
The peripheral blood assay was performed according to the literature 
[39]. Peripheral blood sample was transferred aseptically into 50 mL 
polystyrene heparin tubes and isolated by centrifugation (30 min at 400 
g) through Ficoll-Hypaque® gradients (Sigma- Aldrich, UK). After 
centrifugation, the cells were harvested, washed with phosphate buffer 
(PBS) and resuspended in RPMI 1640 medium. Using a Neubauer 
chamber, cells were counted and plated in a 96-well plate at a concen
tration of 1 × 106 cells/mL and incubated in the presence of CO2 at
mosphere (5%) at 37 ◦C for 24 h. 

2.5.1. Cytotoxicity assessment on peripheral blood mononuclear cells 
(PMBC) 

After 24 h of incubation, nigericin was dissolved in DMSO and 
further diluted in RPMI 1640 medium until concentration ranging from 
0.0007 μg/mL to 25 μg/mL (final concentration) and added to each well. 
The plates were incubated at 37 ◦C for 72 h, followed by addition of 25 
μL of MTT (5 mg/mL solution). The plate was incubated for 4 h and after 
was centrifuged at 1500 rpm for 10 min. The supernatant was aspirated 
in order to remove the excess of MTT. To perform the reading, 100 μL of 
DMSO was added for dissolving formazan crystals and the cell viability 
was quantitatively measured at 560 nm in a plate spectrophotometer. 
The 50% inhibitory concentration (IC50) was calculated by regression 
analysis using GraphPad Prism 5.0. Each sample was tested in triplicate 
in two independent experiments. Doxorubicin was employed as positive 
control. The products were tested in μg/mL because the tests were 
performed before the structural elucidation of nigericin, so on the end 
we transformed the values to molar concentrations. 

2.6. Annexin V/propidium iodide (PI) cell death assay 

HCT-116 cells (0.3 × 106 cells/mL) were incubated at 37 ◦C with 5% 
CO2 for 48 h and exposed to different concentrations of nigericin free 
acid. After then, the cells were stained with Annexin V-FITC/PI 
apoptosis detection kit according to the manufacturer’s instructions. The 
rate of apoptotic cells was analyzed using a dual laser flow cytometer 
(BD Accuri C6 Plus personal flow cytometer) and estimated using the C6 
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BD software (BD Biosciences). 

2.7. Transmission electron microscopy 

HCT-116 cells were treated for 48 h with nigericin free acid (0.0138 
μM). After, cells were fixed for 2 h in a solution containing 2.5% 
glutaraldehyde and 4% paraformaldehyde in 0.1 M cacodylate buffer 
solution. The samples were washed twice in the same buffer and post- 
fixed in a solution containing 1% osmium tetroxide, 2 mM calcium 
chloride and 0.8% potassium ferricyanide in 0.1 M cacodylate buffer, pH 
7.2, dehydrated in acetone as previously reported [40] and were then 
embedded using a Fluka Epoxy Embedding kit (Fluka Chemie AG, Buchs, 
Switzerland). Polymerization was performed at 60 ◦C for 24 h. Ultrathin 
sections (70 nm) were placed on 300-mesh nickel grids and then coun
terstained with 5% uranyl acetate and lead citrate, followed by exami
nation using a transmission electron microscope (Tecnai Spirit Biotwin, 
FEI Company, Hillsboro, OR, USA). 

2.8. Kinase inhibition assays 

Kinase activities were assayed in appropriate kinase buffer, with 
either protein or peptide as substrate in the presence of 10 μM ATP in a 
final volume of 6 μL using the ADP-Glo™ assay kit (Promega, Madison, 
WI, described in Zegzouti et al. [41]). Controls were performed with 
appropriate dilutions of DMSO (solvent of the tested compounds). 
Peptide substrates were obtained from Proteogenix (Schiltigheim, 
France). The buffer A was used for kinase assays: 10 mM MgCl2, 1 mM 
EGTA, 1 mM DTT, 25 mM Tris-HCl pH 7.5, 50 μg/mL heparin. 

A panel of five recombinant human protein kinases was used during 
this study: HsCDK9/CyclinT (human, recombinant, expressed by bacu
lovirus in Sf9 insect cells) was assayed in buffer A with 0.27 μg/μL of the 
following peptide: YSPTSPSYSPTSPSYSPTSPSKKKK, as substrate; 
HsGSK-3β (human, recombinant, expressed by baculovirus in Sf9 insect 
cells) were assayed in buffer A with 0.010 μg/μL of GS-1 peptide, a GSK- 
3-selective substrate (YRRAAVPPSPSLSRHSSPHQSpEDEEE, “Sp” stands 
for phosphorylated serine); HsCK1ε (human, recombinant, expressed by 
baculovirus in Sf9 insect cells) was assayed in buffer A with 0.022 μg/μL 
of the following peptide: RRKHAAIGSpAYSITA as CK1-specific sub
strate; HsJAK3 (human, recombinant, expressed by baculovirus in Sf9 
insect cells) was assayed in buffer A with 0.17 μg/μL of the following 
peptide: GGEEEEYFELVKKKK as substrate; HsABL1 (human, recombi
nant, expressed by baculovirus in Sf9 insect cells) was assayed in buffer 
A with 0.17 μg/μL of the following peptide: EAIYAAPFAKKK as 
substrate. 

2.9. Molecular modeling 

The structures of both JAK3 and GSK-3β have been obtained through 
the Protein Data Bank repository (rcsb.org), under the codes 6AAK [42] 
and 1Q41 [43], respectively. The structure of the nigericin has been 
obtained from DrugBank Database (drugbank.ca, code: DB14056). For 
comparison purposes of in silico approaches, molecules peficitinib 
(which is the reference as co-crystallized ligand at structure 6AAK), 
indirubin and a monoxime derivative (which are the reference as 
co-crystallized ligand at structure 1Q41) were also used. The addition of 
missing hydrogen atoms and the generation of the 3D conformation for 
nigericin have been made using Marvin Sketch 20.10.0 software [44]. 
The molecular docking calculations has been performed using the 
AutoDock 4.2 software [45], using increased values for two important 
parameters of the genetic algorithm search: i) ga_run: increased from 10 
to 50; and ii) ga_num_evals: increased from 2,500,000 to 25, 000, 000. 
The central coordinates of the search space grid box have been defined 
on the respective co-crystalized ligands for each target, and the default 
value (0.375 Å) for the spacing between the grid points has been used. 
For JAK3: center coordinates determined by the peficitinib ligand 
(Center X: 39.439, Center Y: 6.199 and Center Z: 36.168) and the search 

space size was defined as a cube of 40 points on each dimension (40 × 40 
x 40). For GSK-3β: center coordinates determined by the indir
ubin-3′-monoxime ligand (Center X: 11.811 Center Y: − 38.319 and 
Center Z: 49.192) and the search space size was defined as a rectangle 
(40 × 54 x 62). The addition of polar hydrogens, gasteiger charges and 
torsions branches, for all ligands, were achieved by using the software 
AutoDock Tools [45]. In order to take into account some important re
ceptor’s degrees of freedom and, thus, better simulate the induced fit 
phenomena at pharmacodynamics, the following amino acid residues 
were treated as flexible during the calculations: i) for JAK3, the residues 
LEU828, VAL884, TYR904, ARG953, ASN954, LEU956 and ASP967; and 
ii) for GSK-3β, the residues LYS85, LEU132, THR138, ARG141, LEU188, 
CYS199 and ASP200. Then, the BINANA [46] software has been used to 
analyze the intermolecular interactions present on the docking solu
tions. Finally, the PyMol software [47] has been used to generate the 
images of molecular interactions. All hydrogen bonds are presented in 
donor-acceptor distances. All distances are in Angstroms (Å). 

3. Results 

3.1. Isolation and structural elucidation of the nigericin free acid from 
Streptomyces hygroscopicus UFPEDA 3370 

While detailed biochemical assays related to nigericin free acid iso
lated from Streptomyces hygroscopicus UFPEDA 3370 were performed, a 
fully structure characterization was recognized on the basis of spectral 
data analysis concomitantly (supplementary material). The (+)-niger
icin free acid was characterized in accordance with the literature data. 

3.2. Cytotoxic activity of nigericin 

As shown in Table 1, nigericin showed cytotoxicity against various 
tested cancer cell lines with IC50 values in the nanomolar range, with 
more potent activity against HL-60, HCT-116, P815 and NCIH-292. 
Cytotoxicity of nigericin was also evaluated upon peripheral blood 
mononuclear cell (PBMCs) in order to determine if there is pronounced 
effect when compared to tumor cell lines. Therefore, selectivity index 
(SI) was calculated in order to demonstrate the ratio of IC50 between 
normal cells and tumor cells to estimate the compound safety profile 
(Table 2). As reported here, nigericin free acid is nearly 30 times more 
potent towards HL-60 leukemic cells than the non-cancerous PBMCs. 
This compound also showed favorable selectivity toward HCT-116 and 

Table 1 
IC50 values (μM) of nigericin free acid against tumor cell lines or Peripheral 
Blood Mononuclear Cells (PBMCs) performed by the MTT test after 72 h of in
cubation. SI = Selectivity Index. *The data are presented as IC50 values (95% 
confidence interval) of four independent experiments; **IC50 was calculated 
using nonlinear regression in GraphPad Prism 5.0 after 72 h; ***SI = IC50 
(PBMC)/IC50 (cancer cell).    

IC50 (μM)/95% confidence interval selectivity index (SI)***  

Lines 
Cells 

Nigericin Doxorubicin Nigericin Doxorubicin 

1 HCT- 
116 

0.0138 
(0.0096–0.019) 

0.4231 
(0.1655–0.5931) 

3.0 4.4 

2 MCF-7 0.1104 
(0.0041–0.0317) 

0.8277 
(0.2320–0.8552) 

0.4 2.3 

3 NCIH- 
292 

0.0414 
(0.0276–0.0689) 

0.2391 
(0.0965–0.3310) 

1.0 7.8 

4 HL-60 0.0014 
(0.0012–0.0027) 

0.6806 
(0.3448–0.7449) 

30.0 2.7 

5 P815 0.0124 
(0.0083–0.0138) 

0.1471 
(0.0552–0.2345) 

3.3 12.7 

6 L929 0.3036 
(0.1305–0.3862) 

0.9793 
(0.7448–1.3655) 

0.1 1.9 

7 PBMC 0.0414 
(0.0138–0.1241) 

1.8759 
1.082–1.9832 

– –  
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P815 cell lines with SI values of 3.0 and 3.3, respectively. 

3.3. Detection of apoptosis using flow cytometry 

In order to study the cell death process induced in HCT-116 cells 
after 48 h treatment with nigericin free acid, a flow cytometric test was 
performed after double staining with annexin V and PI. Annexin V and PI 
values were set as the horizontal and vertical axes, respectively, for the 
plot construction. Mechanically damaged or necrotic cells, late 
apoptotic cells, viable cells, and early apoptotic cells were located in the 

Table 2 
Kinase inhibitory activity of nigericin.  

Compound Kinases/IC50 (μM)  

HsCDK9/CyclinT HsJAK3 HsCK1ε HsGSK3β HsABL1 
Nigericin 36.12 8.82 23.03 5.38 14.73 

Data expressed as IC50 of at least three assays. 

Fig. 2. Measurement of cell death by Annexin V binding and PI uptake. HCT-116 cells were treated with nigericin (0.0138 and 0.0276 μM) for 48 h. After the 
incubation time, the samples were analyzed by flow cytometry. Doxorubicin was used as positive control. Lower left: live cells; Lower right: apoptotic cells. 
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upper left, upper right, lower left and lower right quadrants of the flow 
cytometric dot plot, respectively. The results are shown in Fig. 2. 
Apoptosis was observed in 44.0%, 43.3% and 65.7% of the cell treated 
with nigericin (0.0138 or 0.0276 μM) or doxorubicin (0.423 μM), 
respectively. 

3.4. Ultrastructural analyses 

HCT-116 control cells showed characteristic morphology such as 

round nucleus, numerous mitochondriae, saccules of endoplasmic re
ticulum and Complex of Golgi. In contrast, HCT-116 cells treated with 
0.0138 or 0.0276 μM (corresponding to 1 x IC50 and 2 x IC50 values, 
respectively) of nigericin free acid exhibited several morphopatho
logical alterations, such as mitochondriae with osmiophilic deposit-like 
inclusions and loss of cristae, nucleus containing round osmiophilic in
clusion and double-membrane vesicles, as well as nuclear tubular in
vaginations. Moreover, these cells showed inclusion of osmiophilic 
content inside the smooth endoplasmic reticulum (SER), fragmentation 

Fig. 3. Ultrastructural analysis of HCT-116. (A) Control cell; (B, C, D, E and F) HCT-116 cells treated with 0.0138 μM of Nigericin free acid. (B) Observe osmiophilic 
nuclear inclusion (arrows), (C) double-membrane nuclear vesicles (arrows), (D) tubular invaginations of the nuclear membrane (large arrow) and osmiophilic 
mitochondriae (thin arrows), (E) swollen and fragmented Golgi Complex, (F) autophagosome-like structure (arrow). N, nucleus; G, Golgi, M, mitochondria, 
V, vacuole. 
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of Golgi complex and presence of autophagosome-like structures encir
cled by ER-like membrane saccules, containing cytoplasmic osmiophilic 
organelles together with part of the cytoplasm. There was no difference 
between the two doses tested on the morphology of the treated cells. The 
results are shown in Fig. 3. 

3.5. Kinase inhibition assays 

Nigericin was tested against five different human protein kinases 
that are involved in various human disorders, including cancer and in
flammatory diseases [48,49]. Nigericin displayed kinase inhibitory ac
tivity on HsJAK3 and HsGSK-3β kinases with IC50 values of 8.82 and 
5.38 μM, respectively. In addition, nigericin proved to be less active 
towards CDK9, CK1ε and ABL1. The results are shown in Table 2. 

3.6. Molecular modeling 

The results highlighted on JAK3 and GSK-3β kinases in vitro 
prompted us to study the binding poses of nigericin. For the JAK3 target, 
one can see that nigericin (Fig. 4a) performed three hydrogen bonds, 
with distances of 2.8 Å (GLN827), 2.9 Å (LYS830) and 2.7 Å (ARG953), 
and hydrophobic contacts with the residues LEU828, GLY829, VAL836, 
ALA853, GLY908, CYS909, ASN954, ILE955, LEU956, ALA966 and 
ASP967. On the other hand, the peficitinib (Fig. 4b) performed three 
hydrogen bonds, with distances of 3.2 Å (ASP967), 2.9 Å and 2.9 Å 
(LEU905), one pi-pi stacking parallel displaced with the residue 

TYR904, and hydrophobic contacts with the residues ALA853, VAL884, 
MET902, CYS909 and LEU956. By looking into their intermolecular 
interactions, it is possible to conclude that although both compounds 
have performed three hydrogen bonds, the peficitinib was the only 
compound to perform a pi-pi stacking parallel displaced. Additionally, 
while the nigericin performed hydrophobic contacts with eleven resi
dues, the peficitinib performed with only five residues. 

Continuing the analysis of the intermolecular interactions between 
these compounds and the JAK3’s binding site, the pi-pi stacking inter
action formed by peficitinib, and absent on nigericin, may have 
contributed to stabilize this compound in the JAK3’s binding site. 
Another key difference can be observed on the formed hydrogen bonds. 
While the peficitinib formed hydrogen bonds with the residues GLN827, 
LYS830 and ARG953, nigericin formed two hydrogen bonds with the 
residue LEU905 and one with the residue ASP967, with slightly longer 
distances when compared to peficitinib. Therefore, these seem to be the 
reasons, at the intermolecular level, why peficitinib presented a higher 
predicted binding affinity (ΔG = − 11.24 kcal/mol) for the JAK3 target 
than nigericin (ΔG = − 10.22 kcal/mol). This finding may indicate that 
in order to increase the potency of a drug candidate targeting JAK3, the 
molecule may need to be able to form a pi-pi stacking along with the 
hydrogen bonds in order to stay stabilized in this binding site. 

For the GSK-3β target, the nigericin (Fig. 5a) formed three hydrogen 
bonds, with distances of 3.3 Å (VAL61), 3.2 Å and 3.4 Å (both with 
ASP200), one salt bridge (ARG141) and hydrophobic contacts with 
residues ILE62, GLYS63, ASN64, VAL70, LYS85, TYR134, GLU137, 

Fig. 4. The intermolecular interactions between the JAK3’s binding site residues and the (a) Nigericin (cyan) and (b) Peficitinib (magenta) compounds. The residues 
participating in hydrophobic contacts are represented in green, hydrogen bonds in red and pi-pi stacking in yellow. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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THR138, GLN185, LEU188 and CYS199. On the other hand, the indir
ubin-3′-monoxime (Fig. 5b) has formed three hydrogen bonds, with 
distances of 3.3 Å (THR138), 2.7 Å (ARG141) and 3.1 Å (ASP200), and 
hydrophobic contacts with the residues ALA83, LEU132, ASP133, 
TYR134, VAL135, GLN185 and LEU188. Finally, the indirubin (Fig. 5c) 
formed two hydrogen bonds, with distances of 3.3 Å (LYS85) and 2.6 Å 
(ASP200), and hydrophobic contacts with residues ILE62, TYR134 and 
LEU188. 

By looking into their intermolecular interactions with this target 
(GSK-3β), it is possible to conclude that all these three compounds 
(Indirubin-3′-monoxime/ΔG = − 10.56 kcal/mol, Indirubin/ΔG =

− 6.12 kcal/mol and nigericin/ΔG = − 8.38 kcal/mol) performed 
hydrogen bonds with the residue ASP200. Another key interaction 
seems to occur with the residue ARG141, although it is absent for the 
indirubin, but performed a salt bridge with the Nigericin and one short 

(more stable) hydrogen bond with the Indirubin-3′-monoxime, the top 
ranked compound in this comparison. The intermolecular interactions 
seem to explain again the predicted affinities of these molecules with 
this target. In this way, it seems that a good drug candidate targeting 
GSK-3β could benefit by performing intermolecular interactions with 
these two residues. 

4. Discussion 

A column chromatography purification was made in order to identify 
the most biologically active metabolite from the 2-butanolic fraction 
that proved to be the most cytotoxic extract within the S. hygroscopicus 
UFPEDA 3370 strain fermentation. Thus, it was possible to isolate, in 
high concentration (30% w/w), the substance responsible for the high 
cytotoxic activity in the EB1 fraction. 

As nigericin free acid showed cytotoxicity against all tested cell lines, 
especially against HCT 116 (IC50 = 0.0138 μM), HL-60 (IC50 = 0.0014 
μM) and P815 cells (IC50 = 0.0124 μM) (Table 1), the selectivity index of 
nigericin free acid was determined to evaluate its safety profile. 

In this context, it is important to highlight the ratio of the obtained 
IC50 values for nigericin free acid toxicity on tumor cell lines and pe
ripheral blood mononuclear cell (PBMCs). From these values, it is 
possible to calculate the selectivity index (SI) where the higher the value 
of this index is (above 1), the greater the selectivity of the compound is, 
in relation to the tumor cell. Values above 2 is desirable, so the com
pound can be applied at twice its concentration without showing 
toxicity in the healthy cell [50]. Since colorectal cancer is one of the 
most incident in human, and due to the fact that nigericin have shown a 
selectivity index above 2 for the HCT-116 strains, this cell was chosen for 
further studies. 

Despite nigericin has been reported in the literature and have been 
described to be potentially used in cytotoxic assays, its use is only 
restricted to the Sigma-Aldrich commercially sodium salt to date. In 
addition, it has been reported that nigericin treatment induces auto
phagy, however the mechanism of action is still poorly understood. To 
our knowledge, this is the first study showing of nigericin acid free ac
tion on protein kinases. 

Through flow cytometry, it was observed that nigericin free acid 
caused apoptosis in about 40% of the treated cells, with no difference 
between the tested doses. On the other hand, in the ultrastructural 
analysis it was possible to observe characteristics of cell death by 
autophagy on HCT-116 treated with nigericin free acid, such as: mito
chondriae with osmiophilic deposit-like inclusions and loss of cristae, 
nucleus containing round osmiophilic inclusion and double-membrane 
vesicles, as well as nuclear tubular invaginations. 

Autophagy and apoptosis are well-regulated biological processes 
that have important roles in tumor development and progression. 
However, the crosstalk between autophagy and apoptosis are unclear 
[51,52]. Studies have demonstrated that autophagy has an 
anti-apoptotic role in numerous types of cancer [53,54], whereas other 
studies reported its essential pro-apoptotic role in certain cancer, 
including colorectal cancer cells [55,56]. 

Previous study reported that nigericin, like salinomycin, selectively 
inhibits Wnt signaling cascade in HEK293 cells at nanomolar concen
trations [57], and could suppress colorectal cancer metastasis by inhi
bition of epithelial–mesenchymal transition. [58]. Wang et al. [56] 
reported for the first time that nigericin regulates the expression of 
GSK-3β, a Wnt/βcatenin signaling protein that activates the canonical 
Wnt pathway. However, the specific mechanism of this process remains 
unclear. However, it is known that GSK-3 kinase inhibits autophagy 
through the mammalian target of rapamycin (mTOR) complex 1 
(mTORC1). In fact, overexpression of either GSK-3α or GSK-3β activates 
mTORC1 and suppresses autophagy in MCF-7 breast cancer cells. The 
opposite way, the treatment of cells with GSK-3 inhibitors inhibits 
mTORC1 activity and increases autophagic flux [59]. These studies 
corroborate, at least in part, with our results in vitro and in silico on 

Fig. 5. The intermolecular interactions formed between the GSK3-β′s binding 
site residues and (a) Nigericin (cyan), (b) Indirubin-3′-monoxime (magenta) 
and (c) Indirubin (blue) compounds. The hydrophobic contacts are in green, 
hydrogen bonds in red and salt bridge in orange. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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GSK-3β target. In this study, nigericin caused autophagy probably by 
inhibition of mTORC1. 

Targeting PI3K/AKT/mTOR signaling can not only induce apoptosis 
to inhibit the proliferation of tumor cells, but also induce autophagy, 
however, this crosstalk between these two pathways was unclear [60, 
61]. In our study, nigericin caused both apoptosis and autophagy. 

Nigericin free acid also presented kinase inhibitory activity on JAK-3 
(IC50 = 8.82 μ/M). This result was confirmed in silico. The Janus kinase 
(JAK)/signal transducer and activator of transcription (STAT) signal 
transduction pathway is an evolutionarily conserved pathway present in 
Drosophila melanogaster through Homo sapiens [62]. JAK family of 
non-receptor protein-tyrosine kinases consists of JAK1, JAK2, JAK3, and 
TYK2 (tyrosine kinase-2), all of which play a role in different cytokine 
and growth factor receptor mediated signaling pathways [63]. JAK3 
belongs to a family of cytoplasmic non-receptor tyrosine kinases. 
Although most JAK family members are ubiquitously expressed, JAK3 is 
mainly restricted to the hematopoietic lineage, playing a vital role in 
lymphoid cell development and homeostasis [64]. 

JAK3 activating mutations that result in persistent activation of the 
JAK-STAT signaling have been described in various leukemias and 
lymphomas. JAK-STAT dysregulation results in autoimmune disorders 
such as rheumatoid arthritis, ulcerative colitis, and also plays a role in 
the pathogenesis of myelofibrosis, polycythemia vera, and other 
myeloproliferative illnesses [65]. Tofacitinib is a small-molecule inhib
itor of JAK tyrosine kinases (JAK1/3, dubbed as pan-JAK inhibitor) and 
has been approved for the treatment of arthritis, psoriatic arthritis and 
ulcerative colitis; while ruxolitinib have been approved to treat myelo
proliferative neoplasms [66]. Although the effective JAK blockade is 
well established for inflammatory diseases, the involvement of JAK/
STAT3 pathway in the most common forms of sporadic colorectal cancer 
has been documented. These tumors arise from the aberrant activation 
of the WNT/β-catenin pathway in more than 80% of cases, which results 
mainly as a consequence of homozygous loss or inactivation of the tu
mor’s APC (Adenomatous polyposis coli) gene suppressor [67]. 

Activation of JAK also triggers the activation of other signaling 
pathways such as mitogen-activated protein kinase (MAPK), phospha
tidylinositol 3′-kinase (PI3K) and AKT/rapamycin target in mammals 
(mTOR) [68]. mTOR, the best known regulator of autophagy, is a ser
ine/threonine kinase conserved throughout eukaryotes and exists in two 
functionally distinct complexes termed mTORC1 and mTORC2; 
mTORC1 integrates multiple signals from growth factors, oxygen, en
ergy levels and nutrients to promote cell growth and proliferation, and 
inhibition of catabolic process such as autophagy. On the other hand, 
mTORC2 only responds to growth factors and regulates actin/cytoske
leton organization and cell survival through the pathways as shown 
above. The activity of mTORC1 is inversely correlated with autophagy 
induction. The mTORC1 inhibitor rapamycin potently induces auto
phagy, even in the presence of abundant nutrients [69]. Despite being a 
preliminary study, evidence points that nigericin causes autophagy 
through inhibition of the mTOR pathway, the likeness of rapamycin, 
since both are ionophores isolated from S. hygroscopicus. The interaction 
of nigericin with JAK-3 and GSK-3β may converge to mTOR inhibition, 
however, other experiments need to be carried out to confirm this hy
pothesis. Taken together these data can be used to establish a pre
liminary hypothetical scheme of the mechanism of action of nigericin 
related to kinase inhibition (illustrated in Fig. 6). 

5. Conclusion 

A novel source of appreciable amount of nigericin was identified in 
Streptomyces hygroscopicus UFPEDA 3370 isolated from rhizosphere of 
Paullinia cupana, from Amazon (Brazil). Our data confirmed that 
nigericin free acid, itself, showed to possess a broad antiproliferative 
spectrum against an array of cell lines in a nanomolar IC50 values, being 
especially efficient and selective in inhibiting HCT-116 (human colon 
carcinoma) and HL-60 (human acute promyelocytic leukemia). 

Nigericin free acid caused cell death by both apoptosis and autophagy, 
these effects are related to inhibition of the JAK3 and GSK-3β kinases, 
which in turn, would probably inhibit the activation of mTORC1, 
resulting in increased autophagy and apoptosis. These findings provide a 
basis for further investigation and development of nigericin as a po
tential drug for colorectal cancer. However, further research would be 
required to verify the antitumor activity of nigericin in vivo and proteins 
involved in cell signaling. 
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