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Discovery of novel bioactive natural products driven by genome 
mining

Zhongyue Li1, Deyu Zhu2, Yuemao Shen1,*

1 Key Laboratory of Chemical Biology, School of Pharmaceutical Sciences, Shandong University, Ji'nan, Shandong, China;
2 School of Basic Medical Sciences, Shandong University, Ji'nan, Shandong, China.

1. Introduction

The discovery of streptomycin from Streptomyces 
has  inspired the research of  ant ibiot ics  f rom 
microorganisms. The discovery rate of new antibiotics 
has been increasing year by year, reaching its peak in 
the 1970s, and experienced a golden period of nearly 
30 years. However, in the 1980s, due to the repeated 
isolation and screening of most actinomycetes, and 
the repeated isolation of bioactive natural products, 
the probability of finding new active compounds 
decreased rapidly and became more and more 
difficult. However, according to the most conservative 
estimates, the number of natural products found so 
far from any microbial strain is only 20% of the total 
encoded by its genome. Therefore, the decline in the 
rate of discovery of new active natural products is 
not due to the exhaustion of the biosynthetic gene 
resources of microbial natural products, but is limited 
by the methods of microbial isolation, cultivation and 

bioactivity screening (1). More importantly, since 
the birth of microbial natural product chemistry, the 
research methodology adapted has striking randomness, 
blindness and contingency, is insufficient in rationality. 
There is a lack of rational experimental design and 
theoretical guidance from isolation and culture of strains 
to extraction and separation of active components in 
addition to activity screening, so we can only expect to 
obtain the activity specified in the screening model but 
can't predict the structures of bioactive components. 
 In recent years, with decreasing sequencing costs 
and continuous improvements in sequencing and longer 
read technologies, more and more microorganism 
genomes have been sequenced. The emergence of 
these genomic information is gradually changing 
the research model of the whole life sciences and 
related disciplines. It is found that the natural product 
resources of conventional microorganisms are greatly 
underestimated (2). Taking bacterial genomes as an 
example, bioinformatics analysis shows that each strain 
of bacteria has the ability to synthesize 25-30 types of 
natural products, of which ca. 90% is still unknown. 
Even if only 20% of the 25-30 types of natural products 
produced by each strain are new structures, the number 
of new natural products we obtain will increase 
exponentially (3). 

Summary Microbial natural product is an important source for drug discovery. As more and more 
microbial genomes are sequenced, bioinformatics analysis shows that there are huge 
resources of novel natural products. Genome mining is a new strategy of natural product 
discovery based on gene cluster sequences and biosynthetic pathways. At the same time, 
it can directly associate the structures of natural products with synthetic pathways, 
and facilitate the study of biosynthesis and combinatorial biosynthesis. In this paper, 
the strategies of genome mining, including bioinformatics predictions, metabolomic 
comparisons and genetic manipulations, are reviewed, which shows a great advantage of 
this strategy in exploiting the potential of microbial natural products. With the development 
of genome mining methodology and techniques, it will be possible to realize rational 
exploitation of microbial natural product resources.
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 The Genomes Online Database (GOLD v.6) (https://
gold.jgi.doe.gov) shows huge genomic data (4), which 
imposes a challenging and exciting research topic how 
to obtain novel natural products quickly and effectively 
by the method of genome mining. Compared with 
traditional methods, novel natural product discovery 
strategies based on gene cluster sequences and 
biosynthesis pathways have the following advantages: 1. 
Through gene "prediction" of natural product structure, 
"de-duplication" can be achieved. The possibility of 
finding new structures would be greatly increased 
by excluding known compounds. 2. Combined with 
transcriptional analysis and genetic manipulation of 
regulatory genes, the secondary metabolic potential of 
the strain could be released to the maximal extent. 3. 
The structures of natural products can be directly linked 
with the synthetic pathways, which can facilitate the 
study of biosynthesis and combinatorial biosynthesis, 
and further expand the structural diversity of natural 
products. Thus far, natural product discovery has been 
transformed to heavily rely on bioinformatics-based 
structure prediction, activation of cryptic gene clusters 
by genetic manipulation and heterologous expression, 
and potential engineering of natural product analogs (5).

2. Discovery of novel natural products with the 
aid of bioinformatics prediction and comparative 
metabolomic analysis

Until the late 1980s, biosynthetic pathways of microbial 
natural products could only be inferred by feeding 
selectively labelled precursors, and by analyzing 
the MS and NMR data of the products to obtain the 
labelling patterns of the products. In 1984, Malpartida 
and Hopwood reported the cloning and heterologous 
expression of the biosynthetic gene cluster of 
actinorhodin (6). Katz and his colleagues from Abbott 
and Leadlay from Cambridge University reported 
independently the cloning of polyketide synthase (PKS) 
gene of 6-deoxyerythronolide B (6-DEB) in 1990 and 
1991, respectively, which greatly changed the research 
mode of biosynthetic pathway of natural products. 
Subsequently, it was found that the nonribosomal 
peptides such as penicillin/cephalosporin, vancomycin, 
cyclosporin and daptomycin were also synthesized by 
the assembly lines, nonribosomal peptide synthetases 
(NRPSs), similar to that of 6-DEB PKS. These studies 
have changed our understanding of biosynthetic 
mechanisms of peptide natural products. With the 
further study of biosynthetic genes of rapamycin and 
FK506, it has been found that their syntheses have the 
compatibility of biosynthetic system with assembly 
line characteristic by hybrid of PKS and NRPS. This 
seemingly simple "assembly line enzymology" can 
explain the syntheses of thousands of complex and 
diverse natural products.
 It is precisely because of the discovery of those 

biosynthetic pathways, the number of modules 
contained and the composition of the domain of 
each module can be determined by analyzing the 
sequences of PKS and NRPS genes of multiple 
modules, and the compound structures encoded by 
them can be predicted. By analyzing the predicted 
structures of the compounds, we can identify the 
assembly modules and the related physicochemical 
properties needed for the synthesis, so as to direct 
the isolation procedure and finally obtain the natural 
products encoded by the corresponding biosynthetic 
gene clusters (7). Specifically, the genomisotopic 
strategy includes discovering novel natural products 
on the basis of predicting structural moieties and 
biosynthetic precursors (8), which is carried out by 
bioinformatics analysis, subsequently, feeding isotope 
labelled precursors and isotope-guided isolation of the 
targeted natural products. E.g., orfamides A-C were 
isolated from Pseudomonas fluorescens Pf-5 by this 
genomisotopic approach as bioinformatics analysis 
indicated that these cyclopeptides contain four L-leucine 
residues (Figure 1) (8). Erythrochelin was obtained 
from Saccharopolyspora erythraea by feeding 14C-L-
ornithine followed by radio-LC-MS-guided isolation 
(Figure 1) (9,10). Additionally, bioinformatics analysis 
revealed that the cch gene cluster could be responsible 

319

Figure 1. Two example compounds, orfamides A and 
erythrochelin, isolated through the genomisotopic 
approach.
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clusters. This newly invented method identifies 
molecular families rather than individual molecules 
thus that enables the discovery of related molecules. 
Duncan et al. invented and applied this method to thirty 
five Salinispora strains, including 30 with draft genome 
sequences, which successfully resulted in the isolation 
and characterization of a quinomycin-type depsipeptide, 
namely retimycin A (26).

3. Activating cryptic gene clusters through genetic 
manipulations

In the genome of actinomycetes, many secondary 
metabolic gene clusters are silent. If we know how to 
activate these clusters, we will discover huge number 
of new enzymes, biological pathways and natural 
product resources (27,28). Microbial secondary 
metabolism has a very complex transcriptional 
regulatory system (29), probably because: 1. The 
biosynthetic gene cluster is composed of multiple genes 
of different origins containing independent regulatory 
elements. 2. The combined biosynthetic pathway 
can use different primary metabolites as the starting 
substances for synthesis, which requires a complex 
regulatory system. 3. Having more than one metabolic 
regulation system can help the secondary metabolism 
process to be sensitive to the external environment 
changes. In particular, the responses of actinomycetes 
to environmental factors are more complex than other 
bacteria. Many regulatory factors are involved in the 
secondary metabolism regulation of actinomycetes and 
form a complex multi-level network system. These 
include high-level multifunctional genes and low-level 
pathway-specific genes.
 Activating cryptic gene clusters can be carried out 
through manipulating global regulations including: 
1. Optimization of culture conditions including the 
composition of culture media, aeration volume, shape 
of fermenter, light condition, culture temperature, 
adding enzyme inhibitors (30), elicitors (31), rare 
earth elements (32), and co-culture (33). 2. Ribosomal 
engineering, a breeding method of ribosomal mutant, 
which uses various resistant mutants of microorganisms 
as screening markers to obtain highly efficient 
ribosomal mutants with improved secondary metabolite 
biosynthesis (34,35). The methods of activating cryptic 
gene clusters through manipulating pathway specific 
regulations include: 1. Overexpression of pathway 
specific transcriptional factors. Structural genes such as 
PKS genes and NRPS genes in the secondary metabolic 
gene cluster of actinomycetes are usually concentrated 
on 1-2 operons. The wild type promoters can be 
replaced by gene recombination with constitutive 
strong promoters such as PermE, which bypasses the 
transcriptional regulations in wild-type strains and 
activate or partially activate the corresponding gene 
clusters. 2. Heterologous expression of putative cryptic 

for the biosynthesis of the tetrapeptides with the 
presence of a hydroxamate moiety. Hydroxamate 
readily conjugates with ferric ion, which produces 
characteristic UV absorbance. Through UV comparison 
of the products of Streptomyces coelicolor M145 mutant 
and wild type strains, coelichelin was obtained (11). 
UV spectra-guided isolations were also successful in 
the discovery of many chromophore-containing natural 
products, e.g., aspoquinolones A-D from Aspergillus 
nidulans (12), salinilactam A from Salinispora tropica 
(13), thailandamide A from Burkholderia thailandensis 
(14). The feasibility of structural moiety-based genome 
mining was demonstrated in screening a collection of 
over 10,000 actinomycetes for the genetic potential 
of producing phosphonic acids. Before this study no 
genome mining experiments were performed on a large 
number of bacterial strains (15).
 For the natural products encoded by unknown 
gene clusters in genomes, it is difficult to predict their 
structures or physiochemical properties (16). Usually, 
it is useful to obtain these natural products through 
the approach of gene inactivation and metabolomic 
comparison of the mutant and the wild type strains 
by HPLC or LC-MS analysis (17-20). HPLC profile 
comparison is the most straightforward method used 
in genome mining. However, its limitation is obvious 
in that low resolution and rough identities of products. 
Once coupled with bioassays, this method could be 
feasible. WAP-8294As are cyclic depsipeptides and 
potent anti-MRSA agents. Their biosynthetic genes 
were not reported before Zhang et al.'s study (21). The 
genome of Lysobacter enzymogenes OH11 contains a 
large number of biosynthetic gene clusters including 
several hybrid PKS-NRPS ones. Disrupting one of the 
gene clusters containing two huge open reading frames, 
together encoding 12 modules of NRPS, resulted in 
the HPLC profile change and disappearance of the 
antibacterial activity of the mutant. Finally, Zhang et al. 
obtained WAP-8294A2 through HPLC- and bioassay-
guided fractionation, so to characterize the biosynthetic 
gene cluster for this type of depsipeptides (21).
 For the discovery of peptide natural products, an 
improved MS-guided genome mining method called 
NPP (natural product peptidogenomics) was invented 
by iteratively matching de novo tandem MS structures 
to genomics-based structures. Indeed, NPP enabled 
the rapid characterization of diverse ribosomal and 
nonribosomal peptide natural products (22). Recently, 
the MS-guided genome mining method has been 
evolved to molecular networking, a MS/MS data 
organizational approach (23), which can be integrated 
with many other methods, e.g., bioassays (24) and 
chemical synthesis (25). To simultaneously assess 
large numbers of closely related bacterial strains and 
their pan-metabolomes, molecular networking should 
be improved to recognize the MS/MS fragmentation 
patterns with the availability of biosynthetic gene 
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gene clusters (14,36). The exploitation of secondary 
metabolic gene clusters requires the continuous 
development of transgenic cluster techniques among 
different organisms, including the optimization of 
super-hosts and the improvement of the methods for 
constructing/expressing multiple genes in heterologous 
systems (37,38).

4. Transcriptional regulations of secondary 
metabolisms in actinomycetes

The transcriptional regulations are particularly complex 
in actinomycetes. Multifunctional global regulators 
not only regulate the production of multiple secondary 
metabolites, but also participate in the morphological 
differentiation of actinomycetes, such as BldA, 
A-factors, Sigma factor and two-component regulatory 
systems often cascade into complex regulatory 
networks. Path-specific regulatory factors are mainly 
involved in the biosynthesis of specific metabolites, 
such as members of transcription factor families such 
as SARP (Streptomyces antibiotic regulatory protein) 
and LuxR. These specific regulatorys are often the only 
way for various global regulators to regulate specific 
biosynthetic pathways.
 Among the numerous families of transcriptional 
regulatory proteins of actinomycetes (39), TetR 
(Tetracycline Repressor protein) family plays an 
important role in coordinating the growth and 
development of actinomycetes and responses to 
environmental factors. TetR family members are 
mainly involved in the regulation of antibiotic 
biosynthesis, efflux pumps and osmotic stress, and 
particularly abundant in environmentally vulnerable 
microorganisms, e.g. Streptomyces coelicolor A3(2) 
and S. avermitilis MA-4680 have 150 and 116 TetR 
members, respectively (40). TetRs are double domain 
proteins, one domain binds inducer and receives signals, 
another domain binds promoter DNA and transduces 
signals. Only the DNA binding domains are conserved 
among the TetRs, the elicitor binding domains are 
not significantly conserved, indicating the fine-tuned 
responses of actinomycetes to the high diversity of the 
inducers in the environments. After the unconserved 
domains binding inducers, the DNA binding domains 
may be altered allosterically and the ability of binding 
to DNA be lost, thus releasing the transcriptional 
repressing effects of TetRs. The TetR-binding inducers, 
also known as self-regulatory factors, usually are 
small molecular compounds that initiate secondary 
metabolism and morphological differentiation at the 
concentrations of nanomolor, and act as the hormones 
in eukaryotes.
 Presently known self-regulatory factors of 
actinomycetes include 2,3-disubstituted γ-butyrolactone 
and its analogues including A-factor, SCB1, 2 and 3, VB-
A, B, C, D and E, IM-2 and Factor I, methylenomycin 

furans (41), P1 factor (42), peptides including SapB, 
goadsporin and Factor C, siderophores and certain 
antibiotics (43,44). A-factor was originally found in 
S. griseus (45,46). The receptor protein of A-factor is 
ArpA. When A-factor binds to ArpA, the transcriptional 
repression of ArpA is removed (47). The heterologous 
expression of ArpA always produces inclusion bodies. 
The CprB in S. coelicolor A3(2) is the homologous 
protein of ArpA, and the crystal structure is obtained. 
However, the small molecular ligands of CprB have not 
been found (48).
 Because self-regulatory factors are similar to the 
"second messengers" of environmental signals (stimuli), 
it may be possible to integrate the regulation of secondary 
metabolisms and morphological differentiations of 
actinomycetes (integrative regulations). This mechanism 
is widely used in the regulation of secondary metabolism 
by actinomycetes, which is consistent with that 
secondary metabolisms are environment sensitive. 
Therefore, identification of elicitors and related 
regulatory mechanisms is another way to activate cryptic 
gene clusters in actinomycetes (49).

5. Transcriptional regulations of ansamycin 
biosynthesis

The ansamycin class of natural products includes the 
important anti-tuberculosis drug rifamycin (50), and 
the antitumor drug leads geldanamycins (51) and 
maytansinoids (52). These macrolactams arise from the 
polyketide pathway via multidomain modular type I 
PKSs using 3-amino-5-hydroxybenzoic acid (AHBA) 
as the starter unit. Based on the structures of AHBA-
derived aromatic moieties, ansamycins are divided 
into benzenic and naphthalenic groups. Each group 
can be further classified according to the numbers and 
types of extender units recruited. So far, only about 
200 ansamycins have been reported. By analogy to 
the biosynthesis of other types of type I polyketides 
such as macrolactones, we speculate that more 
ansamycin scaffolds, e.g. hexaketide, dodecaketide and 
tridecaketide backbones, are waiting for exploitation. 
In the existing categories, both of benzenic and 
naphthalenic types have been identified only in the 
novel ansamycins divergolides (53,54). Moreover, 
novel ansamycins with unusual extender units have 
been identified recently (55). 
 Although ansamycin antibiotics are important 
secondary metabolites of microorganisms, and 
rifampicin, the derivative of rifamycin, has been used 
for more than 50 years in clinic, we don't know much 
about the molecular mechanisms that regulate their 
biosynthesis. The current literature reports are limited 
to the regulation mechanism of the biosynthesis of 
rifamycin, ansamitocin and geldenamycin. RifO, P, 
Q in rifamycin biosynthetic gene cluster (rif) may be 
involved in the regulation of rifamycin biosynthesis, 
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and rifO may be involved in the regulation of B-factor 
(56). RifP encodes a transmembrane protein, a member 
of the DHA14 Drug:H+ antiporter family, that pumps 
antibiotics out of cells using the H+ gradient produced 
by respiration. The antisense gene strategy partially 
silenced the expression of rifP, which resulted in the 
reduction of the production of rifamycin B by 70%, 
confirming the proton pump function of RifP (57). The 
rifQ gene is highly homologous to the transcriptional 
suppressor gene actlI-ORF1 (58). The latter belongs to 
the TetR family of transcriptional repressor proteins, 
indicating that RifQ may be involved in the self-
regulation of rifPQ operon. In addition, the protein 
encoded by rif-orf3 may be involved in the negative 
regulation of rifamycin biosynthesis. The production 
of rifamycin B in rif-orf3 knockout mutant increased 
by about 40% (59). Additionally, gdmR1, gdmR2, 
orf19 and orf20 may be involved in the regulation 
of geldanamycin biosynthesis, and orf16 and orf17 
may encode resistant genes (60). Gene knockout and 
complement experiments confirmed that the LuxR 
family regulators GdmRI and GdmRII positively 
regulated the transcription of PKS genes, but did not 
regulate the expression of post-PKS modification genes 
such as gdmN (61).
 T h o u g h  t h e  b i o s y n t h e t i c  m e c h a n i s m  o f 
ansamitocins has been studied extensively (62), much 
is remained elusive about the regulation of their 
biosynthesis. However, tremendous effort has been 
contributed to enhance the production of ansamitocins 
by optimizations of culture media and fermentation 
conditions (63,64). Indeed, there are ten possible 
regulatory genes in the ansamitocin biosynthetic gene 
cluster, which are asm2, asm8, asm18, asm29, asm31, 
asm34, asm35, asm39, asm40 and asm48, respectively 
(65). Asm2, Asm29, and Asm34 belong to the TetR-
family transcriptional regulators. Knockout of the 
asm2 gene resulted in a nine-fold increase in the 
production of ansamitocin P3 (66), showing that Asm2 
plays a negative regulatory role in the biosynthesis 
of ansamitocins. But surprisingly, overexpression 
of the asm2 gene also led to 1.3-fold increase in the 
production of ansamitocin P3 (67). Asm31, Asm39, 
and Asm40 are sigma factor, sigma factor antagonist 
and anti-sigma antagonist, respectively. Specifically, 
Asm39 is a regulatory protein having a histidine kinase-
like ATPase C-terminal domain. The constitutive 
overexpression of the asm39 gene also increased the 
yield of ansamitocin P3, but the overexpression of 
either the asm29 or the asm34 gene did not significantly 
affect the yield of ansamitocin P3 (67). Asm8 and 
Asm48 belong to LuxR or LAL (Large ATP-binding 
regulator of the LuxR) family transcriptional regulators, 
depletion of the asm8 gene resulted in the complete loss 
of ansamitocin production (65). Asm18 is homologous 
to the SARP family proteins. Bioinformatics analysis 
suggested that Asm18 is a putative transcriptional 

regulator, but its gene was refractory to amplification 
from the genomic DNA (gDNA) of Actinosynnema 
pretiosum (67).
 Very recently, the function of the asm18 gene was 
studied through overexpression in the HGF052 strain 
(A. pretiosum ATCC 31565Δasm19). The results of 
transcription and HPLC analysis indicate that asm18 
gene encodes a positive transcriptional regulator of 
the asm gene cluster. Real-time PCR analysis showed 
that the overexpression of the asm18 gene specifically 
increased the transcription levels of the genes involved 
in the biosynthesis of the starter unit 3-amino-5-
hydroxybenzoic acid (AHBA) (asm43), polyketide 
assembly (asmA), post-PKS modification (asm21), 
as well as the transcription levels of the regulatory 
gene (asm8). Asm8 is a pathway specific LAL-type 
activator in ansamitocin biosynthesis. Previous study 
revealed its positive regulatory role in ansamitocin 
biosynthesis (65). Further investigation of the chemical 
constituents of asm18-overexpressed HGF052 strain 
(HGF052+pJTU824-asm18) led to the isolation of 
seven ansamitocin derivatives (68). Interestingly, these 
ansamitocin derivatives include maytansinol, which is 
an important component for the production of antibody-
maytansinoid conjugates (69). 

6. Activation of cryptic ansamycin gene clusters

Previously, through PCR screening of the AHBA 
synthase genes, we obtained dozens of AHBA synthase 
gene-positive strains. However, the corresponding 
ansamycins of most strains were refractory to 
identification under the conventional laboratory 
experimental conditions, indicating that the gene clusters 
containing the AHBA synthase gene were not expressed 
or just expressed at very low levels (70). S. sp. LZ35 
is one of such AHBA-positive strains, and produces 
two different types of ansamycins, geldanamycins and 
hygrocins, under the conventional laboratory conditions 
(71-73). Genome sequence analysis of the LZ35 strain 
revealed the presence of one more ansamycin gene 
cluster, namely nam gene cluster, besides these two 
ones responsible for the biosynthesis of geldanamycins 
and hygrocins. The pks genes, namA-E within the nam 
gene cluster, contain eight modules, implying that the 
nam cluster encodes the biosynthesis of octaketide 
ansamycins. Bioinformatics analysis of the eight 
acyltransferase (AT) domains in NamA-E revealed that 
the possible extender units for the assembly of polyketide 
chain could be different from those in known octaketide 
ansamycins, i.e. geldanamycins and ansamitocins, and 
that the products of this gene cluster could contain a 
novel scaffold. However, no predicted ansamycins were 
obtained by large scale fermentation under various 
conditions. Moreover, reverse transcription (RT) PCR 
analysis indicated that all the genes examined were 
expressed poorly in the SR101 strain, a geldanamycin-
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nonproducing mutant of the strain LZ35 (73), indicating 
that the nam gene cluster was cryptic or weakly 
expressed under the conventional laboratory conditions.
 To induce the expression of the nam gene cluster, 
firstly promoter replacement was carried out by 
introducing the strong constitutive promoter ermE* at 
upstream of the pks and amide synthase gene operon 
in the SR101 strain to generate the SR101namA-
ermE* strain. Fermentation and isolation of the 
SR101namA-ermE* strain resulted in the identification 
of a tetraketide, a derivative of SY4B under usual 
conditions. SY4b is one of the major tetraketides 
accumulated in ΔrifF mutant (rifamycin amide synthase 
gene deletion) of Amycolatopsis mediterranei S699 
(74). These results indicated that promoter replacement 
only partially activated the nam gene cluster. Further 
analysis of the nam gene cluster identified nam1 gene 
encoding a putative positive regulator of the LuxR 
family proteins. Members of the LuxR family have 
been previously reported as the activators of polyketide 
biosynthesis (75,76). Constitutive overexpression 
of the nam1 gene was carried out by being cloned 
into the conjugative and integrative vector pJTU824, 
placed under the control of the ermE* promoter. The 
resulting construct was integrated into the chromosome 
of the SR201 strain (73), which is a mutant derived 
from the SR101 strain with the deletion of hygrocin 
biosynthetic genes to create the SR201nam1OE strain. 
Fermentation and isolation of the SR201nam1OE strain 
led to the isolation of three novel ansamycins, namely 
neoansamycins A-C (Figure 2) (77), which represents 
the first successful example of genome mining of 
ansamycins and illustrates the great potential for 
exploration of the huge reservoir of cryptic ansamycin 
biosynthetic gene clusters to obtain novel ansamycins 
(70,78).
 Phylogenetic analyses showed that most ansamycin 
biosynthesis gene clusters are flanked by LuxR-type 
regulators, e.g. geldanamycins (GdmRI, GdmRII) (61), 
hygrocins (Hgc1) (73), divegolides (Div8) (79) and 
ansamitocins (Asm8) (80). LuxR-type regulators usually 
contain a DNA-binding helix-turn-helix domain but 
lack γ-butyrolactone-binding or response regulatory 
domains. These LuxR-type regulators are activators 
of ansamycin biosynthesis. However, the mechanism 
of action of these LuxR-type regulators is still poorly 
explored. The constitutive overexpression of nam1 
induced the activation of the cryptic ansamycin gene 
cluster nam in S. sp. LZ35, further supporting the critical 
role of LuxR-type regulators in positive regulation of 
ansamycin biosynthesis. Comparative transcriptional 
analysis with quantitative RT-PCR (qRT-PCR) showed 
that five genes namA, namK, nam2, nam7 and nam8 
involved in the biosynthesis of neoansamycins were 
upregulated under nam1-overexpressing condition 
in comparison to the control. The upregulation of 
transcription of the nam gene cluster, coupled with the 

isolation of neoansamycins in the SR201nam1OE strain, 
further confirmed that Nam1 acts as a direct activator 
of the nam gene cluster. The interaction of Nam1 with 
the promoter regions of these genes was verified by 
electrophoretic mobility shift assays (EMSA) performed 
using purified N-terminal truncated Nam1 protein 
(Nam1DBD) and the PCR-generated promoter fragments 
of these nam genes, respectively. Nam1DBD retarded the 
mobility of all these fragments, suggesting that Nam1 
binds specifically to these promoter regions. In order 
to identify the Nam1 binding site, the promoter region 
fragments shown to be retarded in EMSAs were studied 
by DNase I footprinting analysis. Footprinting analyses 
revealed protected sequences of approximately 20 to 30 
nucleotides in target promoters. The comparison of the 
protected sequences identified the consensus binding 
sequence and a sequence logo (81) that depicts the 
binding site. The presence of highly conserved binding 
sites in these nam genes suggested a strong relevance of 
this class of transcriptional regulator in the regulation 
of nam gene expression. Moreover, the knowledge of 
the LuxR regulators may set the stage for understanding 
the genetic control of ansamycin antibiotic biosynthesis 
regulation and provide an effective strategy to discover 
and improve the yields of these antibiotics.
 Additionally, another AHBA synthase gene-positive 
strain S. sp. XZQH13 contains a cryptic ansamycin 
biosynthetic gene cluster ast as well. The constitutive 
overexpression of the astG1 gene, encoding a Large-
ATP-binding regulator of the LuxR family, induced the 
expression of the ast gene cluster including these key 
biosynthetic genes astB4, astD1 and astF1. This led to 
the isolation of two ansatrienins hydroxymycotrienin A 
and thiazinotrienomycin G, further supporting that LuxR-
type regulators are pathway-specific positive regulators 
for the biosynthesis of ansamycins (82). Moreover, 
overexpression of the LuxR-type regulator gene div8 
increases the production of divergolides in the S. sp. 
W112 strain (79), which further facilitates the isolation 
of five new ansamycins, namely divergolides O-S (83).

7. Perspectives

With the aid of whole genome sequences of thousands 

Figure 2. The first example of obtaining new ansamycins 
through genome mining of transcriptionally activating 
cryptic gene clusters.
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of bacterial genomes and metagenomes, the fast 
development of genome mining has dramastically 
facilitated the automated discovery of promising new 
natural products, however, mostly ignored their roles 
in the environments. Though this development has 
been avoid of duplications in the discovery of natural 
products incurred by bioactivity-guided fractionation, it 
is insufficient in function predictions. This gap can be 
amended by adding bio-filters during genome mining 
(21). Specifically, microbial libraries for producers 
of both glycopeptide and ansamycin antibacterial 
compounds were enriched by screening the self-
resistance mechanism of antibiotic producers. Together 
with screenings for biosynthetic genes resulted 
in the discovery of a new glycopeptide antibiotic, 
pekiskomycin (84). The self-resistance guided genome 
mining approach can be also applied in the discovery 
of inhibitors of target proteins beyond microorganisms. 
Panter et al. utilized the pentapeptide repeat protein 
(PRP)-mediated self-resistance mechanism against 
topoisomerase inhibitors to search the genome of 
Pyxidicoccus fallax. A gene cluster was identified 
adjacent to a predicted PRP (co-clustering), however, 
no corresponding compounds were reported before their 
study. Activation in the native host and heterologous 
expression of this gene cluster resulted in the isolation 
of pyxidicyclines, a group of new in inhibitors of E. coli 
DNA topoisomerase IV and human DNA topoisomerase 
I (85). Similarly, the fungal sesquiterpenoid aspterric 
acid, a potent herbicide, was obtained by the approach 
of co-clustering self-resistance gene and biosynthetic 
gene cluster as well (86). Indeed, the self-resistance 
mechanisms of microorganisms against natural products 
are diverse (50,87-89) thus that the self-resistance-
directed genome mining would be fruitful in the 
focused discovery of novel bioactive natural products 
(90,91).
 S o m e  n a t u r a l  p r o d u c t s  a r e  p r o d u c e d  b y 
microorganisms evolved from natural selection for 
acquisition of improved defence against competing 
deleterious organisms. The production of these 
defensive secondary metabolites is inducible because 
they originally serve as responses to environmental 
challenges. Therefore, the combination of chemical 
ecology and genome mining can be an integrative 
approach to the discovery of novel bioactive natural 
products (92). Much more ambitious, Medema and 
Fischbach suggested to use globe-wide metagenomes 
to footprint microbial ecosystems, and then to target 
these for exhaustive single-cell sequencing, which 
would facilitate our understanding the ecological roles, 
and even further the natural roles, of natural products. 
Ideally, computational analysis can predict the action 
targets of natural products with the availability of 
ecological distribution and evolution of biosynthetic 
gene clusters (93).
 Besides ecology, evolution is another critical issue 

of natural products that should be considered during 
genome mining. Natural products are produced by 
secondary metabolism. Secondary metabolism is the 
response and adaptation mechanisms of organisms to 
environmental biotic and abiotic stresses, and natural 
products are the executors of these mechanisms. 
Based on the evolutionary theory of natural selection, 
biological traits are derived from the selection of 
variations in a population. It is beneficial to improve 
the fitness of organisms to their environments. The 
mutations that reduce fitness are directly harmful or 
irreparable, and will disappear from the population. 
Some of the new properties of variations have no profit 
or loss, so they belong to neutral variations. Applying 
these ideas to natural products, it is generally believed 
that the cost will increase in producing new natural 
products. If these costs are accompanied by benefits, 
organisms will be more adaptable. Moreover, mutations 
of biosynthetic gene clusters are beneficial to fitness 
but are not lethal to organisms, which exactly fits 
the nearly neutral theory that the adaptation may be 
due not to strong selection of rare variants with large 
effects, but to weak selection of common variants (94-
96). Thus, computational analysis of the evolution 
of the biosynthetic gene clusters in sequences and 
organizations could help in simulating the evolution of 
pathways to facilitate genome mining (97).
 The phylogeny-guided genome mining represents 
an approach on the basis of evolutionary biology 
to the discovery of natural products. This approach 
was established on the assumption that "a single 
biosynthetic gene that must have co-evolved with its 
respective biosynthetic gene cluster could be used 
as a phylogenetic marker that might represent an 
evolutionary path of its entire biosynthetic gene cluster" 
(98). This approach provides a very straightforward 
means to screen a large number of microbial genomes 
or metagenomes attributed to the use of a single gene as 
a molecular marker in search for new biosynthetic gene 
clusters of interest, which has already resulted in some 
fruitful findings (98). In particular, with the advance of 
natural product phylogeny, e.g. the Bayesian analysis 
of biosynthetic modules and/or domains rather than 
the sequence of a single gene (99), novel algorithms-
promoted integrative pan-genome mining approach 
will play an important role in both the mining and the 
synthetic biology of natural products (100).

8. Conclusion

I n  conc lu s ion ,  genome  min ing  ha s  b rough t 
revolutionary influence on the discovery of novel 
natural products and the characterization of biosynthetic 
pathways. The future genome mining would evolve to 
an integrative approach by the involvement of multiple 
disciplines to bioactivity-targeted mining of novel 
natural products.
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1. Introduction

Acne, a multifarious chronic inflammatory state, is 
said to be happening within a pilosebaceous unit (PSU) 
including hair, hair follicles, sebaceous gland (SG) of 
the skin, characterized by non-inflammatory lesions- 
blackheads, whiteheads and inflammatory lesions- 
papules, pustul, nobless, nodules, and cysts (1-3). Acne 
is associated mostly with P. acnes which produces 
inflammation via release of extracellular enzymatic 
products like proteases, lipases, and hyaluronidases. 
About 94-95% of the pubertal population, 20-40% of 
adults and < 25% of women suffered from acne. Even 
after 25 years of age, women can suffer from is termed 
as adult female acne (4-6). Primarily four causes are 
critically responsible for the growth of acne lesion as 
shown in Figure 1 (7).  
 Some other factors are also responsible either alone 
or in combination for the formation of acne such as 
heredity, hormones, diet, and other bacterial species. 
This is well known that there are more chances for the 
children to have acne if their parents had acne in their 
young age, some heredity characters and genes which 
carry the similar information from parents to children. In 
another case, the various sex hormones like estrogens, 
androgens and tyrosine kinase hormones, corticotropin-

releasing hormone, adrenocorticotropic hormone, 
glucocorticoid, and melanocortins are required to 
regulate SG activity. The androgen hormones produced 
during the adulthood activate the secretion of the oil 
glands and creates an obstacle in the pores resulting in 
the progression of blackhead and acne (8-10). In general, 
SG is major responsible part causing disease due to the 
existence of the enzyme necessary for the formation of 
various hormones, cytokines and unique lipid mixture 
of squalene, wax esters, triglycerides and sebum (by 
the holocrine process) (11-13). The structure of all 
SG found on different skin parts are similar but their 
nature and the regulation of secretions and secretory 
process are different (14,15). The larger part of SG in 
hair-covered areas is connected with hair follicles are 
known as pilosebaceous (PS) glands. The SG of the 
mucosal margin and modified skin are sovereign of 
hair follicles (16). Excess sebum secretion, abnormal 
differentiation and desquamation (the shedding) of 
follicular keratinocyte are some other responsible factors 
for acne (17). The upsurge of the microcomedo as a 
result of free fatty acid production is primary lesion 
which has been further developed as inflammatory along 
with non-inflammatory lesions (18,19). In other cases, 
the various species of bacteria P. acnes, Staphylococcus 
epidermidis (S. epidermidis), Staphylococcus aureus 
(S. aureus), Streptococcus agalactiae (S. agalactiae), 
Klebsiella pneumoniae (K. pneumoniae) etc. has also 
been for the hyperactivity of the SG and ultimately acne 
(20). P. acnes are the major causative bacteria which by 
stimulating androgen receptor to increase the androgen 
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secretion via androgenic hormone which induces the 
sebum production, keratinization, and colonization and 
finally induction of the inborn immune responses which 
cause inflammation (21-26). P. acnes also contribute to 
inflammation via activating various chemotactic factors 
and activate the inflammatory cascade through Toll-like 
receptors (27).

2. Mechanism of acne formation

The acne formation initiates with the overactive SG, 
follicular hyperkeratinization, immunological changes, 
and plugging of the infundibulum facilitating P. acnes, 
bacteria colonization, and inflammation (28). Increased 
sebum that is the major source of nutrients for P. acnes 
production is an important participating cause of the acne 
formation (29-31). The mechanism of acne formation 
should be understood for the design and estimation 
of the formulation for the effective treatment of acne. 
Hence, the detail pathogenic factors and process of acne 
formation is elucidated in Figure 2 and 3.  
 The various pathogenic factors blamed for the 
development of acne include the PSU, hyperkeratinization 
and undue sebum production, discharge inflammatory 
mediators, and inflammatory infiltrates (causes the 
progress of growing steps resulting in severity). P. acnes 
bacteria initiate the formation of propionic and acetic 
acid, thus resulting in the metabolism of sebaceous 
triglycerides into fatty acids. This results in the irritation 
of the follicular wall and surrounding dermis (2,32). S. 
epidermidis, an anaerobic microorganism, is another 

causative microorganism involved in acne pathogenesis 
and produces fatty acid modifying enzyme that forms 
cholesterol by the fatty acid esterification in the skin 
(33,34). S. Aureus, gram-positive rod-shaped bacteria, 
invade the skin and start producing extracellular 
enzymes such as lipases, proteases, hyaluronidases, 
and collagenase. These enzymes cause tissue injury 
and spread the pathogen into the deeper tissues (35,36). 
S. agalactiae, gram-positive coccus bacteria, is also 
involved in the development of P. acnes. The capsular 
polysaccharides and the pore-forming toxins of S. 
agalactiae are the key factors of S. agalactiae (37). K. 
pneumoniae, gram-negative bacteria present on the skin 
flora, causes infection in acne patients undergoing long-
term antibiotic therapy. The malicious factors of K. 
Pneumoniae is capsular polysaccharides, siderophores, 
and adhesins, this virulence produces seditious acne 
lesions papules, pustules (38).
 Various models for the antiacne analyze of the drugs 
and drug carrier are available, but not a single article 
available which is fully devoted to models for antiacne 
activities (39). Therefore, with the present review article, 
the authors try to gather and compile the information 
regarding in vitro, ex vivo, and in vivo models applicable 
to study acne and are reviewed in the subsequent section 
(Figure 4).

3. In vitro models for acne

In vitro acne models used for the study are organ culture, 
monolayer culture, follicle model and testosterone-
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Figure 1. Factors responsible for acne. 
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Figure 2. Mechanism of acne formation.

Figure 3. Causative pathogenic factors in acne: (1) Pilosebaceous unit. (2) Mechanism and effects of clogging pore. (3) 
Inflammatory infiltrates in acne formation.
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induced model. Though, no in vitro model is presented 
which can be used to study the complete perplexity of 
lesion formation. In in vitro organ culture model, the 
growth and preservation of any tissue, organ, and parts 
of organ allow the demarcation of that tissue and organ 
(40). In monolayer culture, cells are grown in a single 
layer on a culture medium in a Petri dish and prepared 
by the enzymatic separation of organ fragments. Cells 
in the monolayer culture need a substrate, which 
should be biologically inert, nontoxic and both the 
substrate and cells should be compatible with each 
other, otherwise, the culture will not endure and 
causes anomalous morphological changes (41). While 
in sebocytes (specialized epithelial cells) monolayer 
culture the sebocytes are used. These cells release 
their cellular content by degradation and by rupturing 
the cell membrane. The lipid synthesis in sebocytes 
is characterized by the rapid cell multiplication and 
differentiation of sebocytes. Cultured sebocytes are 
producing fewer amounts of wax esters and Squalene 
than the freshly isolated and in vivo SG (42).

3.1. SG organ culture

Thes e  mode l s  a r e  impor t an t  t o  exp lo r e  t he 
pathophysiology of human skin disorders which involves 
the SG, i.e. sebostasis, seborrhea, and acne. These models 
are a valuable means to develop and evaluate cosmetics 
and drug products. Human SG organ culture models 
highlight the role of SG and explain their functions in 
skin homeostasis. This model offers numerous benefits 

in comparison to sebocytes monolayer culture (40). 
These models are developed in isolation of SG by 
dissection of human skin (surgical waste, donor, cadaver, 
etc.) or by micro-dissection and shearing. The isolated 
specimens are transferred quickly into Dulbecco's 
modified Eagle's medium. The epidermal layers of the 
isolated specimen are separated and remaining dermis 
parts are directly placed in the growth medium. Intact 
SGs with/without dermal/epidermal components are 
utilized to measure lipogenesis rate in subjects with acne 
and the effect of substrates on lipid rates. To cultivate 
SG-derived cells, the isolated SGs were seeded in Petri 
dishes on a 3T3-cell feeder layer and complete culture 
medium. The cultures were incubated. The proliferation 
and lipid formation can be simultaneously examined in 
the basal and differentiated cell layer (43). An additional 
advantage lies over animal model in the fact that delivery 
of potential sebum suppression compound to the gland 
is not hindered, so absolute biological efficacy can 
be evaluated. The advantages of SG organ culture are 
distinct, although they involve the procedure which is 
time-consuming. 
 The SG in situ model is applicable for the antiacne 
studies using the culture of SGs isolated from animals. 
Toyoda and Morohashi performed organ culture on 
SG obtained from mice to compute the effects of 
neuropeptides (calcitonin gene-related peptide, substance 
P, vasoactive intestinal polypeptide, and neuropeptide 
Y) along with nerve growth factor. SG treated with 
substance P resulted in the accelerated lipid synthesis 
over the control glands by escalating the rate of 

Figure 4. Models for acne study.
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differentiation and proliferation postulating that stress 
which leads to acne (44). SG experimental models are 
reported in Table 1.

3.2. Sebocyte monolayer culture

Although the advantages of SG organ culture are 
evident, the procedure is time-consuming and depends 
on continued sources of viable tissue for additional 
glands. Cell culture offers an alternative over organ 
culture maintenance, a massive amount of cells can be 
processed and frozen, allowing multiple experiments 
to be performed on a similar cell lineage. Several 
laboratories have productively cultured HS cultures, 
in the presence of fibroblast support and in serum-free 
medium. This allows observing the effects of serum and 
growth factors. HS culture is a well-formed model to 
change local environmental growth conditions, evaluate 
lipogenesis inhibitors in a higher throughput mode than 
that which would normally be obtained through the 
utilization of organ culture and facilitate the study of cell 
metabolism, specifically to the androgen metabolism 
and lipid synthesis. In sebocytes, the synthesis of lipid is 
dose-dependent (7). Sebocytes monolayer culture offers 
an advantage that maximum cells can be processed 
and frozen which is used for performing multiple 
experiments on a similar cell lineage. There are two 
procedures for generating sebocytes monolayer cultures: 
(a) first one is explant outgrowth method where isolated 
SG are attached to culture plates followed by addition 
of growth medium, following incubation for several 
days, visible outgrowths (proliferative basal sebocytes) 
are seen from the glands; (b) second one is SG digestion 
method which involves digestion of SGs by limited 
trypsin proteolysis and released cells are plated in mass 
culture upon a fibroblast feeder layer. After a few days, 
there is a replication of attached cells into small colonies 
that can be further used as cloned cells. 

3.2.1. Rat preputial sebocyte monolayer culture 

The preputial gland of rodent possibly is employed as a 
model for the human SG. These specialized glands open 
to the surface with a surface of the urethral meatus, and 
secretions are included in territorial marking and mating 
behavior. Rat preputial glands are utilized to produce 
monolayer cultures that can be isolated, digested, and 
cultured upon a fibroblast nutritive layer (53,54). The 
preputial monolayer cultures of these cells are a suitable 
model for evaluating the hormone effects on sebaceous 
development and growth. The effects of estrogen on 
preputial cell behavior and determination of the cultured 
cells along with the action of androgen and effect of 
peroxisome proliferator-activated receptor (PPAR) has 
been reported (55,56). Preputial cells differentiate in 
a similar process, but to an overall lesser extent than 
human sebocytes (57). Preputial cells cultured in vitro 
lack the existence of PPAR ligands that will induce the 
formation of the oily or lipid droplet (58).

3.3. Follicle model 

The follicle model is used to appraise the context 
among sebocytes, keratinocytes and P. acnes. P. acnes 
colonizes on superficial skin and PSU. For determining 
the connection between sebocytes, keratinocytes and P. 
acnes, preserved sebocytes (SZ95) and keratinocytes 
(HPV-KER) were cultured in the same chamber which 
is divided by a permeable polyester membrane. The 
permeable polyester membrane avoids the dispersion of 
soluble molecules among the chambers. In the healthy 
PSU, P. acnes can only be found in the hair follicular 
cells (59). 

3.4. Squalene oxidation model 

Squalene oxidation models have been developed as the 
skin tissue engineering models for the in vitro testing 
of acne. These models are utilized for determining the 
sebum composition as well as the role of oxidative 
derivatives of squalene (60). These models are developed 

Table 1. Reported SG experimental models

Experimental model

Isolation of SGs after enzymatic dissociation for the cultivation of human sebocytes (HSs).

Introduced the condition to maintain SG ex vivo.

A modified version of the technique reported by Karasek, 1986. In this experiment the second 0.4-mm dermal section is used as a 
source of HSs after removal of epidermis and dermis layer (about 0.4 mm thick) of facial skin. 

In vitro cultivation of human SG-derived cells. HS monolayer cultures as growth from the periphery of SG organ cultures were 
obtained. 

Xia et al. 2009 developed the 1° sebocyte cultures by omitting the 3 T3 fibroblast layer, and 2° culture medium supplemented with 
delipidized serum and serum-free keratinocyte basal medium. 

Zouboulis et al. 2009 described the method for generation of an immortalized sebocyte cell line "SZ95" by transfecting human facial 
sebocytes with Simian virus-40 large T antigen. This cell showed similar morphologic, phenotypic and functional characteristics 
of normal HSs. Thiboutot et al. Immortalized human SG cell line (SEB-1) by applying the transfection system and Zouboulis et al. 
immortalized SG cell line (Seb-E6E7) by the introduction of HPV16 E6 and E7 genes. 
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by the squalene oxidation under controlled atmosphere 
i.e., by oxygen, ultraviolet irradiation and controlled 
incubation at prescribed conditions. The oxidized 
squalene derivatives have been analyzed and measured 
by GCMS and NMR at the predecided condition. The 
reconstructed human epidermis (RHE) models are also 
developed which are depended on the use of oxidative 
derivatives of squalene. On this morphology of the RHE 
were studied and specific markers such as inflammatory 
cytokines were measured. This model is used to calculate 
the drug in vitro activity and their formulations to inhibit 
acne development (61).

3.5. Testosterone-induced acne model (TIAM)

Testosterone is, a steroidal hormone, accountable for 
different forms of acne. The conversion of testosterone 
to dihydrotestosterone, stimulate keratin through its 
follicular receptor (62). Both the dihydrotestosterone 
and testosterone are the causes of acne because of the 
increased activity and size of SG. The TIAM is prominent 
for determining the efficacy and biocompatibility of the 
various components (4) (Figure 5).

4. In vivo models for acne

These models have been utilized to predict the efficacy 
of the drug in the treatment of that particular disease 
(63). Recently, animal models have been used for 
drug development in an exponential manner. The in-
vivo model has the same physiology as the events of 
human anagenesis and advantageous to appraise the 
anti-acnegenic nature of the formulation. These models 
imitate both human skin diseases and conditions. There 
are different human and animal models are available for 
acnegenesis, such as the Mexican hairless dog, rabbit 
ear assay and Rhino mouse model that closely resembles 
comedogenesis (64).
 Skin irritation is the culmination of a complex 
inflammatory process involving epidermal keratinocytes, 
dermal fibroblasts, endothelial cells, and annexing 
leukocytes in which early symptoms may consist of 
swelling, redness, and itching continuing to scaling and 
erythema (7). Histologically, irritation involves both 
the epidermis and dermis with inflammatory infiltrates 
entering from the microvasculature and chemical 
mediators being released from the different types of 
cells. The important task of the keratinocytes is not 
only to provide a barrier and integral structure of the 
PS follicle but also to participate as the essential task in 
the inflammatory process through the release/response 
to surrounding cytokines. Alternatively, the incite 
inflammation is the key role of bacteria in acne. In vivo 
acne models allow studying and determining the lesion 
count, the effect of the drug on bacteria, comedogenicity, 
histology study, and other anti-acne activity.
 Two types of inflammatory animal models used for 

ascertaining the immunostimulatory, pathogenic and pro-
inflammatory properties. These models included; 1) an 
acute inflammation model, induced by drug topically and 
2) a chronic skin inflammation model partially relevant 
to AV, which is developed with the bacterial intradermal 
injection into the mouse's ear. The detailed procedure 
for the estimation of anti-acne inflammatory activity and 
ear thickness as well as acne histology and lesion count 
shown in Figure 6 and 7, respectively (65-68). 
 Cytotoxins are compounds that stimulate chemotactic 
activity and are produced by P. acnes and other 
microorganisms in the follicle, which attract neutrophils 
(69). These chemical mediators can then go on to 
activate macrophages, neutrophils, natural killer cells 
and other cells inducing the production of additional 
cytokines. Major inflammation mediators include; 
histamine, leukotrienes, interleukins, prostaglandins, 
and neuropeptides. Neutrophils then produce enzymes 
and generate free oxygen radicals that will result in the 
disruption of the follicle. Inflamed parts such as pustules, 
papules, and nodules are developed when comedones 
rupture and their contents extruded into the dermis rather 
than above the skin surface. For analysis purposes, the 
live P. acnes (ATCC 6919) will be injected into the 
mouse's ear. The ear is then cut out on day 1 to day 
5 after bacterial injection, and homogenized with the 
tissue grinder, in 0.9% saline solution. Then supernatant 
centrifuged for 10 min at 2000 × g to separate out the 
clear liquid and then cytokine is measured. The TNF-α 
and IL-1β concentrations are determined with the help of 
ELISA kits (70,71).

5. Skin penetration studies 

Ex vivo conditions permit examination on an organism's 
cells or tissues under more controlled conditions than is 
attainable in vivo testing, to the detriment of modifying 
the "natural" environment. These studies help to observe 

Figure 5. In-vitro testosterone acne induced model.
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Figure 7. Rat Model for acne histology and lesion count.

Figure 6. Rat model for acne for determination of anti-inflammatory activity and ear thickness.
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the permeation rate of specific compounds through 
the animal skin (72). Ex vivo models are economical, 
effortlessly obtained, but not suitable to determine 
the long-term experiments or the heat sink effect. The 
studies can be summarized with the help of Figure 8.  
For in vitro permeation study, the permeation rate of the 

carrier through the skin, along with drug entrapped will 
determine by using egg membrane (Figure 9) (73).  

6. Estimation of antimicrobial (ATM) activity 

The activity of ATM component is measured by 

Figure 8. Ex-vivo skin penetration studies.

Figure 9. In-vitro model for skin permeation study using egg membrane. 
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determining the minimum inhibitory concentration 
(MIC). The MIC is the smallest concentration of an ATM 
agent that will reduce the growth and development of a 
definite type of organism after sub-culture on antibiotic-
free medium. MIC is employed to confirm organism 
resistance and in vitro potency of the new ATMs and it 
is regarded as the ‘gold standard' for the determination 
of susceptibility of the organism to ATMs. The methods 
used for determining the MIC of the therapeutic agent 
are discussed below (4,74).

6.1. ATM assay 

For ATM assay, two microbial varieties S. aureus 
(MTCC 96) and P. acnes (MTCC 1951) is usually used. 
The activities of compound and formulations have 
been evaluated against P. acnes in agar and S. aureus 
in pre-warmed agar plates (APLs). For this microbial 
cultures should preserve in their suitable agar slants at 
4°C. This is used as stock cultures (75). About 60 µL of 
each component is placed on sterile paper discs (8mm 
diameter) kept above the APL surface. Plates were 
cultured at 37°C for 48 h (72). The ATM potential of 
the test compound is determined by the measurement of 
the zone of inhibition (ZOI) diameter (2,76). 

6.2. Tube dilution technique (test tube method)

The tube dilution method is referred to as the standard 
method for the assessment of microbial resistance 
against a specific ATM agent. In test tube method, 
antibiotic dilutions are prepared in a liquid medium. 
In the series of culture tube (filled with microbial 
growth medium) (67) the test compound (variation in 
concentrations of test compound) is added. Incubate the 
culture tube. If there is no turbidity found it represents 
inhibition in the tube (7,77).

6.3. Agar diffusion method

It is applied for the assessment of the ATM MIC. Both 
the nutrient agar and nutrient broth medium have been 
used for the bacterial culture and for the assessment 
of ATM potency (78). To the Petri plates containing 
an agar medium, ATM agent is added to filter paper 
disc and places it in contact with the agar surface 
(46). During the incubation period, the ZOI will be 
formed, after the diffusion of the test compound onto 
the APL from the filter paper. The effectiveness of the 
therapeutic agent is determined by the diameter of ZOI 
(5,47,75).

6.4. Anti-androgen hypersecretion of sebum

The fuzzy rat model is selected to study the assessment 
of hyperplastic SG and sebum hypersecretion. This 
model is a genetic mutant variety between hairy albino 

and hairless rats. It is used to determine the effects of 
molecules or drugs on the reduction of glandular and 
ductal hyperplasia in human acne. For this, a sample has 
been diminished into the appropriate vehicles (i.e. water, 
alcohol) etc. and applied on the back of all male rats for 
2 months, except the control and the vehicle receiving 
groups of rats. The size of the sebaceous glandular 
lobes (GLs) and ducts will be quantified in both the 
fragmented epidermal preparations and frozen sections 
of skin. After 8 weeks it is evaluated by staining with 
osmium-potassium dichromate solution. The calculation 
can be done by the number of bromodeoxyuridine (BdU) 
positive cells in the GLs in split-skin tissues stained with 
BdU immunochemistry (48).

6.5. Ex vivo pig skin colonization

The segment of hair free pigskin has been sterilized in 
70% alcohol were clipped and infect with bacterial or 
fungal inoculum. Then the skin pieces (10 per group) 
are treated with 100 µL of ATM agent. The treated 
skin has been incubated for 24h at 35 ± 2°C under 
humidified conditions. Colonies were counted by 
swabbing the skin surface with a sterile cotton-tipped 
applicator soaked in 1mL of sterile saline supplemented 
with ATM inhibitor. Then after the sampling solutions is 
diluted and poured into the plates for colony counts. If 
there were no viable colonies observed, this is assigned 
as low detection value (49,79). 

7. Conclusion

Recently, a remarkable headway has been attained 
in delineating the models available for the acne. In 
conclusion, the culture of the human SG cell model 
offers unique possibilities for further fascinating 
investigations into the role and importance of the SG in 
the acne development. Moreover, these models which are 
an adequate tool for evaluation of the pharmacological 
properties of new anti-acne compounds. The sebum 
model sustains P. acnes progresses and biofilm formation 
and mimics some important phases of the PSU. Multiple 
models are available for the identification of technologies 
for effective acne treatment. By using these models, it 
is possible to estimate the mechanism of action of lead 
compounds. More complex culture systems, including 
three-dimensional models, are under development. The 
above-discussed approaches are very useful in further 
advancement in the selection of efficacious drug to 
the development of drug delivery systems for the acne 
treatment.
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1. Introduction

Plant invasion is a worldwide problem and considered to 
pose as an environmental and economic threat to human 
beings (1). Alternanthera philoxeroides (Mart.) Griseb. 
is an invasive plant, which although originated in South 
America, can now be found in many parts of the world 
(2). The weed can grow rapidly in a short period of 
time and generally form a dense tangled mat. Due to its 
prevalence, it shades the aquatic vegetation from sunlight 
and reduces water flow. The alligator weed can also 
cause death of fish and native plants and give favorable 
habitat for mosquitoes. Though it is a hazardous weed, 
its abundance all over the world is exceptional (3). Thus 
in this work, we have tried to find some benefits of this 

invasive plant. Previous chemical investigation on this 
species revealed a number of compounds (4-6). Among 
those compounds, ꞵ-carboline and quercetin are of great 
interest due to their diverse biological activities (7,8). It 
is reported they have antioxidant, antimicrobial activity 
as well as cardioprotective effects. In the present study, 
we will focus on the study of its cardioprotective effects 
against doxorubicin (DOX).
 As it is known, doxorubicin, sold under the trade 
names adriamycin among others, is a chemotherapy 
medication used to treat cancer including bladder cancer, 
breast cancer, Kaposi's sarcoma, lymphoma, and acute 
lymphocytic leukemia (9). It is often used together with 
other chemotherapy agents. However, their clinical use is 
markedly hampered by a major risk of cardiotoxicity that 
may lead to dilated cardiomyopathy and congestive heart 
failure (10). Prevention of this cardiotoxicity remains 
a critical issue in clinical oncology. Based on that, we 
wonder maybe we can utilize the compounds of the 
alligator weed and develop its cardiomyocyte apoptosis 
prevention induced by doxorubicin. 
 Firstly we have developed specific methods for the 
quantitative analysis of the ꞵ-carboline and quercetin 

Summary Plant invasion is one of the major threats to natural ecosystems. The alligator weed grows 
rapidly within a small span of time and is easily available all over the world. β-Carboline and 
quercetin are considered as excellent bioactive components of the alligator weed. In our study 
LC-MS/MS methods were performed for the detection and determination of the bioactive 
constituents, ꞵ-carboline and quercetin in leaves, in multiple reaction monitoring (MRM) 
mode. The effects of methanol extract on cardiomyocyte apoptosis induced by doxorubicin 
using H9c2 cells were evaluated by MTT assay and Annexin V-FITC/PI staining assay. A 
sensitive and selective liquid chromatography tandem mass spectrometry was developed and 
validated for the determination of ꞵ-carboline and quercetin in this plant. According to in 
vitro cell evaluation experiments, methanol extracts significantly prevented cardiomyocyte 
apoptosis induced by doxorubicin.

Keywords: Alternanthera philoxeroides (Mart.) Griseb., ꞵ-caroline, quercetin, MRM, 
cardiomyocyte apoptosis
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in the A. philoxeroides using LC-MS/MS. We also 
investigated the effects of methanol extract (ME) from 
A. philoxeroides on cardiomyocyte apoptosis induced by 
doxorubicin. The results demonstrated that ME of the 
alligator weed was able to reduce DOX-induced H9c2 
cell apoptosis.

2. Materials and Methods

2.1. Reagents

Standards were purchased from Sigma-Aldrich (Sigma-
Aldrich, China). The chemicals acetonitrile (ACN, LC-
MS grade) was purchased from Sigma-Aldrich. Formic 
acid additive for LC-MS was from Sigma-Aldrich. All 
aqueous solutions, including the HPLC mobile phase, 
were prepared with water purified using a Milli-Q system 
(Millipore).

2.2. Preparation of ꞵ-carboline and quercetin standards

Stock solutions of ꞵ-carboline and quercetin (1 mg/
mL) were prepared in methanol, and working standard 
solutions were prepared by adequate dilution of stock 
solutions with methanol. Solutions were stored at 4℃ in 
the dark. The stability of the stock and standard solutions 
under these conditions were checked and demonstrated 
for at least 2 weeks.

2.3. Sample collection and extraction

Leaves of A. philoxeroides were collected in the Jinan, 
China, on July, August September and October 2012, 
from eight different individual plants (numbered AP01-
AP08). Ten young leaves and ten old leaves were 
harvested from each plant. The young and old leaves 
from each plant were freeze-dried, mixed and ground to 
a fine powder. The eight powdered samples were then 
stored in a cold room (−20°C) in the dark until analysis.

2.4. Analysis sample and extract preparation

A precise amount of 50 mg of each sample was weighed 
and extracted with 100 mL of methanol by ultrasound 
for 0.5 h, and macerated in dark overnight. The extracts 
were filtered and reported to the correct volume used 
for extraction. 200 g of the whole plant powder was 
extracted with 1 L methanol for 24 hours at 25°C. After 
24 hours, the mixture was filtrated and the filtrate was 
evaporated to dryness. The weight of the extract was 
13.2 g. 

2.5. LC-MS/MS conditions 

Chromatographic analysis was performed using a 
Shiseido HPLC system (Kyoto, Japan) equipped with 
pump (3202), auto-injector (5100), and column heater 

(3004). Chromatographic analysis was achieved with 
an Agilent Zorbax SB-C18 (150 × 4.6 mm, i.d.) with a 
particle diameter of 5 μm. Temperature of the column 
oven was set at T = 25℃ during all experiment, and 
samples were held at a constant temperature of 4℃ by 
the autosampler thermostat. The mobile phase was a 
mixture of water acidified with 0.1% of formic acid (A) 
and ACN (B). The elution of analyte was performed 
using an isocratic method of 90% of B. The flow rate 
was set at 0.5 mL/min. The injection volume was 2 μL. 
 An AB SCIEX QTRAP®5500 tandem mass 
spectrometer (AB, USA) was connected to the LC 
system though an electrospray ionization (ESI) interface. 
The ESI source was operated in positive ionization 
model for ꞵ-carboline and negative ionization model 
for the qucercetin. Quantification was performed using 
multiple reaction monitoring (MRM) method with the 
transitions of the precursor ions to the product ions of 
m/z 169.0 → 115.1 for ꞵ-carboline, and m/z 301.0 → 
150.9 for quercetin, respectively. The ionization source 
conditions were see as follows: Entrance Potential (EP) 
10 V; curtain gas (CUR) 30 psi; collision gas (CAD): 
Medium; ion spray voltage (IS): 5500 V for ꞵ-carboline 
and − 4200 V for quercetin; temperature (TEM) 550℃; 
nebulizer gas (GS1) 55 psi; heater gas (GS2) 55 psi. 
Compound dependent parameters were shown in Table 1. 
System control and data analysis were performed by AB 
Sciex Analyst software (version 1.6.2).

2.6. Method validation

Standard solutions of two representative compounds at 
a constant concentration were injected into the LC-MS/
MS system. The procedure was carried out in triplicate 
for each concentration. The analyte areas obtained were 
plotted against the corresponding concentrations of the 
analyte (expressed as ng/mL) and the calibration curves 
were constructed by means of the least-square method 
(11).
 The limits of quantification (LOQ) and limits of 
detection (LOD) were evaluated at the concentration 
in which the quantifier transition presented a signal to 
noise (S/N) ratio of > 10 and > 3 respectively.
 Precision assays were carried out on standard 
solutions and leaf extracts. Standard solutions of the 
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Table 1. Multiple reaction monitoring (MRM) optimised 
parameters for the quantitation of β-carboline and 
quercetin in A. philoxeroides leaves

Analytes

Precursor ion
Product ion
Collision energy
Declustering potential
Entrance potential
Collision cell exit potential

Quercetin

301.0
150.9
− 24.2
− 120
− 10
13

β-Carboline

169.0
115.1
35.0
140
10
13

Compounds
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V for quercetin to generate the sufficiently abundant 
fragmentation ion. The precursor ion and the product 
ion, together with optimized MS parameters for each 
compound are given in Table 1.

3.2. Method validation

The whole methodology was successfully validated in 
terms of linearity, precision and accuracy according to 
International Regulatory Guidelines, thus demonstrating 
reliability and suitability of this analytical strategy. 
Good linearity (r2 > 0.995) was obtained over the 0.3-
100 ng/mL concentration range for all the analytes. 
The LOQ and the LOD values were 0.3 ng/mL and 0.1 
ng/mL, respectively, for the two compounds. Intra-
day and inter-day repeatability were evaluated for 
each compound. CV% did not exceed a value of 15% 
for intra-day assay and 20% for inter-day assay. Mean 
recovery values were always higher than 95%; thus, 
method accuracy is satisfactory (Table 2).

3.3. Quantitative results 

The validated method was applied to the analysis of 
A. philoxeroides leaf. Quantitative results are shown 
in Table 3 and each value is the mean of the results 
obtained from five analyses. It's shown that β-carboline 
and quercetin in the extracts from September are richer 
than those from other months.

3.4. Cardioprotective effect

To analyze the protective effects of methanol extract 
(ME) on doxorubicin-induced cytotoxicity in H9c2 
cells, cell proliferation was examined after incubation 
with methanol extract (10, 20, 40, 80, 160 mg/mL) in 
the presence of doxorubicin. The result of cell viability 
was shown on Figure 2. The cell viability of the 
negative group in the presence of the DOX was 40.75 ± 
4.25%, while incubation with different concentrations of 
ME for 24 h, the cell viability was boosted significantly. 
With treatment of 10, 20, 40, 80, 160 mg/mL ME, the 
cell viability was 38.43 ± 11.5%, 66.33 ± 6.03%, 79.00 
± 3.6%, 84.33 ± 5.5%, 83.16 ± 8.12% respectively. The 
pretreatment had a significant protective effect against 
doxorubicin-mediated cytotoxicity.

3.5. Decrease of apoptosis induced by DOX 

Flow cytometry analysis results were shown in Figure 
3. It was demonstrated that DOX induced 53.88% H9c2 
cell apoptosis, while with the pretreatment of ME at 
the concentration of 10, 20, 40, 80, 160 mg/mL the cell 
apoptosis was decreased to 51.18%, 42.5%, 33.18%, 
25.2%, 23.46% induced by DOX. It was illustrated 
that ME could decrease the cell apoptosis induced by 
DOX. And the protection effect of ME was relevant 

selected compounds at three different concentrations 
(low, middle, and high) were analyzed six times within 
the same day to obtain intra-day precision and six times 
over six different days to obtain inter-day precision, 
both expressed as percentage relative standard deviation 
(RSD%). Similarly, leaf extracts were analyzed six 
times within the same day to test intra-day precision 
and six times over six different days to obtain inter-day 
precision. 
 Method accuracy was tested by means of percentage 
recovery assays, adding known amounts of standard 
solutions of the analytes leaf extracts, which had 
been already analyzed. The added concentrations 
corresponded to the lower limit, an middle value and a 
high value (12). 

2.7.  Protective effects of methanol extract on 
doxorubicin-induced apoptosis in H9c2 cells 

Rat cardiac H9c2 cells were cultured in DMEM 
supplemented with 10% fetal bovine serum, 100 U/mL 
of penicillin, 100 μg/mL of streptomycin and 5% CO2 

at 37°C. Cells were plated at an appropriate density 
according to each experimental design. H9c2 cells were 
incubation with ME (10, 20, 40, 80, 160 mg/mL) for 24 
h. After incubation with 10 μM doxorubicin for another 
24 h, a modified MTT assay was used to determine cell 
viability (13).

2.8. Annexin V-FITC/PI staining assay

Rat cardiac H9c2 cells seeded in 6-well plates (1.5 × 105 
per well) were exposed to ME (10, 20, 40, 80, 160 mg/
mL) for 24 h. After incubation with 10 μM doxorubicin 
for another 24 h, cells were harvested and washed 
with cold PBS. The cell surface phosphatidylserine in 
apoptotic cells was quantitatively estimated by using 
Annexin V-FITC/PI apoptosis detection kit according 
to the manufacturer's instructions (Becton Dickinson, 
USA). The analysis was performed on a FACScan flow 
cytometry.

3. Results

3.1. Preliminary assays

β-Carboline and quercetin, mass spectra were first 
acquired in full-scan mode (100-400 m/z) by infusion 
of reference solutions at 1 μg/mL. We used MRM 
to quantify the two compounds. The chosen MRM 
transitions for LC-MS/MS quantitative analysis were: 
β-carboline (169.0 → 115.1 for qualitative purposes); 
quercetin (301.0 → 150.9 for qualitative purposes) 
according to the spectra C and D in Figure 1 . The 
collision energy used to fragment the β-carboline and 
quercetin were optimized in the spectra E and F. Base 
on the data, we selected 35 V for β-carboline and − 24.2 
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Figure 1. The MS spectra of β-carboline (A) and quercetin (B). MS-MS spectra of β-carboline (C) and quercetin (D), obtained 
at the collision energy of 5 V and − 20V, respectively. According to the spectra, the precursor ions to the product ions of m/z 169.0 
→ 115.1 for ꞵ-carboline, and m/z 301.0 → 150.9 for quercetin were selected for the MRM. E and G were used to modify the value 
of collision energy and declustering potential for the MRM quantitation of ꞵ-carboline, while F and H were for quercetin. Spectra H 
and I were the MRM ion chromatograms of the β-carboline and quercetin, using the method described in the Material and Methods.

Table 2. Calibration parameters. Linear dynamic range, coefficient of determination (R2), limit of quantification (LOQ), 
limit of detection (LOD), intra-day, inter-day (CV%), and recovery (%) obtained using solutions of standards and standards 
addition in A. philoxeroides samples

Compounds

β-Carboline
Quercetin

Linearity (ng/mL)

0.3 - 100
0.3 - 100

Calibration curves

Y = 1.01e5•X + 5.56e3

Y = 2.34e5•X - 2.15e3

r2

0.999
0.999

Inter-day CV (%)

8.1%
6.7%

Intra-day CV (%)

13.4%
12.5%

Recovery

98.2%
101.5%
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to the concentration. When exposed to ME at higher 
concentration, there was less apoptosis cells.

4. Discussion

It has been reported that alligator weed has numbers 

of active compounds, such as phytosterol, flavonoid, 
triterpenes compounds and so on. Based on various 
constituents, different extractives using different 
solvents exhibit multiple pharmacological activities 
such as antinociceptive, antihyperglycemic, antioxidant, 
anti-microbial activities and a-glucosidase inhibitory 
effects. Among those compounds, β-carboline and 
quercetin are of great interest due to their diverse 
biological activities (7,8). For this, we analyzed the 
important two active components present in the leaf 
extract (methanolic) of A. philoxeroides using LC-MS/
MS. Besides, the cardioprotective effect of the leaf 
extract was also explored by MTT and Annexin V-FITC/
PI staining assay. In these two experiments Dox was 
explored to induced cell apoptosis. Doxorubicin 
(DOX) is an anti-tumor agent that is widely used in 
clinical setting for cancer treatment. The application 
of DOX, however, is limited by its cardiac toxicity 
which can induce heart failure through an undefined 
mechanism. So H9c2 cells induced by Dox is 
commonly used to screen cardioprotective agents. The 
results demonstrated that ME had obvious protective 
effects against doxorubicin-mediated cytotoxicity. The 
mechanism might be that ME could decrease the cell 
apoptosis induced by DOX, which was illustrated in 
Annexin V-FITC/PI staining assay. And the protective 
effects were relevant to the concentration of ME. In 
our experiments, only β-carboline and quercetin were 
determined by LC-MS/MS, but other components in 
ME solution might also have protective effects, which 
still required validation.
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β-carboline 
(µg/g ± SD)

13.3 ± 1.2
16.7 ± 2.1
23.2 ± 3.5
19.6 ± 0.8
35.1 ± 4.3
36.5 ± 2.0
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Figure 2. The cell viability results of ME exposed at 
different concentrations.

Figure 3. Flow cytometry analysis results illustrating cardioprotective effects of ME on H9c2 cells induced by Dox.
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Microparticles for sustained release of water-soluble drug based 
on a containment, dry coating technology
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1. Introduction

A film coating technique is often used in the 
pharmaceutical industry to: 1) protect active ingredients 
from moisture, light, or oxygen, 2) improve the product's 
glossy appearance for marketing, or 3) control the 
dissolution of drugs from pharmaceutical formulations. 
The coating methods used in manufacturing medications 
are generally based on wet coating such as a fluidized 
bed coating and pan coating, where the coating material 
solution is sprayed on the surface of the core materials in 
this coating method. 
 There is a number of technical limitations in the 
coating process to be solved as an unmet need in 
the pharmaceutical field. One such limitation is the 
applicable size of core materials. With respect to 
conventional coating machines, over 100 µm of a particle 

size is generally required for use as a core material. 
Wurster fluid-bed technique has the advantage of film-
coating small particles within the micrometer magnitude. 
However, even under an appropriate spray liquid flow 
rate, 20 to 50 µm microaggregates are produced with an 
associated yield of 60% (1). Thus, applying conventional 
coating methods to microparticles and nanoparticles have 
proven difficult. 
 Another limitation of the coating process is the 
ability to coat in a small scale. In the early stage of 
drug development, only a milligram order of the 
active ingredient under investigation is often available. 
However, most commonly used coating machines require 
several hundred grams per batch, at the very least. 
Therefore, formulation studies on controlled release 
preparations cannot be executed in practice when only a 
limited amount of the active compound is available. This 
prompts the need for small-scale manufacturing of highly 
active pharmaceutical ingredients such as nucleic acids 
or biomedicines. 
 Maintaining the integrity of the containment during 
the coating process is also an unmet need. In the wet 
coating process, solvents are removed by blow drying, 

Summary Controlled release microparticles in a sub-gram-scale batch were fabricated using a ball 
mill, dry coating technique, to coat the water-soluble core material. This process also 
guaranteed the maintenance of the containment's integrity during the dry coating process. 
Quinine (average diameter, ca. 10 μm) and carnauba wax were used as the core and 
coating material, respectively. We evaluated the influence of process time, milling speed, 
and quinine-to-carnauba wax ratio on the particle size of the coated particles and their 
in vitro drug release profiles. Scanning electron microscopic observations suggested that 
the small wax particles attached to the core (quinine) particles resulted in a smooth film 
during the dry coating process. The size distribution of the coated particles agreed with 
the theoretically estimated size distribution. The in vitro release test demonstrated that the 
coated particles released quinine over 2 h in a biphasic mode. These results suggest that dry 
coating of microparticles less than 50 µm (D99) is feasible on a several-grams-batch scale. 
This new ball mill-coating technique also enables a guaranteed containment, a prerequisite 
for the manufacturing of highly bioactive or biohazard substances.
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which may affect the containment's integrity. This 
inadequate containment may be associated with risks 
such as leakage of highly bioactive or biohazardous 
substances, and its exposure to these circumstances. 
 Mechanofusion is a surface modification method 
of powder (2). Researchers have investigated the 
mechanofusion method as a dry coating method 
to propose tentative advancements. These include 
improving the humidity resistance of magnesium 
powder (3), improving the aerosolization of drug 
powder through a reduction of the powder's intrinsic 
cohesion (4), improving the flow properties of bulk 
powder (5,6), and controlling the dissolution of a 
poorly water-soluble drug (7,8). According to a study 
(9), the five types of devices introduced for dry coating 
include mechanofusion, hybridizer, magnetically 
assisted impaction coater, rotating fluid bed coater and 
theta composer. Recently, Nobilta® and Nanocular® 
(Hosokawa Micron Corporation, Osaka, Japan) have 
become increasingly popular for dry coating on a small 
scale. Dry coating on a scale of approximately 10 g is 
possible using those machines (4-8). 
 Ordered mixing can be used for coating, where 
the surface of larger particles is loosely coated or 
covered with smaller particles (9,10). Micro- or 
nanoparticles tend to easily adhere to each other 
or attach to the surface of larger particles by van 
der Waals interaction and electrostatic force. This 
attachment forms aggregates or composite particles. 
In the field of pharmaceutical manufacturing, high-
intensity mixers and grinding machines such as a ball 
mill, have generally been used for ordered mixing. 
The aggregates generated during the ordered mixing 
process can be broken down into primary particles 
using those machines (10). Therefore, the ordered 
mixing technique may have the advantage of coating 
microparticles to produce microcapsules below 100 
μm, a current technical limitation in the applicable size 
of core material. However, this technique has not been 
applied practically, to the coating of materials prepared 
for controlled release. This lack of application is 
because of the difficulty in eliminating the gaps present 
between the attached particles found on the surface of 
core particles. In addition, exothermic effect is a known 
undesirable property of the machines. The exothermic 
heat generated by the collision of particles may affect 
the stability of the core active material, which may 
increase related compounds or change the crystalized 
form of the active material. 
 Such exothermic property of milling, however, 
may have the advantage of tight coating. Namely, 
the exothermic effect should promote the melting 
of guest particles to form a seamless film on the 
surface of a host particle (11). This indicates that the 
guest particles consisting of a material with a lower 
melting point can tightly bind or fuse with each other. 
This fusion may then be applied to the coating for a 

controlled drug release particle. In addition, among 
the high-intensity mixers and grinding machines, only 
ball milling machines can be operated under a closed 
condition. Thus, coating with a ball mill, if feasible, 
may guarantee the integrity of the containment when 
contained during the coating process. 
 In the present study, we assessed the feasibility of 
dry coating microcapsules that are less than 100 µm, 
used for controlled drug release and created using the 
ball mill technique. Quinine hydrochloride (m.p., ca. 
115ºC) was used as the water-soluble core particle, 
and was pulverized to microcrystals with an average 
diameter of approximately 10 µm (the host particle). 
Carnauba wax (m.p., ca. 85ºC), a common inactive 
pharmaceutical ingredient, was used as the hydrophobic 
coating material (the guest particle).

2. Materials and Methods

2.1. Materials

Carnauba wax (density, 0.99 g/cm3) was purchased 
from Alfa Aesar (Lancashire, UK) while quinine 
hydrochloride 2-hydrate (quinine) (density, 1.27 g/cm3) 
was purchased from Nakarai tesque (Kyoto, Japan). All 
other chemicals used were of reagent grade.

2.2. Pulverizing quinine

Three-hundred milligrams of quinine was pulverized 
by a planetary mill (pulverisette6, FRITSCH GmbH, 
Germany) using the ball mill pot (ϕ 40 mm; H 40 mm) 
with 4 balls (ϕ 10 mm). The ball milling rotated at 250 
rpm for 2 h to prepare the pulverized quinine particles.

2.3. Dry coating by the ball milling method

The 250-300 mg mixture of pulverized quinine particles 
(ca. 10 μm) and carnauba wax (ca. 40 μm) was applied 
to an agate ball mill pot (ϕ 40 mm; H 40 mm) with 4 
balls (ϕ 10 mm). The ball mill was then rotated at 22-
23ºC using the planetary mill (pulverisette6, FRITSCH 
GmbH, Germany).

2.4. Microscopic observations

The coated samples obtained were observed using a 
scanning electron microscope (SEM) (JSM-5500LV, 
JOEL Ltd., Tokyo, Japan). To evaluate aggregation, 
the coated particles were dispersed in 0.05% Tween 80 
aqueous solution, filtrated by 0.22-μm membrane filter 
and dried on the filter for 2 h at 22-23ºC. The collected 
particles on the filter were used as samples. Cross 
sections of the samples were obtained by cutting using 
a razor. Samples for SEM observation were prepared by 
depositing gold-palladium at 15 mA for 3 min (Quick 
Auto Coater JFC-1500, JOEL Ltd.). 
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batch using the paddle method of the JP dissolution test. 
Briefly, 0.05% Tween 80 aqueous solution (900 mL), 
which was degassed at 41ºC for 2 h prior to use, was 
stirred using a paddle at 50 rpm and 37 ± 0.5ºC, with 
20-75 mg (5 mg as quinine hydrochloride 2-hydrate) of 
particles added to the medium. 1 mL of the medium was 
periodically collected at predetermined time intervals, 
followed by the addition of 1 mL of fresh medium 
during the dissolution test. For the assay of quinine 
concentration, 100 μL of 0.1 M HCl was added to 400 
μL of each collected sample, and the concentration 
determined by the fluorescent method (Ex., 350 nm; 
Em., 450 nm) using a hybrid multimode microplate 
reader (Synergy H4; BioTek Instruments, Winooski, 
VT, USA).

3. Results

3.1. Observed morphological changes in the coated 
particles during dry coating process

To evaluate the influence of process time, the particles 
were observed with the SEM at different process times. 
The typical scanning electron micrographs are shown 
in Figure 1. For the pulverized quinine crystals, the 
surface changed from a scale-like shape (2 h, Figure 1a) 
to aggregates of small particles (8 h, Figure 1b) as the 
milling process progressed at 250 rpm. For the coated 
particles, the surface changed from an aggregate with 
small particles, to one with a smooth surface as the 
dry coating with quinine and carnauba wax (1:1) at a 
speed of 250 rpm (Figures 1c, 1d, 1e, 1f) progressed. 
Interestingly, the coated particles obtained when dry 
coating was performed once for 30 min with the wax, 
had a brush surface or a fibrous surface standing upright 
(Figure 1c). However, the particles became spherical 
with a rather smooth surface at 12 h (Figure 1f). The 

2.5. Differential scanning calorimetry (DSC) analysis

The particles (2 mg) were analyzed using DSC (DSC-
60; Shimadzu Co., Ltd.) under N2 gas (50 mL/min). The 
temperature rising speed was 20ºC/min.

2.6. Determination of particle size

The size of the pulverized quinine particles and coated 
particles was determined as a volume-based diameter 
using a laser diffraction particle size analyzer (SALD-
2200, Shimadzu Co. Ltd., Kyoto, Japan). For the 
dispersion medium, soybean oil-hexane (1:2) and 0.05% 
Tween 80 aqueous solution were used as the dispersion 
media for the pulverized quinine and the coated 
particles, respectively. The size was measured within 
1 min after the addition of the dispersion medium. 
To determine the volume-based diameter of carnauba 
wax in the coated particles, quinine was washed out 
of the coated particles through a 3 h incubation in the 
dispersion medium at 37ºC. The theoretical size of the 
coated particles was calculated using the following 
equation that is based on the hypothesis that the quinine 
particle were coated as the primary particle:

      Theoretical size (Dx) = dx [(W1/ ρ1 + W2/ ρ2)]
1/3

where Dx and dx is diameter of coated particles 
and pulverized quinine microcrystals at the X% of 
cumulative distribution, respectively. W1 and W2 
is weight of pulverized quinine and carnauba wax, 
respectively. ρ1 and ρ2 is the density of pulverized 
quinine and carnauba wax, respectively.

2.7. In vitro dissolution test

The dissolution test was performed in triplicate for each 

Figure 1. Scanning electron micrographs of the pulverized quinine and the coated particles. a) 2 h-pulverized quinine particles, 
b) 8 h-pulverized quinine particles, and the quinine and carnauba wax (1:1) coated particles prepared at 250 rpm for c) 0.5 h, d) 3 h, e) 
6 h, and f) 12 h. Morphology changed during the dry coating process was demonstrated.
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SEM observation of the cross-section of the sample 
obtained by 12 h of dry coating (Figure 2), revealed 
that a layer existed around the core section, although 
the core or quinine crystal was not clear. Through the 

observation of the well-dispersed particles, the coated 
particles prepared at 250 rpm in a 1:1 ratio of quinine 
and carnauba wax were observed as primary particles 
despite the 6 h or 12 h process time (Figures 3a and 
3b). However, the particles prepared at 500 rpm were 
aggregates of several coated particles (Figure 3c). The 
particles fabricated in a 1:4 ratio of quinine to carnauba 
wax at 250 rpm for 6 h, also resulted in aggregates 
(Figure 3d).

3.2. Particle size of the coated particles

The volume-based diameters of the coated particles 
prepared by the dry coating technique were evaluated 
using the laser diffraction particle size analyzer. 
Comparisons between the actual and theoretical 
diameters were made as shown in Table 1. The average 
diameter increased as the additive amount of the guest 
particles increased. For the dry coating process at 
250 rpm, the actual average diameters were well in 
agreement with the theoretical average diameters for the 
1:2 and 2:1 ratios of quinine to carnauba wax: this was 
not observed for the 1:4 ratio. In particular, the coated 
particles in the 1:1 ratio of quinine to carnauba wax 
showed that the actual cumulative size distribution was 
almost identical to the theoretical value (Table 1, Figure 
4). With respect to the milling speed in the 1:1 mixture of 
quinine and carnauba wax, the actual average diameter of 
the particles prepared at 250 rpm was close to that of the 
theoretical value when processed for 6 h. Thus, the actual 
and theoretical average diameters observed were well 
in agreement after 3 h of processing (data not shown). 
However, the actual diameter of the coated particles 
prepared using the 6 h processing time at 100 rpm and 
500 rpm was found to be larger than the theoretical 
values for the identical time. In the later study, the dry 
coating speed of 250 rpm, process time of 6 h, and the 1:1 
ratio of quinine and carnauba wax were selected as the 
standard conditions. 
 Quinine as the core material was removed from 
the coated particles to evaluate the change in size of 
carnauba wax during the dry coating process. The mean 

Figure 2. Scanning electron micrograph of the cross section 
of the coated particles.  The coated particle of the quinine and 
carnauba wax (1:1) were prepared at 250 rpm for 12 h.

Figure 3. Scanning electron micrographs of the coated 
particles. The particles prepared by a) standard conditions, b) 
process time of 12h, c) milling speed of 500rpm, d) quinine-to-
carnauba wax ratio of 1:4. The conditions of 1:1, 250 rpm, and 
6 h for quinine/carnauba wax ratio, milling speed, and process 
time, respectively, were selected as the standard.

Table 1. Comparisons between actual and theoretical particle sizes of the coated particles

Dry-coating 
condition

250 rpm, 6hr
100 rpm, 6hr
500 rpm, 6hr
250 rpm, 12hr
250 rpm, 6hr
250 rpm, 6hr
250 rpm, 6hr

actual

11.8 ± 2.5
12.3 ± 1.2
18.4 ± 4.8
11.6 ± 1.3
10.9 ± 1.3
19.4 ± 2.0
26.1 ± 3.1
10.1 ± 1.9

theoretical

12.3
12.3
12.3
12.3
11.0
14.2
17.1

-

Data represents mean ± S.D. (n = 3 batchs).

 
   actual

  6.7 ± 1.5
  5.0 ± 0.5
12.8 ± 4.3
  6.9 ± 1.1
  4.6 ± 0.6
12.1 ± 1.2
16.5 ± 1.8
  6.4 ± 1.5

theoretical

7.8
7.8
7.8
7.8
7.0
9.0
10.8

-

actual

14.6 ± 2.9
16.9 ± 1.8
21.3 ± 4.5
14.5 ± 1.6
11.0 ± 1.6
22.9 ± 1.5
29.4 ± 3.0
12.3 ± 2.8

theoretical

15.0
15.0
15.0
15.0
13.4
17.4
20.8

-

actual

25.0 ± 4.9
33.0 ± 4.5
31.6 ± 5.9
23.8 ± 1.5
30.3 ± 7.2
37.8 ± 2.8
48.9 ± 5.4
19.5 ± 3.4

theoretical

23.7
23.7
23.7
23.7
21.2
27.5
33.0

-

                                                       Particles size (μm)

 Mean                                     D25                                     D50                                       D75

Quinine/
carbauna wax

1/1

2/1
1/2
1/4
Pulverized quinine
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particle size of the carnauba wax particles decreased 
while the dry coating process progressed and plateaued 
at 3 h (Figure 5).

3.3. DSC analysis of coated particles

DSC analysis was used to examine the influence of the 
dry coating process on the thermodynamic properties of 
carnauba wax and quinine. For the coated particles, the 
melting point derived from carnauba wax shifted higher 
while that of quinine experienced a lower shift than that 
of carnauba wax (Figure 6). 

3.4. In vitro drug release from the coated particles 

The release of quinine from the coated particles is 
shown in Figure 7. As the process advanced, the initial 
release at 10 min decreased and the duration of release 
extended from 10 min to 2 h (Figure 7a). Although up 
to 95% of the pulverized quinine was dissolved within 
5 min, the quinine released from the coated particles 
obtained by the 12 h processing time, lasted over 2 h. 

The analysis conducted by liner fitting indicated that 
the release of quinine from the coated particles was 
biphasic (Figure 7b). The particles prepared at 100 
and 250 rpm showed similar drug release profiles in 
the release of approximately 80% of quinine within 
the initial 30 min. However, the particles prepared at 
500 rpm showed a slower drug release, where 80% of 
quinine was released in 1.5 h (Figure 7c). The influence 
of the ratio of quinine and carnauba wax on drug 
release, was evaluated on the coated particles fabricated 
at the 6 h processing time at 250 rpm. Initial release 
at 10 min decreased as the amount of carnauba wax 
increased. However, the initial release plateaued around 
50-60% release of the prepared coated particles when 
the amount of carnauba wax was more than that of 
quinine (Figure 7d).

4. Discussion

Before we performed the dry coating of quinine by 
carnauba wax, we selected quinine microcrystals as core 
particles that were pulverized to a mean diameter of 
approximate 10 μm, as this size is considered the lower 
critical limit of pulverization. Dry grinding with a ball 
mill is a popular technique used in the pharmaceutical 
industry; however, a lower critical particle size can be 
achieved through pulverization. In general, it is difficult 
to reduce particle size below 10 μm by dry milling. 
This is explained by several theories in terms of the 
energy for pulverization. For example, according to the 
theory by Bond (12), the energy for pulverizing powder 
is calculated using the following equation: 

 where E is the net specific energy, CB is a constant, 
and x1 and x2 are the feed and pulverized size (D80), 
respectively. This equation indicates that more energy is 
required when the particle size gets smaller. Moreover, 
the lower critical size in pulverizing is explained by 

Figure 4. Cumulative particle size distribution of the typical 
coated particles. The solid and dot lines express the actual 
size and theoretical size distribution, respectively. The coated 
particles were prepared by the condition: quinine/carnauba wax 
ratio 1:1, milling speed 250 rpm, process time 12 h.

Figure 5. Change in size of carnauba wax particles during 
the dry coating process. Quinine-to-carnauba wax ratio and 
milling speed were 1:1 and 250 rpm, respectively.

Figure 6. DSC charts. a) carnauba wax, b) quinine, c) the 
coated particles perepared by the standard condition: quinine/
carnauba wax ratio 1:1, milling speed 250 rpm, process time 
6 h.
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the relationship between hardness and size of particles. 
The hardness of a particle is related to the magnitude of 
the crack in the particle (13), which is considered to be 
decreased when the particle size is reduced. Thus, more 
energy is required for pulverization along with a smaller 
size of particles. Besides the selection of the core particle 
size, we also chose a moderate milling speed (250 rpm 
as the standard speed) for the dry coating process so that 
the reduction in particle size of the core particles would 
not proceed during the dry coating process. To confirm 
no reduction of the core particle size, we examined 
the influence of the pulverization time on the quinine 
particle size at 250 rpm. When only the quinine particles 
were pulverized for 8 h, the particles were larger in 
size than those obtained through 2 h of pulverization 
(10.1 ± 1.9 μm and 20.8 ± 6.4 μm for the 2 h and 8 h 
process, respectively; the mean particle size ± S.D. for 3 
batches). Considering the SEM image shown in Figure 
1b, the increase in the particle size of quinine by the 8 h 
pulverization may be due to the formation of aggregates. 
Consequently, the size of cores particle was considered 
not to reduce during the dry coating process. So, when 
the dry coating with the pulverized quinine and carnauba 
wax was performed, it was suggested that the carnauba 
wax may be dominantly pulverized in the 6 h dry coating 
process, which had in advance, a 2 h pulverization 
process. 
 Under the condition that the size of the core 
particles (10 μm quinine) would not reduce, we 

performed the dry coating by 40 μm carnauba wax. 
The dry coating technology used in the present study 
is related to mechanofusion, which is mainly used for 
modifying the surface of particles. For the conventional 
mechanofusion and dry coating procedures reported, 
smaller particles were used as guest particles and larger 
particles as host particles (3,7,9,14). In this study, 
quinine particles used as host particles were smaller 
than the carnauba wax particles that were used as guest 
particles to result in the achievement of dry coating. 
The possible explanation for the conflict is related 
to the size reduction in carnauba wax during the dry 
coating process. Since the host quinine particles had 
a mean particle size similar to the minimum critical 
particle size obtainable by pulverization, carnauba wax 
particles may dominantly be milled to become finer 
particles during the coating process as indicated above. 
This selected pulverization provides a high surface 
energy to carnauba wax particles by engendering new 
surfaces and showing the tendency to attach to other 
particles. The generated small particles of carnauba 
wax were gathered with quinine particles and melted 
to incorporate the quinine particles. This is supported 
by the electron microscopic observation, where most of 
the particles changed in morphology from a composite 
with small particles, to a particle with a smooth surface 
as the process of dry coating proceeded. The echinoid-
shaped particles were produced by the initial 30 min 
coating, which may have been formed when the 

Figure 7. In vitro dissolution of quinine from the coated particles. Effect of the process time on a) in vitro dissolution profiles and b) 
liner fitting: ■ 0 h (pulverized quinine), ▲ 0.5 h, ○ 6 h, and ● 12 h. c) Effect of milling speed on in vitro dissolution profiles: ▲100 
rpm, ○ 250 rpm, and ■ 500 rpm. d) Effect of quinine-to-carnauba wax ratio on in vitro dissolution profiles: ▲4:1, ■ 2:1, ○ 1:1, □ 
1:2, and ∆ 1:4. The standard conditions were 1:1, 250 rpm, and 6 h for quinine/carnauba wax ratio, milling speed, and process time, 
respectively. Data represents the means ± S.E. for 3 batches.

a) b)

c) d)
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carnauba wax particles were teared off by milling. The 
production of echinoid-shaped particles may enhance 
further aggregation of particles by increasing the 
surface area. Particles forming a composite could not be 
clearly identified in the microscopic observation (neither 
carnauba wax nor quinine), although the observation of 
the cross section suggested this recognition.  
 To prove the coating of a quinine particle with 
carnauba wax, we evaluated the particle size distribution 
and drug release profiles of the coated particles. In 
the dry coating process, the coated particles decreased 
in particle size down to the theoretical diameter in 
the 3 h required to reach a plateau. Similar tendency 
was observed on the guests obtained when quinine 
was washed out of the coated particles. Therefore, the 
observed size reduction is considered to be of carnauba 
wax. This observation supports that the coating process 
may proceed with the progress of pulverization of the 
carnauba wax as mentioned above. Therefore, by the 
inadequate pulverization of carnauba wax, the actual 
particle size of all particles including coated particle, 
quinine and carnauba wax was therefore larger than that 
of the theoretical size in the early period of the process. 
This is seen to hold true for other coated particles 
prepared at a low milling speed. Indeed, the dry coating 
at 100 rpm produced coated particles with relatively 
larger sizes, especially in D75. On the other hand, the 
average diameter of the particles obtained at 500 rpm 
was found to have a value twice that of the theoretical 
value. This is not due to inadequate pulverization. This 
is explained by assuming that the milling at 500 rpm 
gave rise to excess energy for coating the particles, 
which may be used to aggregate the coated particles as 
shown in Figure 3. Thus, it was indicated that 250 rpm 
is the optimal milling speed to obtain primary coated 
particles. The volume-based particle sizes, D25, D50, and 
D75, of the coated particles prepared by 6 or 12 h of dry 
coating with quinine and carnauba wax (1:1) at 250 
rpm, were close to the theoretical values estimated by 
assuming that the particles were primary particles. In 
addition, the size distribution of the particles obtained 
by the 12 h dry coating period coincided with the 
theoretical size distribution. On the other hand, when 
the ratio of quinine to carnauba wax was 1:4, the 
average diameter of the obtained coated particles was 
larger than the average theoretical diameter. This is 
probably due to the production of aggregates, judging 
from the observation of the dispersed particles (Figure 
3). This indicates that there are optimum conditions 
in terms of the host-to-guest ratio and milling speed, 
to obtain primary particles. For quinine and carnauba 
wax, the optimum ratio at 250 rpm was found to exist 
between 2:1 and 1:2. 
 We then evaluated the influence of process time, 
coating speed and ratio of host and guest materials 
on in vitro quinine release from the coated particles. 
With increased processing time, a longer drug release 

was sustained with a suppressed initial release. The 
influence of the process time on the drug release can 
also be explained by the morphological changes of 
particles shown in Figures 1c-1f. It was indicated that 
the attachment of only intact, small guest particles 
(Figure 1c) cannot control drug release as there are 
gaps between the adhered wax particles; even as close-
packed spherical particles provide approximately 0.26% 
of porosity. The attachment of guest particles on the 
host particles may be based on the steric repulsive 
force among the guest particles, besides the attractive 
force between the host and guest particles. This steric 
repulsive force prevents close-packing. Changing the 
shape of the attached particles for controlled drug 
release is also essential. It was reported that heating 
melts the adhered particles resulting in the formation of 
a smooth layer (15). For the dry coating process using 
an electric mortar and a powder surface reforming 
system, it was reported that a change in shape of the 
adhering particles is observed as a relaxation process 
takes place during process progression (16). In this 
study, we observed the changing of the adhered 
particles (Figure 1c) to the smooth layer (Figures 1d-1f) 
with process progression. One of the important factors 
in morphological changes during the process is the 
melting points of the guest and host particles. Melting 
points of the guest and host particles used in this study 
were approximately 85ºC and 115ºC, respectively. 
Considering that the original quinine particles were 
not clearly observed in the cross section of the coated 
particles (Figure 2), carnauba wax and quinine are 
considered to melt during the dry coating process. The 
DSC analysis attributed the thermal peaks of the coated 
particles, to the melting of carnauba wax and quinine. 
This indicates that quinine exists as a crystallized 
structure, but may interact with carnauba wax during 
the dry coating process. 
 The coated particle obtained at 500 rpm showed 
a slower release than those obtained at 100 and 250 
rpm. Although the dry coating at 500 rpm gave rise to 
aggregates, the coated particles consisted of quinine 
and carnauba wax in the ratio, 1:4 at 250 rpm also gave 
rise to aggregates. These aggregates showed a similar 
release of quinine particles to those in the 1:1 ratio at 
250 rpm, which were suggested to exist as primary 
particles. The aggregation of the coated particles cannot 
completely account for the slower release of the coated 
particles at the 500 rpm. Considering the degree of 
compaction in a coating layer, the magnitude of the 
milling speed may affect the coating layer more than 
the amount of coating material. 
 It is well-known that drug release through a water-
insoluble membrane shows the zero-order pattern. A 
model proposed by Chien (17) has been commonly 
accepted as a mechanism of drug release by hydrophobic 
polymer coating particles. Drug molecules underlying 
the shell of a capsule, left the crystal to penetrate the 
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polymer wall by a partitioning phenomenon, diffuse 
through the wall using a driving force that differs in 
concentration across the wall, dissolve in the solution 
surrounding the capsule to form saturated and diffusion 
phases, prior to dispersal in the bulk solution. A 
modified model proposed by Ito et al. (18) takes it 
into consideration the medium penetrating through the 
coating layer to the core compartment of a capsule, 
followed by dissolving of the crystallized drug in the 
core prior to drug release. Drug release from the matrix 
formulation is proportional to the square of time. In this 
study, the drug release from the coated particles did not 
fit a matrix-type kinetic, as it was not proportional to the 
square of time. This suggests that the particles obtained 
were not of the matrix type. Although the release did 
not show zero-order kinetics, biphasic kinetics which 
involves a zero-order pattern was observed. A decrease 
in the release in the early phase was observed while the 
latter phase increased along with the extension period of 
the dry coating process. This suggests that the coating 
layer may have two regions of diffusion: a leaky and 
rigid region, and that a leaky region may be present 
within the gaps between the guest particles. The leaky 
region reduces as guest particles bind tighter to each 
other during the progression of dry coating. 
 In conclusion, controlled release coating of quinine 
microcrystals less than 50 µm with carnauba wax was 
achieved by the ball mill dry coating method. The 
method selected may avoid the lower size limitation 
of coating, in the pharmaceutical manufacturing. In 
addition, the ball milling technique guaranteed that 
the integrity of the containment is maintained when 
contained during the dry coating process. Thus, our 
method may be useful in coating highly bioactive 
substances that may present a variety of risks when 
exposed to the environment. Through the use of a dry 
coating technology with a ball mill, we are proposing 
that this method may provide a breakthrough solution 
in the manufacture of controlled release microparticles 
that undergo contained conditions. Application of nano-
order particles should be investigated in a future study. 
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1. Introduction

Insects respond to microbial infections via the activation 
of an innate immune system consisting of germline-
encoded sensor, signaling, and defense molecules 
including antimicrobial peptides (AMPs) (1). In insects 
including the flesh fly (Sarcophaga peregrina) and 
silkworm (Bombyx mori), innate immune responses 
including the induction of AMPs have been reported to 
be induced by injury of the body wall, which enables 
environmental microorganisms to invade into insect 
tissues (2,3). Additionally, we previously observed that 
antimicrobial activities were induced in the hemolymph 
of house fly (Musca domestica) larvae after injury 
(4). It has been shown that infectious inflammation 
signals induced by microbial components derived from 

microorganisms invaded through the injury sites and 
non-infectious inflammation signals induced by the 
physical damage due to the injury induce expression 
of AMPs in Drosophila melanogaster (5-7). In insects, 
the injury-dependent expression of AMPs has been 
reported to occur in the fat bodies, in which most of the 
intermediary metabolism takes place, including lipid 
and carbohydrate metabolism as in the mammalian 
liver (8,9). The recognition of invading microorganisms 
by sensor molecules induces the synthesis of AMPs, 
and the AMPs secreted into the hemolymph play an 
essential role in inhibiting the growth of invading 
microorganisms (10). Furthermore, the excretions or 
secretions of medicinal maggots of the blowfly (Lucilia 
sericata) contain AMPs in the absence of injury or 
bacterial invasion (11). These observations suggest that 
some flies express inducible and constitutive AMPs, and 
the defense system of flies can be established by various 
AMPs that are expressed constitutively or injury-
dependently in a tissue-specific manner. 
 AMPs contain a region of positively-charged 
amino acids that specifically bind to negatively-

Summary Injury of the insect body wall, which enables environmental microorganisms to invade into 
insect tissues, induces innate immune responses including the induction of antimicrobial 
peptides (AMPs) in flies and silkworms. Here, house fly (Musca domestica) larvae and pupae 
were injured using a needle and the effects on the expression of genes encoding AMPs were 
examined. The expression of AMP genes including defensin, attacin, diptericin, and sarcotoxin 
II dramatically increased in both larvae and pupae after injury of the body wall, indicating 
that innate immune responses were induced. Furthermore, the injury-dependent expression 
of AMP genes was examined in larval tissues including fat bodies, hemocytes, salivary glands, 
and digestive tracts. Injury-dependent AMP gene expression was observed in salivary glands, 
hemocytes, and fat bodies, but not in digestive tracts. The degree of the transcriptional 
induction of each gene differed among tissues, suggesting that their expression is governed 
by complex regulatory machinery and that AMPs have tissue-specific functions. To further 
examine the properties of the AMPs, we examined the antimicrobial activities of partial 
synthetic peptides corresponding to portions of the predicted AMP proteins deduced from 
the AMP genes. A synthetic peptide exhibited antimicrobial activity, indicating that these 
injury-inducible genes are potential medicinal resources.
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charged microbial surface molecules such as bacterial 
lipopolysaccharide (12-14). This interaction disrupts the 
microbial membrane and leads to cell lysis and/or cell 
death (15-17). In addition to the general characteristics 
of AMPs, insect AMPs possess certain structural 
features, and they are classified into four families based 
on their structures. These four families are cysteine-rich 
peptides (such as defensin and drosomycin), glycine-
rich peptides/proteins (such as attacin, sarcotoxin II, 
and diptericin), α-helical peptides (such as cecropin 
and sarcotoxin I) and proline-rich peptides (such as 
drosocin) (18,19). 
 AMPs are a novel class of antibiotics because of 
their broad-spectrum antimicrobial activities and their 
low tendency to induce resistance in microbes (20). 
Chemically synthesized AMPs have been developed 
based on the amino acid sequences of insect AMPs. 
For example, the synthetic peptide KLKLLLLLKLK-
NH2, which was developed from the S. peregrina 
AMP sapecin B, exhibits broad-spectrum antimicrobial 
activities (21). Furthermore, the same synthetic peptide 
synthesized using ᴅ-amino acids displayed a higher 
antimicrobial activity than its ʟ-form counterpart (22,23). 
The potential utility of AMPs as an adjuvant has been 
examined because of their activity to induce immune 
responses in mammals (24-26). These observations 
demonstrate the importance of natural AMPs as 
medicinal resources. 
 The house fly (M. domestica) genome encodes a 
larger number of AMPs than any other dipteran genome 
(27). Thus, we expected that the AMPs encoded by the 
M. domestica genome are potential medicinal resources. 
In this study, we examined the properties of AMP genes 
in M. domestica. Particularly, we focused on the larval 
tissue-dependent induction of AMP genes.

2. Materials and Methods

2.1. Reagents

Dimethyl sulfoxide and bovine serum albumin (fraction 
V) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). AMPs were commercially synthesized by Toray 
Research Center (Tokyo, Japan). The C-terminal of 
each synthetic peptide was modified by amidation. All 
peptides were initially solubilized in dimethyl sulfoxide 
and then used for the analysis.

2.2. Injury of fly larvae and pupae, and collection of 
tissues from injured larvae

Non-sterile third-instar larvae of M. domestica provided 
by E's, Inc. (Tokyo, Japan) were injured by inserting the 
tip of a stainless steel hypodermic needle (Dentronics, 
Tokyo, Japan) into the abdominal cavity. The injured 
larvae were incubated in contact with insect saline 
solution (130 mM NaCl, 5 mM KCl, and 1 mM CaCl2) 

in plastic containers at 30°C for the indicated times. 
As an experimental control, intact larvae were also 
incubated in the same manner as described above. 
 To analyze gene expression in the whole body, 
injured larvae were directly stored in a tube at −80°C. 
For the analysis of gene expression in tissues, the 
fat bodies, salivary glands, and digestive tracts were 
dissected from larval bodies using fine tweezers and a 
surgical knife under a binocular microscope following 
anesthesia on ice. In this study, we defined the digestive 
tract as the alimentary canal from mouth to anus with 
the caecum of ventriculus and Malpighian tubule. 
The dissection was performed based on a previously 
published anatomical drawing of M. domestica larvae 
(28). To collect hemocytes, hemolymph was collected in 
a tube on ice by cutting off the anterior tip of the larvae 
using fine scissors. Hemocytes were then collected by 
the centrifugation of hemolymph at 4°C for 10 min at 
2,000 × g. The collected tissues were stored at −80°C 
until use. 
 To collect pupae, third-instar larvae were incubated 
with gauze in plastic containers containing insect 
saline solution at 30°C until pupation. At 20-24 h after 
pupation, the pupae were injured using a stainless steel 
hypodermic needle and incubated for a further 20-24 h 
at 30°C in plastic containers. As an experimental control, 
intact pupae were also incubated in the same manner. 
After incubation, the pupae were stored at –80°C.

2.3. RNA extraction and synthesis of first-strand cDNA

Total RNA was extracted from larval whole bodies, fat 
bodies, hemocytes, digestive tracts, salivary glands, and 
pupal whole bodies using a MagExtractor™ nucleic acid 
purification kit (TOYOBO, Osaka, Japan) according 
to the manufacturer's protocol. Total RNA was then 
treated with DNase Ⅰ (TaKaRa Bio, Kusatsu, Japan) as 
previously described (29) and was reverse-transcribed 
using a PrimeScript™ RT reagent kit (TaKaRa Bio) 
with oligo(dT) primers and random hexamer primers 
according to the manufacturer's protocol.

2.4. Real-time polymerase chain reaction (PCR)

Real-time PCR was performed with a LuminoCt™ 
SYBR® Green qPCR ready mix (Sigma-Aldrich) using 
an Eco™ real-time PCR system (Illumina, San Diego, 
CA, USA) according to the manufacturer's protocol. 
Primers were synthesized by FASMAC (Atsugi, Japan) 
or Nippon Gene (Tokyo, Japan). The primer sequences 
are listed in Table S1 (http://www.ddtjournal.com/action/
getSupplementalData.php?ID=36). The optimized 
thermal cycler settings for the PCR reactions were as 
follows: initial denaturation at 95°C for 20 s, followed 
by 45 amplification cycles of denaturation (95°C for 
5 s) and annealing/extension. The annealing/extension 
conditions used are indicated in Table S1. The amount 
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(Figure S1). Primers were designed to simultaneously 
amplify both defensin-like 1 and defensin-like 2 (Table 
S1) because of their similar sequences. A further four 
genes, namely LOC101893190, LOC101893350, 
LOC101893688, and LOC101893852 were designated 
as M. domestica sarcotoxin II. A short proline-
rich domain and two glycine-rich domains that are 
characteristic of sarcotoxin II were found in their amino 
acid sequences (Figure S2) (http://www.ddtjournal.
com/action/getSupplementalData.php?ID=36) (34-
36). Primers for sarcotoxin II were designed to amplify 
these four genes because of their close similarity. 
The two genes LOC101901352 and LOC101889632 
were designated as M. domestica sarcotoxin I-B. A 
hydrophilic domain that was rich in charged residues 
and a hydrophobic domain that was rich in nonpolar 
amino acid residues, both of which are present in S. 
peregrina sarcotoxin I-B, were found in M. domestica 
sarcotoxin I-B (Figure S3) (http://www.ddtjournal.
com/action/getSupplementalData.php?ID=36) (37). 
Primers for sarcotoxin I-B were designed to amplify 
these two genes. The genes LOC101889508 and 
LOC101887777 were designated as M. domestica 
attacin and attacin-like, respectively (27,38). A signal 
peptide and two glycine-rich domains were found in the 
amino acid sequence of LOC101889508 as well as that 
of Drosophila melanogaster attacin, while no signal 
peptide was found in the sequence of LOC101887777 
(35) (Figure S4) (http://www.ddtjournal.com/action/
getSupplementalData.php?ID=36) .  The genes 
LOC101897067 and LOC101896897 were designated 
as diptericin according to their annotations in the NCBI 
database, and primers for diptericin were designed 
to amplify these two genes (Table S1). The genes 
LOC101900398, LOC101895233, LOC101892543, 
and LOC101896200 were designated as M. domestica 
salivary gland-expressed bHLH (sage), cytochrome 
P450 4aa1 (cyp4aa1), larval serum protein 2 (lsp2), and 
eater, respectively, because of their 43%, 69%, 59%, 
and 44% identities with the genes of the same names in 
D. melanogaster, respectively. The lengths of the PCR 
amplicons were confirmed to correspond to the predicted 
lengths by agarose gel electrophoresis to ensure the 
specificity of the designed primers.

2.7. Culture of bacteria

Escherichia coli W3110 (NBRC12713) cells were grown 
at 37°C with aeration in Luria-Bertani (LB) medium 
(Nacalai Tesque, Kyoto, Japan). All experiments were 
conducted using bacterial cells in the logarithmic phase 
of growth. 

2.8. Determination of minimum inhibitory concentrations 
(MICs) of AMPs

Bacterial suspensions in LB medium were adjusted to 

of transcript was normalized to that of glyceraldehyde-3-
phosphate dehydrogenase (gapdh) or ribosomal protein 
18 (rps18) (30).

2.5. Droplet digital PCR (ddPCR)

The ddPCR procedure was performed using a QX100™ 
droplet digital PCR system (Bio-Rad Laboratories, 
Hercules, CA, USA). The reaction mixture (20 µL) 
containing 1 × ddPCR supermix for probes (Bio-Rad 
Laboratories), 900 nM primers, 250 nM hydrolysis 
probe, and sample cDNA was loaded into a DG8 
cartridge (Bio-Rad Laboratories) together with 70 µL 
of droplet generator oil (Bio-Rad Laboratories). Then, a 
cartridge was loaded into the QX100™ droplet generator 
(Bio-Rad Laboratories) to generate PCR droplets. The 
droplets were then transferred to a 96-well PCR plate 
(Eppendorf, Hamburg, Germany). PCR thermal cycling 
was performed using a C1000 Touch™ thermal cycler 
(Bio-Rad Laboratories) as follows: initial incubation 
at 95°C for 10 min, 40 cycles of 94°C for 30 s and 
60°C for 60 s, followed by a final incubation at 98°C 
for 10 min and holding at 12°C. After reaction, the 
droplets from each well of the plate were read using a 
QX100™ droplet reader (Bio-Rad Laboratories). The 
quantification data were analyzed with the QuantaSoft™ 
analysis software (Bio-Rad Laboratories). PCR 
primers and a hydrolysis probe, whose sequences are 
listed in Table S2 (http://www.ddtjournal.com/action/
getSupplementalData.php?ID=36), were designed and 
synthesized by TaKaRa Bio. The hydrolysis probe was 
labeled with carboxyfluorescein at the 5′ end and Black 
Hole Quencher® 1 at the 3′ end. 

2.6. Primer design for real-time PCR and ddPCR

Primers for the amplification of transcripts by real-
time PCR or ddPCR were designed based on the 
house fly genome sequence in the National Center 
for Biotechnology Information (NCBI) database. The 
sequences LOC101887540, LOC101887872, and 
LOC101887709 were designated as M. domestica 
defensin  genes. Six cysteine residues that are 
characteristic of the mature defensin peptide were 
conserved in the amino acid sequences of the proteins 
encoded by these genes, and a common potential 
cleavage signal (Lys-Arg) was found in each sequence 
(31-33) (Figure S1) (http://www.ddtjournal.com/action/
getSupplementalData.php?ID=36). Primers for defensin 
were designed to amplify these genes (Table S1), since 
their nucleotide sequences were highly similar. Another 
three genes, namely LOC101888225, LOC105261620, 
and LOC105261775, were designated as defensin-like 
1, defensin-like 2, and defensin-like 3, respectively. The 
conserved cleavage signal (Lys-Arg) was not found 
in their amino acid sequences, but the characteristic 
six cysteine residues were conserved in the genes 
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an optical density at 600 nm = 0.016. Two-fold dilution 
series of peptide solutions were prepared in 10 mM 
phosphate buffer (pH 6) containing 130 mM sodium 
chloride, 0.2% bovine serum albumin, and 2% dimethyl 
sulfoxide. Each peptide solution (100 µL) was mixed 
with 100 µL of bacteria suspension. Bacterial cultures 
were incubated overnight at 37°C. The MIC was defined 
as the lowest concentration of antibiotic at which there 
was no visible growth of the organism (39). 

2.9. Determination of colony-forming units (CFUs)

Bacterial suspensions were diluted appropriately with 
growth medium, and 500 µL of the suspension was 
mixed with 500 µL of peptide solution prepared as 
described above. The peptide/bacteria suspensions were 
incubated at 37°C for 1 h, then the suspensions were 
diluted and spread onto LB agar plates. After cultivation 
of the plates, the number of CFUs in each peptide/
bacteria suspension was calculated based on the average 
of triplicate plates.  

2.10. Statistical analysis

Statistical analysis were performed using one way 
ANOVA and Scheffe's test or Welch's t-test using 
Statcel3 (OMS publishing, Tokyo, Japan), and p < 0.05 
was considered significant.

3. Results

3.1. Needle injury induces the expression of AMP genes 
in both larvae and pupae

In this study, we first examined whether the expression 
of defensin, attacin, diptericin, and sarcotoxin II would 
be induced by needle injury of the body wall in M. 
domestica larvae. Our analysis of gene expression by 
real-time PCR using transcripts from larval whole bodies 
revealed that the expression levels of the AMP genes in 
injured larvae were 24-300 times higher than those in 
intact larvae (Figure 1A). These observations indicated 
that needle injury induced the expression of AMP genes 
in M. domestica larvae. Furthermore, we examined 
whether needle injury would also induce the expression 
of AMP genes in pupae. As shown in Figure 1B, the 
expression levels of the AMP genes in injured pupae 
were 6-2,600 times higher than those in intact pupae. 
These observations indicate that the injury-dependent 
induction of AMP genes, which is a representative event 
of the innate immune response in some insects, occurred 
in pupae and larvae of the house fly (M. domestica).

3.2. Expression of AMP genes in larval tissues upon 
injury

We examined the expression of AMP genes in larval fat 

bodies to examine whether the fat body in M. domestica 
larvae is a tissue in which innate immune responses 
are induced by needle injury of the body wall. The 
expression levels of AMP genes in the fat bodies of 
injured larvae were much higher than those in the fat 
bodies of intact larvae at 6, and 24 h after injury (Figure 
2), and the expression levels peaked at 6 h after injury 
(Figure 2). These observations indicate that the injury-
dependent expression of AMP genes was transient in 
fat bodies, peaking at approximately 6 h after injury and 
remaining significantly elevated at 24 h after injury. 
 To further explore the injury-dependent expression 
of AMP genes in larval tissues, we examined their 
expression in the salivary glands, digestive tracts, and 
hemocytes in addition to fat bodies. In these experiments, 
we examined various structural types of AMPs, including 
cysteine-rich peptides (defensin, defensin-like 1/defensin-
like 2, and defensin-like 3), glycine-rich peptides 
(attacin, attacin-like, sarcotoxin II, and diptericin), and 
an α-helical peptide (sarcotoxin I-B). The structural 
features of the AMPs are shown in Figures S1-S5 (http://
www.ddtjournal.com/action/getSupplementalData.
php?ID=36). Additionally, LOC101888779, which was 
previously classified as a diptericin gene based on its 
sequence (27), was analyzed, although LOC101888779 
was annotated as an uncharacterized protein in the NCBI 
database. 
 Before we analyzed the expression of AMP genes 
in the larval tissues, we examined whether the tissues 
were appropriately collected using the following tissue-
specific marker genes: a salivary gland marker gene, 

Figure 1. Needle injury induces the expression of 
antimicrobial peptide genes in Musca domestica larvae and 
pupae. The expression levels of defensin, attacin, diptericin, 
and sarcotoxin II in injured and intact M. domestica larvae 
(A) and pupae (B) were examined by real-time polymerase 
chain reaction (PCR). Larvae and pupae were used for mRNA 
extraction at 20-24 h after injury, and 10 larvae or 20 pupae 
were used as one batch. The expression level of each gene is 
given as a ratio to that of the internal control gene gapdh. The 
bars represent the mean relative expression level of triplicate 
assay of a batch and the error bars represent the standard 
deviation. An average values are shown above the bars. Data 
were analyzed by the Welch's t-test. *p < 0.05. The results 
shown were representative of two independent experiments.
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sage; a digestive tract (hindgut) marker gene, cyp4aa1; a 
fat body marker gene, lsp2; and a hemocyte marker gene, 
eater. It is well established that these four genes are 
expressed in a tissue-specific manner in D. melanogaster 
larvae (40-43). These genes also showed tissue-
specific expression in M. domestica larvae, indicating 
the validity of the tissue collection (Figure S6) (http://
www.ddtjournal.com/action/getSupplementalData.
php?ID=36).
 The expression of defensin was increased in 
fat bodies and hemocytes after injury (Figure 3A). 
Interestingly, significant defensin expression was also 
observed in hemocytes from intact larvae at a higher 
level than that in salivary glands, digestive tracts 
and fat bodies from intact larvae. The expression of 
defensin-like 1 and 2 was also observed in hemocytes 
from intact larvae to some extent, and their expression 
was apparently increased after injury (Figure 3B). By 
contrast, the expression of defensin-like 1 and 2 did not 
increase after injury in other tissues including fat bodies 
(Figure 3B). The injury-dependent induction of defensin-
like 3 expression was also apparent in hemocytes (Figure 
3C). These results indicated that defensin and defensin-
related peptides were induced after injury, but their 
induction levels or patterns differed among tissues. 
Furthermore, some defensin peptides were constitutively 
expressed in hemocytes. These observations imply that 
defensin and defensin-related peptides might have some 
tissue-specific functions in M. domestica larvae. 
 The expression of attacin increased in hemocytes 
and fat bodies after injury, whereas that of attacin-like 
increased in hemocytes but not in fat bodies (Figures 
3D and E). These observations suggest that attacin-
related peptides also have tissue-specific functions in M. 
domestica larvae.  
 The expression of diptericin was strongly induced 
in fat bodies and hemocytes (Figure 3F). By contrast, 
the expression of LOC101888779 was observed in all 
tissues examined in intact larvae to some extent and its 

injury-dependent induction was not apparent (Figure 
3G). These observations indicate that diptericin is injury-
inducible but LOC101888779 is not. The amino acid 
sequences of diptericins in Phormia terraenovae and 
D. melanogaster possess a short proline-rich domain 
and a long glycine-rich domain, both of which are 
characteristic features of diptericin (34). The diptericin 
encoded by LOC101897067 and LOC101896897 in 
M. domestica possesses both these domains, indicating 
that it is a typical diptericin (Figure S5). However, 
no sequence similar to the proline-rich domain or the 
glycine-rich domain was found in the deduced amino 
acid sequence of LOC101888779 (Figure S5). Combined 
with the fact that the expression of LOC101888779 was 
not injury-inducible, LOC101888779 might not belong 
to the diptericin family or function as an AMP. 
 The expression of sarcotoxin II increased strongly 
in fat bodies after injury (Figure 3H). The expression of 
sarcotoxin I-B increased in salivary glands, fat bodies 
and hemocytes after injury (Figure 3I). 
 The reproducibility of the results described above 
was confirmed (Figure S7) (http://www.ddtjournal.com/

Figure 2. Transient expression of antimicrobial peptide 
genes in fat bodies after injury. The expression levels of 
defensin, attacin, diptericin, and sarcotoxin II in fat bodies 
were examined by real-time PCR. Fat bodies were prepared 
from larvae at 2, 6, and 24 h after injury or from intact larvae. 
Fat bodies were collected from 40 larvae as one batch at each 
time point. The expression level of each gene is given as a ratio 
to that of gapdh. Values represent the mean relative expression 
level of triplicate assay of a batch and the error bars represent 
the standard deviation. Data were analyzed by the one way 
ANOVA and Scheffe's test. *p < 0.05. Insets are enlarged views 
of parts of the panels. The results shown were representative of 
two independent experiments.

Figure 3. Expression of antimicrobial peptide genes in 
larval tissues after injury. The expression levels of defensin 
(A), defensin-like 1/defensin-like 2 (B), defensin-like 3 (C), 
attacin (D), attacin-like (E), diptericin (F), LOC101888779 (G), 
sarcotoxin-II (H), and sarcotoxin I-B (I) in the salivary gland 
(1), digestive tract (2), fat body (3), and hemocyte (4) were 
measured by real-time PCR (A, B, D-I) or droplet digital PCR 
(C). Tissue samples were prepared from larvae at 20-24 h after 
injury or from intact larvae. Salivary glands, digestive tracts, 
and fat bodies were collected from 5-15 larvae as one batch. 
Hemocytes were collected from approximately 100-400 larvae 
as one batch. For real-time PCR analysis, the expression level 
of each gene is given as a ratio to that of rps18. For droplet 
digital PCR analysis, gene expression data are represented as 
the copy number per µL of first-strand cDNA solution. In both 
analyses, values represent the means of triplicate assay of a 
batch from intact larvae (white bars) or injured larvae (black 
bars) and the error bars represent the standard deviations. 
Dagger (†) indicates that the expression was not detected. Insets 
in panels A, B, C, D, E, F, G, and I are enlarged views of parts 
of the panels. Data were analyzed by the one way ANOVA and 
Scheffe's test. *p < 0.05. The results from another batch were 
shown in Figure S7.
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action/getSupplementalData.php?ID=36). In Figure 
S7, injury-dependent inductions of defensin, attacin, 
sarcotoxin II, and sarcotoxin I-B were observed in 
salivary glands. Since the reproducibility of significant 
inductions of defensin, attacin, and sarcotoxin II were 
not confirmed in salivary glands (Figure 3), precise 
analysis is required for the AMP genes inductions in the 
salivary glands. These results, taken together, indicated 
that AMP genes were induced in the fat body, hemocyte, 
and/or salivary gland in response to injury. However, the 
induction pattern differed among tissues. These findings 
suggest that AMPs have tissue-specific functions and 
that their expression is governed by complex regulatory 
machinery.

3.3. A peptide fragment from a defensin-related peptide 
shows antimicrobial activity

The peptide fragment RSLCLLHCRLK-NH2 from 
sapecin B, an AMP belonging to the defensin family in 
the flesh fly (S. peregrina), exhibits an antimicrobial 
activity against Staphylococcus aureus, E. coli, and 
Candida albicans (21). Since M. domestica defensin and 
defensin-related peptides possess a region that is similar 
to the peptide RSLCLLHCRLK-NH2, we examined 
the antimicrobial activities of four peptide fragments 
corresponding to that region of four predicted M. 
domestica AMPs against E. coli (Table 1). 
 The MICs of these peptide fragments against E. coli 
were determined (Table 1). The peptide fragment derived 
from defensin-like 3, namely KVSCQAHCLLLKKR-
NH2, showed a significant antimicrobial activity (Table 
1). However, other peptide fragments derived from 
defensin, defensin-like 1, and defensin-like 2 did not 
show any antimicrobial activity (Table 1). Furthermore, 
a CFU assay revealed that KVSCQAHCLLLKKR-
NH2 exhibited its antimicrobial activity (Figure 4). 
These results indicated that the peptide region from 
defensin-like 3 possessed an antimicrobial activity. These 
observations indicate the potential of the injury-inducible 
AMPs of M. domestica as medicinal resources.

4. Discussion

In this paper, we have demonstrated that the expression 
of genes encoding AMPs in the house fly (M. domestica) 

was induced by needle injury. The needle injury can 
induce infectious inflammation signal by microbial 
components derived from environmental microorganisms 
invaded through the wound, and it can also induce non-
infectious inflammation signals by physical damage. The 
inductions of AMP genes were observed in both larvae 
and pupae. Our analysis of larval tissues revealed that 
the induction of AMP genes occurred in hemocytes, fat 
bodies, and salivary glands, but not in digestive tracts. 
The degree of induction for each gene differed among 
tissues, suggesting that complex regulatory machinery 
governs their expression. 
 Previously, Tang et al. showed that the expression 
of AMP genes in M. domestica larvae was induced 
by the injection of bacteria (44). Our observation that 
the expression of AMP genes was induced by injury 
is consistent with their result. The injury-dependent 
expression of AMP genes was revealed to also occur 
in pupae. Furthermore, our analysis of larval tissues 
revealed that the induction of the genes was regulated 
in a complex manner. For example, attacin was induced 
in both fat bodies and hemocytes by injury, but attacin-
like was induced only in hemocytes. At present, the 
molecular machinery and physiological functions of the 
localized induction of AMPs remains unknown, but this 
phenomenon implies that the AMPs have tissue-specific 
functions. Additionally, our results revealed that some 
defensin-related peptides were constitutively expressed 
in hemocytes and their expression increased further after 
injury. In addition to their acute induction in response to 
injury, the constitutive expression of AMPs in hemocytes 
might have some functions in intact larvae. 
 It is noteworthy that almost all the studied AMP 
genes, except sarcotoxin II, were induced in hemocytes 
after injury and that some AMP genes were not induced 

Table 1. MICs of synthetic peptide fragments derived from 
defensin-related genes in M. domestica against E. coli

Gene designation        Sequence  MIC (µg/mL)

sapecin B  RSLCLLHCRLK         150
defensin  HSACAAHCLLRGNR     > 300
defensin-like 1 KDSVCAAHCLLIGKS     > 300
defensin-like 2 HSVCAAHCLLLGKS     > 300
defensin-like 3 KVSCQAHCLLLKKR        300

The experiments were performed two times independently and 
obtained same results.

Figure 4. Antimicrobial activities of synthetic fragment 
peptides derived from defensin-related genes in M. 
domestica. The antimicrobial activities of synthetic fragment 
peptides from M. domestica antimicrobial peptides against 
E. coli were examined by determining the number of colony-
forming units in the assay mixture containing synthetic 
fragment peptides derived from sapecin B (1), defensin (2), 
defensin-like 1 (3), defensin-like 2 (4), or defensin-like 3 (5). 
The sequences of the peptide fragments are indicated in Table 
1. Values represent the mean of triplicate samples and the error 
bars represent the standard deviation. Dagger (†) indicates that 
no bacteria were detected.
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in the fat body, which was previously characterized as 
the dominant organ of injury-dependent AMPs synthesis 
(8). Our findings suggest that hemocytes are the most 
sensitive tissue to the induction of innate immune 
responses after injury. 
 The M. domestica genome encodes a larger number 
of AMPs than any other Dipteran genome (27). Our 
results demonstrate that the M. domestica AMP genes 
show tissue-specific and injury-inducible expression, 
and their complex induction machinery might imply that 
they have tissue-specific functions against infection. The 
merit of multiple expressions of AMPs in larval tissues 
is the combinatorial activity of AMP against invaded 
microorganisms. The larvae of L. sericata, which 
are known as medicinal maggots, expressed attacins, 
cecropins, diptericins, and sarcotoxins in addition to 
lucifencin, and the AMPs showed additive as well as 
synergetic activity (11,45). Also, insect AMP complexes, 
in contrast to individual AMP, has been shown to be 
well protected from resistance development in bacteria 
(46). Examinations of AMP combinations in natural 
products, including insect hemolymph and insect tissues, 
are valuable for development of combinatorial products 
of AMP, because the AMP combinations in natural 
products may be suitable for the merits described above. 
 In this study, we showed that a synthetic peptide 
fragment from the injury-inducible AMP gene exhibit 
antimicrobial activity. This observation implies that 
injury-inducible AMP genes in house fly were potential 
resource for some applications including medicine. AMP, 
such as polymyxin B and colistin, is clinically used as 
an antimicrobial agent (47). Interestingly, some AMPs 
showed biological activities, such as immunomodulation, 
angiogenesis, and wound healing, against mammalian 
cells and tissues (48-50). The usefulness of injury-
inducible AMP genes in house fly is limited now, and the 
further study of the AMP is necessary for the formation 
of grounds of the practical use.
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1. Introduction

The course of hospital stay in critically ill patient is 
often complicated by hospital acquired infections. 
While bacterial infections are known to be very 
common in critical care settings, the incidence 
of invasive fungal infections (IFI) is also on the 
rise. Invasive candidiasis has been found to be the 
commonest IFI in such settings (1-3). Majority of 
these cases are ascribed to the rampant use of broad 
spectrum antibiotics and disruption of normal skin and 
mucosal barriers with multiple devices (4-6). Invasive 
aspergillosis is the second most common IFI. Although, 
it is predominantly reported in hematopoietic stem 

cell transplant recipients (7) and solid organ transplant 
recipients (8), invasive aspergillosis is increasingly 
being reported in intensive care units (ICU). ICU 
patients are at high risk for colonization with 
Aspergillus because of defective mucosal clearance 
and mechanical ventilation. Hospital environment and 
construction works have been implicated as the source 
of spores (9,10). Other fungal infections like those 
caused by Mucorales and Scedosporium are relatively 
rare in the medical ICUs and seen mostly in patients 
with background immunosuppression (11,12). While 
there is enough literature regarding the incidence and 
outcome of fungal infections in immunosuppressed 
populations (transplant recipients/malignancy/human 
immunodeficiency infection virus), the literature on 
the epidemiology of fungal infections in critically ill 
patients is scarce. The primary objective of the study 
was to therefore, determine the frequency, risk factors 
and outcome of invasive fungal infections in a medical 
intensive care unit.

Summary Invasive fungal infections (IFI) are commonly seen in immunosuppressed individuals but 
their epidemiology in critically ill patients has not been well described. The aim of this study 
was to determine the frequency, risk factors and outcome of invasive fungal infections in a 
medical intensive care unit. A prospective observational study was carried out between August 
2016 and March 2018 in the medical intensive care unit. Patients above the age of 14 years 
with endotracheal intubation and/or central venous catheter for at-least three days and sepsis 
(not responding to 48 hours of intravenous antibiotic therapy) were included in the study. 
Suitable samples were collected and were subjected to fungal diagnostics. Invasive fungal 
disease was defined according to standard guidelines. Of the 100 recruited patients, a total of 
11 patients had invasive aspergillosis, three patients had invasive candidiasis and one patient 
had both invasive aspergillosis and mucormycosis. IFI was more commonly seen in patients 
with auto-immune diseases (p = 0.002, odds ratio-10.13 (95% CI: 2.3-44)). A mortality of 73% 
was observed in patients with IFI. In conclusion, IFI, especially aspergillosis is grossly under-
reported in critical settings. Early suspicion, thorough investigation and timely diagnosis may 
alleviate patients of significant mortality and morbidity.
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2. Methods

A prospective observational study was carried out in 
accordance with the ethical standards laid down in the 
1964 Declaration of Helsinki and its later amendments 
after taking approval from the Institute's ethical 
committee. The study was carried out in the medical 
intensive care unit at a tertiary care hospital in New 
Delhi, India between August 2016 and March 2018. All 
patients above the age of 14 years with endotracheal 
intubation and /or central venous catheter for 3 or 
more days and sepsis (not responding to 48 hours of 
intravenous antibiotic therapy) were included in the 
study after taking informed consent. Those patients 
already diagnosed with an IFI before enrolment, 
those who were neutropenic at the time of enrolment, 
those who were already diagnosed with human 
immunodeficiency virus infection or malignancy, 
transplant recipients and those who had received 
antifungals in the two weeks prior to enrolment were 
excluded from the study. 
 The recruited patients were evaluated for risk 
factors implicated in the development of IFI. Suitable 
samples for diagnostic purposes like bronchio-alveolar 
lavage (BAL)/mini-BAL, blood, sputum, urine, 
cerebrospinal fluid (CSF), ascitic fluid and pleural fluid 
were collected and subjected to potassium hydroxide 
(KOH) mount, gram stain, India ink preparation and 
fungal cultures (BACTEC, Becton Dickinson, USA). 
Each culture set was examined daily for first week & 
twice weekly thereafter for next three weeks. Cultures 
were deemed negative if there was no growth after four 
weeks of incubation. Positive cultures were identified 
and speciated based on the culture morphology and 
microscopic features. Antifungal susceptibility was done 
for yeast isolates using micro-broth dilution method as 
per Clinical and Laboratory Standards Institute (CLSI) 
guidelines. Additionally, those with features suggestive 
of invasive aspergillosis were subjected to serum and 
BAL galactomannan (Platelia Aspergillus enzyme 
immunoassay, Bio-Rad Laboratories, Munich, Germany) 
tests as per manufacturer instructions. A complete urine 
analysis, chest X-ray and bacterial cultures were done 
for all the patients. A computed tomography (CT) of the 
chest was also done, wherever indicated. 
 IFI was defined and categorized into proven, 
probable and possible based on the revised European 
Organization for the Research and Treatment of Cancer/
Mycoses Study Group (EORTC/MSG) guidelines (13). 
In cases of suspected invasive pulmonary aspergillosis, 
where the patients could not be classified according 
to EORTC/MSG guidelines, algorithm given by Blot 
et al. was used to further classify them into putative 
aspergillosis and colonization (14). Putative aspergillosis 
was also included in the IFI category.
 Statistical analyses were performed using the Stata 
version 12.1. Categorical variables were expressed as 

percentage and continuous variables were expressed 
as mean ± standard deviation. Patients with IFI and 
without IFI were compared using appropriate statistical 
tests. Odds ratios (ORs) with 95% confidence interval 
(CI) were calculated. A p-value of less than 0.05 was 
considered significant.

3. Results

A total of 100 patients who satisfied the inclusion 
and exclusion criteria were recruited in the study. Of 
these, 53 patients were male and 47 were female. Most 
patients were between the age range of 60 and 79 
years (41%). The mean age for the study population 
was 48.9 ± 19.8 years. Pneumonia (39%), acute 
febrile illness (14%), urinary tract infection (13%), 
meningoencephalitis (6%) and gastroenteritis (5%) 
were the most common primary diagnosis in these 
patients. Diabetes (29%), chronic kidney disease (18%), 
chronic lung disease (15%), auto-immune disease (9%) 
and chronic liver disease (6%) were the most common 
co-morbidities in the recruited patients. 
 A total of 15 patients were diagnosed with IFI 
amounting to a frequency of 15% (95% CI 7.88-
22.12). Of the 15 patients with IFI, 11 patients had 
invasive aspergillosis, three had invasive candidiasis 
and one patient had both invasive aspergillosis and 
mucormycosis. A total of 123 blood cultures were sent, 
of which three cultures grew Candida spp. (Candida 
albicans, Candida krusei and Candida tropicalis). 
Candida krusei was resistant to fluconazole. Candida 
albicans and Candida tropicalis were sensitive to 
all the tested drugs (amphotericin B, voriconazole, 
fluconazole, caspofungin and micafungin). Out of the 
178 mini-BAL cultures sent, 23 samples tested positive 
for molds. A total of 12 patients (Probable-6, Putative-6) 
satisfied the criteria for invasive fungal infection. Of 
these twelve patients, ten patients were culture positive: 
A. fumigatus (n = 5), A. flavus (n = 1), A. terreus (n = 
1), A. fumigatus + A. flavus (n = 1), A. fumigatus + A. 
terreus (n = 1), A. flavus + Lichtheimia corymbifera 
(n = 1). Two patients satisfied the criteria for IFI but 
were culture negative. Of the 140 urine cultures sent, 
18 cultures were positive for Candida spp. In absence 
of suggestive clinical findings and concurrent positive 
blood cultures, these were regarded as colonization. 
Mean time taken for culture positivity from the day of 
admission for blood, mini-BAL and urine was 15.6, 8 
and 8 days respectively. 
 There was no statistically significant association 
between occurrence of IFI and baseline sequential organ 
failure assessment (SOFA) score, acute physiology and 
chronic health evaluation (APACHE) II score, duration 
of mechanical ventilation, duration of central venous 
catheterization, duration of ICU stays and duration of 
antibiotics (Table 1). Risk factors other than presence 
of auto-immune conditions (p = 0.002, odds ratio-10.13 
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non-neutropenic critically ill patient with these criteria 
alone. To resolve this issue, we used the Blot's criteria 
in those patients where classification could not be done 
based on EORTC/MSG criteria (Probable-6, Putative-6, 
colonization-9), ii) lack of traditional risk factors for 
invasive candidiasis in medical ICUs like total par-
enteral nutrition and gastro-intestinal surgery, iii) 
Presence of risk factors for aspergillosis like chronic 
lung diseases, chronic liver disease and auto-immune 
disorders, iv) ubiquitous presence of Aspergillus spores 
coupled with constructional activities in hospital (9). 
 The mean duration of ICU stay before positivity of 
mini-BAL culture (calculated from the day of admission 
in ICU) in patients with invasive aspergillosis in 
our study population was eight days. Various other 
studies have reported this duration to be in the range 
of 4 to 15.6 days (17,23,24). Most common species 
isolated from the mini-BAL of patients with invasive 
aspergillosis was Aspergillus fumigatus (70%) followed 
by Aspergillus flavus (30%) and Aspergillus terreus 
(20%). Most studies from Europe revealed Aspergillus 
fumigatus (82-92%) as the commonest fungus causing 
invasive Aspergillosis (17,24). 
 Statistically significant relationship was established 
between autoimmune diseases and occurrence of 
IFI. Out of the nine patients admitted with auto-
immune diseases, five patients developed invasive 
aspergillosis ((p = 0.003) with an odds ratio of 10.125 
(p = 0.002)). Patients with chronic lung disease (p 
= 0.23) and chronic liver disease (0.22) also had 
increased frequency of IFI but this finding was not 
statistically significant. Meersseman et al. found the use 
of corticosteroids for more than 3 weeks and chronic 
liver disease as an important risk factor for invasive 
aspergillosis in critically ill patients (22). Garnacho-
Montero et al. also concluded that COPD and use of 
corticosteroids was associated with positive culture for 

(95% CI: 2.3-44)) did not affect the rate of IFI (Table 2). 
Out of 15 patients with IFI, 11 patients (73.3%) expired 
whereas 55 (64.7%) expired out of the 85 patients 
without IFI.

4. Discussion

Invasive fungal infections in non-immunosuppressed 
critically ill patients is a less explored area with most 
studies concentrating on invasive candidiasis (candidemia 
and deep seated tissue infections) alone. Incidence of 
candidemia in literature ranges from 6.51 to 54 per 
1,000 patients in various studies, most of which are from 
European countries (16-18). The mean interval from 
ICU admission to the occurrence of candidemia in our 
patients was 15.67 days. Although, studies from Europe 
report similar findings, this duration was reported as 8 
days from an Indian study (18-20). 
 According to a systematic review, 80% of IFI in 
critically ill patient are due to Candida spp. while only 
0.3-19% of these infections are caused by invasive 
aspergillosis (21). Two studies in Italy reported an 
incidence of invasive aspergillosis of 2.3 per 1,000 
admissions and 6.8 per 1,000 admissions respectively 
(16,17). Meersseman et al. conducted a multi-center 
retrospective study in Belgium and reported a frequency 
of invasive aspergillosis in critically ill patients 
without malignancy to be 6.9% (22).  The frequency 
of aspergillosis in most studies may be grossly under- 
reported because of the uncertainty in diagnostic 
criteria. In our study, out of 15 cases of IFI, only three 
were caused by Candida spp. and the rest by Aspergillus 
spp. This differential distribution might have been 
due to i) Use of expanded criteria for diagnosis of 
invasive aspergillosis- EORTC/MSG criteria has long 
been used for diagnosis of invasive aspergillosis but 
it is often difficult to classify invasive aspergillosis in 

Table 1. Comparison of risk factor between patients with/without Invasive fungal infections (IFI)

Variable

SOFA score
APACHE II score
Mechanical ventilation (days)
Central venous catheterization (days)
Length of stay in Intensive care unit (days)
Duration of broad spectrum antibiotics (days)

In patients without IFI (Median, IQR), N = 85

11 (9 – 13)
22 (17 – 27)
11 (7 – 22)
11 (8 – 20)
12 (7 – 20)
19 (11 – 31)

In patients with IFI (Median, IQR), N = 15

10 (  5 – 14)
25 (13 – 28)
10 (8 – 18)
13 (10 – 22)
13 (8 – 19)
20 (11 – 25)

P value

0.55
0.97
0.88
0.37
0.57
0.97

Table 2. Occurrence of Invasive fungal infections (IFI) with respect to various risk factors

Variable

Chronic kidney disease 
Chronic lung Disease 
Chronic liver disease 
Autoimmune conditions 
Diabetes mellitus 
Hemodialysis 

Risk factor absent (%)

15.85%
12.94%
13.83%
10.99%
15.49%
16.92%

Risk factor present (%)

11.11%
26.67%
33.33%
55.56%
13.79%
11.43%

P value

1.00
0.23
0.22
0.003
1.00
0.57
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Aspergillus from lower respiratory samples (25).
 A crude mortality rate of 30-81% and an attributable 
mortality of 5-71% has been reported for invasive 
candidiasis in various studies whereas a mortality 
rate of up to 80% has been reported for invasive 
aspergillosis (2,3,21-23,25). Owing to the fact that ours 
is an apex care center receiving referral from most parts 
of India, the study population had a higher mean age, 
high frequency of co-morbidities and high base-line 
APACHE-2/SOFA scores. This was probably the reason 
for high mortality across both the groups. 
 The incidence of IFI,  particularly invasive 
aspergillosis, is grossly under-reported in critical care 
settings. Early suspicion and thorough investigation, 
especially in presence of established risk factors such 
as use of immunosuppressive agents and chronic lung 
diseases, should be carried out. These infections are 
associated with high mortality. Institutional measures 
like infection control and anti-microbial stewardship are 
the need of the hour. 

Limitations 

Beta-d glucan test could not be done in these patients 
which has a higher sensitivity than blood culture for 
making a diagnosis of invasive candidiasis. This may 
have led to under-reporting of invasive candidiasis cases. 
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The outcome of combined treatment with ombitasvir-paritaprevir-
ritonavir, sofosbuvir with or without ribavirin as salvage therapy 
for Egyptian HCV experienced patients: A single center study
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1. Introduction

HCV is near to be epidemic in Egypt. Seroprevalence 
has been reported in about 8 million individuals (10% of 
Egyptians). Estimated 7-10% of Egyptian populations 
are chronically infected (1-3). Genotype 4 (GT4) 
infection accounts for 13-20% of HCV infections 
worldwide; in Egypt, it is present in about 93% of 
chronic HCV patients (4).
 With the emergence of many HCV direct-acting 
antiviral therapy options, the Egyptian National 
Committee for Control of Viral Hepatitis (NCCVH) 

began to recruit HCV patients for treatment in 
September 2014 (5). According to the AASLD 
guidelines, the recommendations for treatment were 
sofosbuvir/daclatasvir (SOF/DCV) for 24 weeks without 
ribavirin (RBV) or 12 weeks with weight-based ribavirin 
(6). This regimen was associated with high rates of 
sustained virological response among “difficult to cure” 
patients (7).   
 In November 2015, generic SOF/DCV (± RBV) 
became the main treatment option for chronic HCV 
in the national program in Egypt. This therapy was 
evaluated later on in an Egyptian study included 18378 
patients, SVR12 was achieved in 95.4% in SOF/DCV 
group and in 94.7% in SOF/DCV/RBV group. Relapse 
and nonresponder rates were 3.7% and 3.3% in both 
groups respectively (8). 
 SOF is a potent pan-genotypic NS5B polymerase 
inhibitor with a high barrier to resistance (9). Ombitasvir 

Summary We aimed to investigate the efficacy and safety of combination of sofosbuvir with ombitasvir, 
paritaprevir, and ritonavir ± ribavirin as a retreatment option for experienced Egyptian 
patients who failed previous sofosbuvir, daclatasvir ± ribavirin therapy. A total of 75 
treatment-experienced patients were allocated for the completion of their treatment period 
according to criteria formed by the national committee for control of viral hepatitis. The 
enrolled patients were followed up throughout treatment, at the end of treatment and 3 
months after the end of the treatment by clinical evaluation and laboratory investigations. 
27 patients were treated with sofosbuvir with ombitasvir, paritaprevir, and ritonavir plus 
ribavirin for 12 weeks while 48 patients were treated with sofosbuvir with ombitasvir, 
paritaprevir, and ritonavir without ribavirin for 24 weeks. The per-protocol sustained 
virological response at week 12 (SVR12) rate was 100% in both groups while the intention-
to-treat SVR12 was 93.4% in all patients, 97.9% in the 24 weeks group and 85.2% in the 12 
weeks group. The regimen was well tolerated and the most common adverse effects observed 
across treatment and during follow-up period included fatigue (38.6%) and headache (29.3%), 
withdrawal due to adverse effects occurred in 6.6%. We can conclude that retreatment 
with sofosbuvir with ombitasvir, paritaprevir, and ritonavir ± ribavirin is well tolerated and 
achieved high SVR12 rates in chronic HCV Egyptian patients with previous sofosbuvir plus 
daclatasvir treatment failure. Ribavirin free regimen for 24 weeks exerted significant lesser 
adverse effects.
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is an NS5A protein inhibitor and paritaprevir is an 
NS3/4A protease inhibitor are co-dosed with ritonavir (r) 
to increase drug exposures (10). These drugs are given 
in combination to increase their efficacy and prevent 
HCV resistance-associated substitutions (11). The most 
favorable plan for retreatment of HCV experienced 
patients with previous direct-acting antivirals (DAAs) 
failure is sofosbuvir plus other class drugs not previously 
used and ribavirin unless it is contraindicated to consider 
triple or quadruple DAAs treatment (12).  
 Minimal data and clinical trials for retreatment in 
Egyptian patients with HCV GT4 who failed prior DAAs 
treatments are present as most of the studies focused on 
the treatment of patients with genotype 1 infection which 
has the highest worldwide prevalence (13), therefore, 
this study was conducted for evaluation of the efficacy 
and safety of  the combination of quadruple DAAs; 
SOF/ombitasvir/paritaprevir/ritonavir/±RBV as salvage 
therapy for retreatment of experienced Egyptian patients 
who failed previous treatment with SOF/DCV therapy.

2.  Patients and Methods

2.1. Patients

This study included a total of 75 experienced patients 
with chronic hepatitis C and all stages of liver fibrosis 
(F0-F4) indicated for treatment according to inclusion 
and exclusion criteria who failed to achieve SVR12 
following previous treatment with sofosbuvir and 
daclatasvir regimens. 
 All patients were recruited from Faqous general 
hospital specialized center affiliated to the NCCVH in 
Egypt, Sharkia governorate, Egypt in the period from 
Jan 2017 to April 2018. The study was conducted in 
accordance with the ethical standards of the responsible 
committee on human experiment (institutional and 
national) and with the Declaration of Helsinki. An 
informed consent was written by all patients before 
starting treatment to allow the use of their clinical data 
and for publication. 
 Inclusion criteria for treatment according to the 
supreme council and the national committee for control 
of viral hepatitis (NCCVH), December 2016: males 
and females ≥ 18 years; detectable HCV viremia 
by PCR; HbA1C < 9 % for diabetic patients; alpha-
fetoprotein (AFP) < 100 ng/mL (Triphasic CT was 
ordered for exclusion of HCC if AFP > 100 ng/mL); 
female patients practicing contraception; wife of a male 
patient practicing contraception; patients older than 65 
years old should undergo cardiac evaluation by ECG, 
echocardiography and cardiac consultation before 
treatment; noncirrhotic and compensated cirrhosis 
(Child's class A) who failed previous treatment with 
sofosbuvir and daclatasvir (easy to treat group) or 
sofosbuvir, daclatasvir and ribavirin (difficult to treat 
group). 

 Exclusion criteria for treatment according to the 
supreme council and the national committee for control 
of viral hepatitis (NCCVH), December 2016: patients 
with Child's class B and C; patients with hepatocellular 
carcinoma except after 6 months of successful radical 
curative intervention aiming at a cure with no activity 
as detected with dynamic imaging as CT or MRI; 
apregnant female or inability to implement effective 
contraception; inadequate control of diabetes (HA1C % 
> 9); extrahepatic malignancy excepts after 2 years of 
a disease-free interval; patients with hypersensitivity to 
drugs.

2.2. Methods

All subjects underwent thorough history taking (including 
a history of hepatic encephalopathy, ascites, previous 
HCV treatment, adherence to previous treatment, 
previous endoscopies or upper GIT bleeding, diabetes, 
hypertension, smoking, and contraceptive pills usage or 
other drug histories) and through physical examination.

2.3. Routine Biochemical measurements 

Serum total and direct bilirubin, albumin, serum alanine 
transaminase (ALT) level, aspartate transaminase 
(AST), urea, creatinine, CBC, prothrombin time (PT), 
prothrombin concentration, partial thromboplastin time 
(PTT), International Normalizing Ratio (INR), fasting, 
postprandial blood sugar, HA1c, AFP, HBs antigen, 
pregnancy test, and PCR for HCV-RNA (the lower limit 
of detection of HCV-RNA was 12 IU/ML).

2.4. Radiological investigations

Pelvi-abdominal ultrasonography for examination of 
the liver, portal vein diameter, spleen, detection of hilar 
varices, focal lesions and ascites. 

2.5. Staging of liver fibrosis 

Was assessed by Metavir Score (if available), FIB-4 or 
Transient elastography scoring (Fibro scan if available) 
at any time prior to enrolment. Cirrhosis was diagnosed 
when patients show cirrhosis in their liver biopsy, liver 
stiffness by Fibroscan of 12.5 kPa or more or Fib-4 > 2.5.

2.6. Treatment protocols 

Generic SOF was supplied to the Ministry of Health 
centers by many manufacturing Egyptian facilities 
as AUG Pharma, Marcyrl, and Pharco while generic 
ribavirin was supplied by Amriya pharmaceutical, 
Egypharma, Mash Pharmaceuticals, Pharco, and T3A 
pharmaceuticals. Ombitasvir, paritaprevir, ritonavir was 
supplied as Qurevo® by Abbvie pharmaceuticals. 
 SOF/OBV/PTV/r + RBV group (ribavirin eligible 
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patients (48) were treated with SOF with OBV/PTV/r for 
24 weeks.
 The two groups of treatment were matched regarding 
age, sex, comorbid factors as diabetes, hypertension, 
and smoking. A significant difference between the two 
groups was found as regards total bilirubin, INR, and 
FIB4 score, as well as the number of cirrhotic patients, 
being higher in SOF with OBV/PTV/r group that were 
ribavirin intolerant. Also, albumin, WBC's count, 
hemoglobin concentration, and platelets count were 
significantly lower. However, no significant difference as 
regards other variables were found (p > 0.05) (Table 1). 

3.2. SVR rates

Per-protocol SVR rates were 100% with no treatment 
failure in both investigated groups while the intention-
to-treat results were 93.4% in all patients, 97.9% in SOF 
with OBV/PTV/r group and 85.2% in SOF with OBV/
PTV/r + RBV group (Figure 1 and 2).

3.3. Adverse effects and discontinuations

The regimen was generally well tolerated and the most 
common adverse effects observed across treatment 
and during the follow-up period included fatigue 
(38.6%), headache (29.3%), and hyperbilirubinemia 
(21.3%) (Table 2). These adverse effects were slightly 
significantly more notable in the ribavirin group (p < 
0.05). 
 Current study data revealed there were no deaths, 
but discontinuations of therapy recorded due to adverse 
effects as severe jaundice and pruritis occurred in five 
patients (6.6%) that was slightly more significant in SOF 
with OBV/PTV/r + RBV group (p < 0.05) (Figure 2, 
Table 2).

4. Discussion

Treatment of HCV with the new era of DAAs offered 
a renewed hope to Egyptian patients. According to 
NCCVH treatment protocol (December 2016), the first 
option was combining 400 mg sofosbuvir and 60 mg 
daclatasvir in two separate tablets that was introduced 
in November 2015 and it was the most prevalent 
treatment option used due to the availability of low 
price local generics. The second option was treatment 
with the fixed-dose combination of ombitasvir, 
paritaprevir and ritonavir in two tablets given daily with 
food and weight-based ribavirin and was approved for 
use in Egypt in October 2015, however, this option was 
restricted to patients with renal failure. 
 Retreatment of HCV with DAA of the same class 
plus an addition of DAA with another mechanism 
of action and/or new DAA can achieve high SVR in 
patients that had previous treatment failure with DAAs 
treatments (14) for this reason combination therapy of 

subjects): received treatment for 12 weeks: Sofosbuvir 
400 mg once daily; ombitasvir 25 mg + paritaprevir 150 
mg and ritonavir100mg (two capsules) PO q Day with 
the meal; Ribavirin (RBV) was supplied in 200 mg 
capsule, recommended dose:  1,200 mg daily if weight 
> 75 kg or 1,000 mg daily if weight ≤ 75kg divided 
daily dose BID with food. 
 SOF/OBV/PTV/r group (ribavirin ineligible subjects): 
received treatment for 24weeks: Sofosbuvir 400mg 
once daily; ombitasvir25mg + paritaprevir 150 mg and 
ritonavir100mg (two capsules) PO q Day with the meal. 
 RBV ineligible/intolerance was defined as: 
Neutrophils < 750 cells/mm3, results within the past 
protocol therapy; Haemoglobin < 10g/dL, results within 
the past protocol therapy; Platelets < 50,000 cells/mm3, 
results within the past protocol therapy; Autoimmune 
hepatitis or other autoimmune condition is known to 
be exacerbated by ribavirin; Known hypersensitivity to 
ribavirin within the past protocol therapy. 
 Monitoring of treatment and adverse effects was 
done by: Quantitative PCR 12 weeks after the end of the 
treatment protocol to confirm viral eradication and detect 
SVR12; ALT, AST every month; Bilirubin (total and 
direct) and CBC every 2 weeks in patients subjected to 
12 weeks therapy and every month in patients subjected 
to 24 weeks therapy. Ribavirin dose was reassessed 
according to hemoglobin level and ministry of health 
(MOH) protocol. Discontinuation of treatment was 
planned on the experience of severe adverse effects as 
severe anemia, jaundice or new liver decompensation. 

2.7. Endpoints

The primary endpoint represents a sustained virological 
response (HCV RNA < 12 IU/mL), observed 12 weeks 
after the end of the treatment (SVR12). 

2.8. Statistical analysis 

The obtained data were analyzed statistically using SPSS 
program version 20 (SPSS, Chicago, IL). Data were 
expressed as means ± standard deviation in quantitative 
variables; and numbers and percentages for qualitative 
variables. T-Test for variables with normal distribution, 
Mann-Whitney U test for variables with abnormal 
distribution, Chi-Square tests (χ2) were used when 
appropriate. The results were considered statistically 
significant if the p value was < 0.05.

3. Results

3.1. Basic characteristics and demographic data of 
studied patients

Ribavirin eligible treatment-experienced patients (27) 
were treated with SOF with OBV/PTV/r plus RBV for 12 
weeks while ribavirin ineligible treatment-experienced 
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ombitasvir, paritaprevir, and ritonavir plus sofosbuvir 
was used and was the only treatment option available 
in Egypt for experienced patients who failed previous 
treatment with SOF/DCV therapy. 
 Optimizing treatment outcomes in patients with 
cirrhosis includes either the addition of RBV or 
prolonging treatment duration (15,16) for this reason, 
48 patients in our study who were ribavirin ineligible 
were subjected to prolonged treatment period for 24 
weeks.  
 Current study results showed that the per-protocol 
SVR12 rate was (100%; 70/70) in both studied groups 

Table1. Basic characteristics and demographic data of studied patients

Items

Age (y) (M ± SD)
Male
Female
Diabetes
Hypertension
Smoking
Laboratory data (M ± SD)
     Total bilirubin (mg/dL)
     ALT (ULN:40U/L)
     AST (ULN:40U/L)
     Albumin (g/dL)
     INR
     WBC (×103/mm3) 
     Haemoglobin (g/dL) 
     Platelets (×103/mm3)
     HCV PCR (IU/mL)
Type of patient
     Non cirrhotic
     Cirrhotic
Previous treatment
     aSOF/DCV
     bSOF/DCV/RBV
     FIB4

SOF/OBV/PTV/r, (n = 48, 24 Weeks)

 52.6 ± 9.02
35 (72.9%)
13 (27.1%)
6 (12.5%)
5 (10.4%)
9 (18.7%)

    1.2 ± 0.31
  63.3 ± 53.8
  58.5 ± 30.8
    3.6 ± 0.45
  1.4 ± 0.4
  5.3 ± 1.5

     11 ± 0.86
120.6 ± 22.6

    690234.36 ± 1803147.07

10 (20.8%)
38 (79.2%)

3 (6.25%)
45 (93.75%)
3.21 ± 0.9

SOF/OBV/PTV/r + RBV, (n = 27, 12 Weeks)

 48.2 ± 10.6
18 (66.6%)
9 (33.4%)
3 (11%)

4 (14.8%)
5(18.5%)

0.81 ± 0.21
62.1 ± 31.4
56.4 ± 23.3
  3.8 ± 0.17
0.9 ± 0.5
6.3 ± 1.2

   12 ± 1.15
142.8 ± 22.06

515033.27 ± 1337072.7

12 (44.4%)
15 (55.6%)

0 (0%)
27 (100%)
2.42 ± 1

*Significant value, asofosbuvir/daclatasvir, bsofosbuvir/daclatasvir/ribavirin, ALT: alanine transaminase; AST: aspartate transaminase; INR: 
international normalized ratio; WBC: white blood cell count. 

p-value

 0.66
 0.56

 0.85
 0.57
 0.98

 < 0.001*
0.91
0.75

  0.03*
 < 0.001*
    0.004*
 < 0.001*
 < 0.001*

0.66

  0.03*

0.64

  0.001*

Figure 1. Per protocol SVR12 among patients completed the study.

Figure 2. Intention to treat SVR12 and discontinuation 
percentages among treatment groups.
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without treatment failure while the intention-to-treat 
were (93.4%; 70/75) in all patients, (97.9%; 47/48) in 
SOF with OBV/PTV/r group, and (85.2%; 23/27) in 
SOF with OBV/PTV/r plus RBV group, near results 
obtained by Abdel-Moneim et al. (17) who evaluated 
retreatment efficacy of SOF/OBV/PTV/r  +  RBV for 
12 weeks in HCV genotype 4 experienced patients 
who failed treatment with DAAs-based regimens and 
found overall per-protocol SVR12 rate (97%; 109/113), 
SVR12 was achieved by (98%; 81/83) of non-cirrhotic 
patients and (93%; 28/30) of cirrhotic patients. The 
SVR12 results differences between the current study 
and Abdel-Moneim et al. may be due to more limited 
number of cases in the current study. However, in the 
current study similar SVR12 for both cirrhotic and 
noncirrhotic patients who completed treatment protocol 
duration was found.  
 Sanai et al. (18) assessed the efficacy of co-
formulated ombitasvir/paritaprevir/ritonavir in the 
treatment of HCV GT4 ± RBV with chronic kidney 
disease stage 4-5. This study included treatment-naïve 
and peginterferon/RBV-experienced GT4-infected 
patients (n = 32) treated for 12-24 weeks, 19.4% 
were treated without RBV; Overall, 97.1% patients 
achieved SVR12, including 100% of those with a post-
treatment follow-up (modified ITT analysis) with no 
virological failures. The virological response was equal 
in both treatment naive and experienced, cirrhotic and 
noncirrhotic and those who received or not received 
ribavirin. 
 Despite the recommendation for the addition of 
RBV in the product label and in guidelines, 48 patients 
who were ribavirin ineligible were treated without RBV 
for 24 weeks. All patients who received a RBV-free 
regimen achieved SVR12, however, they recommended 
that the role of RBV must be further explored in larger 
clinical trials. Our study shows that RBV-free cohort (24 
weeks) achieved high SVR12 with less significant side 
effects than RBV-containing one (12 weeks).  
 According to current results, neither baseline 
demographic features as age and sex nor comorbid 
factors as DM, hypertension, and smoking affected 
SVR12. In addition, the virological response was 

unaffected by the degree of viremia, previous treatment 
protocols nor fibrosis degree assessed by FIB4 results, 
a similar conclusion was reached by other studies who 
confirmed that age, body mass index, HCV-RNA levels, 
GT4 subtype, and IL-28B genotype, may not impact 
significantly on the virological response (17,18). 
 The regimen was generally well tolerated and the 
most common adverse effects observed across treatment 
and after follow-up were fatigue and headache. Our 
findings were in agreement with the studies of Abdel-
Moneim et al. (17) and Sanai et al. (18).  
 Hyperbilirubinemia is the most observed laboratory 
abnormality and was responsible for discontinuations 
of therapy in five patients due to severe jaundice and 
pruritis, this may be explained by ribavirin-induced 
hemolysis and known inhibition of the organic anion 
transporting polypeptide 1B1 bilirubin transporter by 
protease inhibitors (19).  
 In conclusion, the combination of sofosbuvir with 
ombitasvir, paritaprevir, ritonavir ± RBV is well tolerated 
and achieved high SVR12 rates in chronic HCV GT4 
Egyptian patients with previous SOF/DCV treatment 
failure. Ribavirin free regimen for 24 weeks had high 
SVR12 as 12 weeks ribavirin regimen with lesser adverse 
effects and offered a hope for treatment of patients who 
are ribavirin intolerant.
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Table 2. Adverse effects among treatment groups

Items

Hyperbilirubinemia
Diarrhea 
Headache
Itching/Rash/pruritus
Loss of appetite
Nausea
Insomnia
Fatigue 
Anaemia

No

  6
  5
10
  5
  8
  3
  5
14
  1

%

12.5
10.4
20.8
10.4
16.6
  6.25
10.4
29.1
  2

*Significant value.

p-value

0.01*
0.78
0.03*
0.03*
0.55
0.22
0.57
0.02*
0.01*

No

10
  7
12
  8
  6
  4
  4
15
  5

%

37
25.9
44.4
29.6%
22
14.8
14.8
55.5
18.5

No

16
12
22
13
14
  7
  9
29
  6

%

21.3
16
29.3
17.3
18.6
  9.3
12
38.6
  8

SOF/OBV/P/r      SOF/OBV/PTV/r+ RBV                 Total
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1. Introduction

Mucormycosis is an infection caused by ubiquitous fungi 
of the order Mucorales and the genera most commonly 
reported to cause disease includes Rhizopus, Mucor 
and Rhizomucor. The disease is mostly seen in patients 
with diabetes mellitus, hematological malignancies, 
hematopoietic cell and solid organ transplantation, 
trauma, burns and those on glucocorticoid therapy. This 
angioinvasive fungal disease can present with varied 
clinical manifestations, including rhino-orbital-cerebral, 
pulmonary, cutaneous, gastrointestinal, disseminated and 
miscellaneous forms (1-3).
 Osteoarticular mucormycosis (excluding extension 
following rhinosinusitis) is a rare manifestation of this 
disease. In a systematic review, 34 reported cases were 
identified between 1978 and 2014 (4). We reported a 
case of long bone mucormycosis and Mycobacterium 
abscessus infection recently (5). Mucormycosis can 
involve bones and joints with the site depending on the 
mechanism of infection; long bones may be affected after 

trauma or surgery, or a wide variety of bones may be 
involved after hematogenous dissemination. Diagnosis 
is challenging particularly in a setting with rampant 
tuberculosis. The destructive nature of Mucorales, in 
addition to the predisposing risk factors presents a 
formidable challenge in management of these patients. 
We highlight the above issues in two patients diagnosed 
with this rare form of the disease.

2. Case Report

2.1. Case 1

A 22-year-old male with no prior comorbidities, 
apparently well 3 months back, presented with complain 
of intermittent low-grade fever (documented 100-
101° F), associated with continuous dull aching low 
back pain and weakness of bilateral lower limbs. The 
weakness was insidious onset, started in left lower limb 
and gradually progressed to right lower limb over a 
period of 15 days with bowel and bladder incontinence. 
He was evaluated at a local hospital, where a magnetic 
resonance imaging (MRI) of lumbosacral spine with 
bilateral hip joints was done and category 1 anti-
tubercular therapy was initiated with a provisional 
diagnosis of tubercular sacroiliitis. A month after onset 

Summary Mucormycosis  is  an uncommon aggressive fungal  infection usually seen in 
immunocompromised hosts or patients with burns and trauma. The common presentations 
include rhino-orbital-cerebral and pulmonary involvement. Osteoarticular involvement is 
a rare presentation of this disease. We present two cases of osteoarticular mucormycosis 
of pelvis and long bones of the lower limb, one in a patient with burn injury and other one 
in a patient with chronic granulomatous disease, hitherto a rarely reported association. 
Delayed diagnosis in a setting where tuberculosis is a common cause of chronic osteomyelitis, 
challenges in medical and surgical management of these patients are discussed in this report.

Keywords: Mucormycosis, bone mucormycosis, chronic granulomatous disease
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of fever, he noticed a swelling over the left hip which 
progressively increased in size and ruptured with black-
colored discharge from the wound 10 days later. The 
area was surgically debrided and histopathological 
examination was suggestive of aseptate broad hyphae 
compatible with mucormycosis. He was referred to our 
institute for further management. 
 Local examination revealed two ulcers in left gluteal 
region and left sacral region of size 2 × 3 cm and 3 × 1 
cm respectively, with a clean base and granulation tissue. 
On neurological examination, power grade was 2/5 with 
deep tendon reflexes absent in left lower limb and mute 
plantar; power grade was 4/5 in right lower limb. Rest of 
the general and systemic examination was unremarkable, 
and vitals were stable. He denied any history of trauma 
or intramuscular injections.
 MRI films were reviewed which revealed left 
sacroiliitis, left hip arthritis and left psoas collection 
(Figures 1A, 1B, and 2A). Differentials of a fungal 
infection (mucormycosis of left pelvic bone), multidrug 
resistant tuberculosis, non-tubercular mycobacterial 
infection and chronic bacterial osteomyelitis were 
considered. Ultrasonography (USG) guided aspiration 
of gluteal abscess was done, wherein gram stain/culture, 
fungal stain/culture and GeneXpert were negative. 
Hematological investigations revealed normocytic 

normochromic anemia and raised inflammatory markers 
(Table 1). Liposomal amphotericin B (L-AmB) was 
initiated at a dose of 10 mg/kg.  
 MRI was repeated after three weeks of treatment, 
which did not reveal any improvement, hence 
caspofungin was added as a rescue therapy. He was 
evaluated for primary and secondary immunodeficiency 
which revealed low B and T-cell counts, low neutrophil 
oxidase activity, feature consistent with chronic 
granulomatous disease (CGD). A 2-deoxy-2-(18F)fluoro-
D-glucose positron emission tomography/computed 
tomography (18F-FDG PET/CT) scan was performed 
to determine the disease extent which revealed left 
paraaortic, prevertebral, common iliac, internal iliac, 
left external iliac and left inguinal lymph nodes with 
hepatosplenomegaly. No uptake in liver and spleen was 
seen.
 Meanwhile, he developed drug reaction and 
leucopenia, secondary to amphotericin, hence it was 
withheld and later re-started at a lower dose (5 mg/
kg). Surgical debridement of pelvis was done, which 
reconfirmed the diagnosis of mucormycosis (Figure 
3). A repeat MRI was done after 4 weeks of surgery 
revealed worsening in the form of increased left gluteal 
and iliopsoas collection (Figures 1 C, 1D, and 2B). 
The collections were drained under USG guidance and 
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Figure 1. MRI images. Axial fat suppressed T2 images at the level of sacroiliac joints (A) and ischial tuberosity (B) at the time 
of admission showing left ilio-psoas collection and bony involvement of the sacrum and left hemipelvis (more on left side and 
left SI joint). Corresponding images post first debridement (C,D) showing mild reduction in the left side collection; however, the 
sacral involvement appears more extensive.

Figure 2. MRI images. Coronal post contrast images at admission (A) and follow-up (B) showing increased bony involvement 
and left sided collection.
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evaluation, patient was conscious and oriented and vitals 
were stable. Local examination revealed 10 × 6 cm ulcer 
present over anterior aspect of lower third of tibia with 
black eschar with pale granulation tissue with active 
discharge from the wound. Rest of the general physical 
and systemic examination was unremarkable. He had 
anemia and raised inflammatory markers (Table 1). 
 In view of active discharging sinus, broad-spectrum 
antibiotics were initiated. A bone biopsy from tibia 
done outside, was reviewed which showed dead bone 
trabeculae along with right angle branching broad 
septate hyphae consistent with mucormycosis. Patient 
was started on L-AmB at a dose of 5 mg/kg which had 
to be stopped after second dose in view of deranged 
renal parameters. Orthopedic opinion was taken and 
debridement with wash with sinus tract excision with 
sequestrectomy and saucerization of right tibia was 
performed. Patient had an uneventful intraoperative 
and post-operative period and was discharged on oral 
posaconazole (200 mg QID), due to recurrent acute 
kidney injury on introduction of L-AmB. A repeat MRI 
performed 4 weeks after surgery revealed spread of 
bony lesions to left femur (Figures 4A-4D). The patient 
was re-admitted, and an above knee amputation was 
performed after thorough discussion and informed 
consent. The intraoperative and postoperative events 
were uneventful. At 2 months follow-up, he was 
asymptomatic and repeat MRI revealed mild T2/STIR 
hyperintensity in thigh muscles suggestive of residual 
disease. 

3. Discussion

Osteoarticular mucormycosis is an uncommon 
manifestation of mucormycosis. In a systematic 
review of database from 1978 to 2014, only 34 cases 
were reported (4). The review excluded cases of bone 

broad-spectrum antibiotics were initiated to cover for 
superadded bacterial infection. Due to repeated drug-
related toxicities, L-AmB was withheld (total dose 
35 grams) and oral posaconazole was initiated. He 
showed clinical improvement and started ambulating 
with support. A repeat MRI performed 3 months after 
surgery revealed partial response. 

2.2. Case 2

A 40-year-old male, with no prior comorbidities, 
presented with chronic discharging sinus on the 
anterior aspect of right leg for 5 months. The sinus 
developed following debridement performed for burn 
injury over the leg. He also complained of severe 
intensity pain in the leg and recurrent episodes of fever 
(documented 100-101° F) with chills. He was evaluated 
at a local healthcare facility and diagnosed to have 
chronic osteomyelitis and referred to our institute. On 

Table 1. Hematological and biochemical profile of the 2 patients

       Date

Hb (gm/dL)
Platelet count (/mm3)
TLC (/mm3)
Urea (mg/dL)
Creatinine (mg/dL)
Na (mEq/L)
K (mEq/L)
Bilirubin (mg/dL)
Total protein (g/dL)
Albumin (g/dL)
Globulin (g/dL)
SGOT (IU/L)
SGPT (IU/L)
ALP (IU/L)
ESR (mm/hr)
CRP (mg/L)

Patient 1/At admission

8.1
574 × 106

8,500
25
0.2
139
3.5
0.5
6.2
2.7
3.5
20
19
322
66
66

Patient 1/At discharge

10.3
270 × 106

5,600
31
1.2
134
4.4
0.4
6.4
3.0
3.4
19
11

239
52

20.6

Hb: Hemoglobin, TLC: Total leukocyte count, Na: Sodium, K: Potassium, SGOT: Aspartate transaminase, SGPT: Alanine transaminase, ALP: 
Alkaline phosphatase, ESR: Erythrocyte sedimentation rate, CRP: C-reactive protein.

Patient 2/At admission

9.7
2.57 × 106

9,000
25
0.4
135
4.3
0.2
7.4
3.4
4
17
10
225
75
28

Patient 2/At discharge

8.2
112 × 106

5,400
71
2.4
135
3.5
0.3
6

3.8
2.2
7
6

236
32
16

Figure 3. Microscopy findings. Broad aseptate hyphae are 
observed with right angle branching (arrow) and ribbon like 
folding under 40x in Calcofluor white-KOH mount indicating 
mucormycosis.



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2018; 12(6):374-378.377

extension following rhinosinusitis, which is a common 
site of presentation for mucormycosis. Both our patient 
had proven mucormycosis as aseptate hyphae was 
demonstrated in histopathology sections.
 Osteoarticular mucormycosis has been reported most 
frequently after surgical procedures (41%) and trauma 
(21%); diabetes mellitus (18%) and corticosteroid use 
(21%) being other significant predisposing factors 
(4). Our second patient had a prior burn injury and 
underwent surgical procedure; however, the first patient 
did not have any of the above predisposing conditions. 
Further, he did not have other source for hematogenous 
spread of infection, as there was no FDG uptake at 
any other site on 18F FDG PET-CT scan. His primary 
immunodeficiency work up revealed low total B and 
T-cell counts, with low neutrophil oxidase activity 
(dihydrorhodamine (DHR) assay) suggestive of CGD. 
Patients with CGD are uniquely susceptible to invasive 
aspergillosis, but invasive mucormycosis is rare and 
occurs mostly if patient is receiving corticosteroids (6). 
In a series of 278 patients with CGD, only 5 patients 
had invasive mucormycosis and all of them were on 
corticosteroids (6). However, neither of our patients 
received corticosteroids. 
 The most common presenting features are local 
symptoms including swelling, tenderness, pain and 
restriction of movements, while fever is reported in 
around one-fourth of the patients (4). The local features 
were present in both our patients; fever was present in 
the first patient since disease onset, while superadded 
infection was the probable cause of fever in second 
patient. The reported median diagnostic delay from 
onset of symptoms is 60 days (4). The treatment in our 
patients was initiated 3 and 5 months respectively, after 
initial symptoms. Diagnosis of this rare manifestation is 

challenging in a setting with high burden of tuberculosis, 
like ours. Biopsy is the mainstay of diagnosis as imaging 
features are non-specific (4).
 The cornerstone of management is combined surgical 
and medical approach. L-AmB is the mainstay of 
medical therapy and posaconazole is used as maintenance 
therapy, while debridement (38%) is the most common 
surgical procedure followed by bone grafting (21%), 
amputation (15%) and full excision (15%) depending 
on the site of involvement (4). Our first patient had 
extensive local infiltrative disease, making radical 
excision a difficult choice and hence, local debridement 
was opted for. The second patient at presentation had 
a localized disease and hence, initially a conservative 
approach with debridement was adopted. However, the 
rapid spread of disease led to the decision of amputation 
to preserve the unaffected part of the limb. 
 The recommended first line of medical therapy 
for mucormycosis is liposomal or lipid-complex 
amphoter ic in  B at  a  minimum dose of  5  mg/
kg/day, while posaconazole is recommended as 
salvage therapy (7). The efficacy of L-AmB in 
mucormycosis is variable across studies depending 
upon site and extent of involvement, timing of 
initiation and underlying predisposing conditions. 
Distinctive immunopathogenesis features contribute 
to poor response in mucormycosis compared to other 
invasive fungal infections (8). In systematic review 
of osteoarticular variant of disease, the mortality rate 
reported was 24% (4). Delay in diagnosis may be 
one of the factors contributing to high failure rates. 
Management of our patients was further complicated 
by adverse effects of the drug particularly in the 
second patient. The drug related nephrotoxicity 
varies depending on the patient profile, drug dosage 

Figure 4. MRI images. (A and B) Fat suppressed T2 coronal images showing extensive marrow signal alteration involving the 
tibia. (C) Axial T1 weighted image showing cortical irregularity and erosions of the tibia. The fibula (*) shows normal marrow 
and cortical signal. (D) Axial fat suppressed T2 weighted image shows an air fluid level within the tibial marrow cavity with 
sinus tract extending to the skin surface (*). Note also the extensive edema involving the surrounding muscles (arrow).
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and duration of therapy. In a recent retrospective 
analysis of 103 treatment courses of L-AMB, 19.4% 
of patients were classified at risk, 13.6% met an injury 
classification, and 5.8% were categorized as developing 
renal failure according to the RIFLE category for renal 
injury (9). Long term L-AmB therapy is associated with 
more adverse effects (10). We discontinued L-AmB in 
both patients and shifted them to oral posaconazole (800 
mg/d). It has been used both in combination with L-AmB 
and as second line therapy with reported complete and 
partial response rates of approximately 65% and 7% 
respectively (11). The currently available evidence 
supports the use of posaconazole as a reserve drug for 
de-escalation, refractory cases, or patients intolerant 
to L-AmB (1,7,12). The benefit of combination of 
L-Amb with echinocandin has been reported previously; 
however, there is insufficient evidence of its efficacy 
(13,14). We used caspofungin in combination with 
L-AmB as a rescue therapy in the first patient. The two 
patients have partial response to therapy with clinical 
resolution of symptoms and improved, albeit persisting 
radiological findings and are currently on posaconazole. 
The duration of treatment is not defined and in 
osteoarticular mucormycosis median time of LAmB use 
is 45 (5-573) days (4).
 Osteoarticular mucormycosis is a rare disease and 
associated with significant morbidity and mortality. 
Increased awareness will prompt the clinician to 
suspect this condition in an appropriate setting and 
attempt early diagnosis by requesting for biopsy with 
histopathology, staining and culture for fungal etiology. 
Combined surgical and medical management is the 
cornerstone for therapy. The duration of antifungals 
is not defined and it is prudent to continue therapy till 
there is both clinical and radiological resolution of the 
disease.
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1. Introduction

Apremilast is an oral phosphodiesterase 4 (PDE-
4) inhibitor and it is used as a systemic therapy for 
psoriasis and psoriatic arthritis (1). This drug is 
relatively safe at approved dose of 30 mg twice daily, 
causes a few self resolving mild to moderate side 
effects which generally do not require discontinuation 
of therapy (2). Common side effects are diarrhea, 
nausea, headache, nasopharyngitis, upper respiratory 
tract infections and the reported incidence of  diarrhea 
is close to 10 per 100 person-years (3). Diarrhea due 
to apremilast is secretory in nature which resolves 
spontaneously and do not require medical intervention, 
dose adjustment or discontinuation (3). We report a 
case of apremilast induced chronic diarrhea leading to 
malnutrition.

2. Case Report

A 56-year-old man with psoriasis and psoriatic arthritis 
of 10 years duration now presented with chronic 
diarrhea, nausea and weight loss of 10 kg for the past 
6 months. He had hemoglobin level was 9.2 g/dL; total 
leukocyte count was 15,000 × 103/dL; and platelet 
count was 3.25 × 103/dL. He had hypoproteinemia 

and hypoalbuminemia with protein and albumin level 
of 4.6 g/dL and 1.9 g/dL respectively. The results of 
other liver function test and kidney function test were 
normal, and her total bilirubin level was 0.4 mg/dL; 
aspartate transaminase level was 31 IU/L; alanine 
transaminase level was 21 IU/L; alkaline phosphatase 
level was 123 IU/L; urea level was 10 mg/dL and 
creatinine level was 0.7 mg/dL. To determine the 
cause of diarrhea, we performed the routine stool 
examination and culture, which were non-contributory. 
Further, the result of serological examination for celiac 
disease (IgA anti-tissue transglutaminase antibody) 
was negative and thyroid function test were normal. 
His upper gastrointestinal endoscopy, colonoscopy and 
computed tomography (CT) enterography was normal. 
Histopathological examination of duodenal mucosa 
and right sided colonic mucosa were also normal. 
Human immunodeficiency virus serology was negative. 
On drug review he had been treated with steroid, 
cyclosporine and methotrexate of variable duration. 
The patient had been prescribed only apremilast 30 mg 
twice daily for psoriasis for the past 6 months without 
other immunomodulators. After discontinuation of 
apremilast his diarrhea subsided and at 2 month follow-
up he has gained significant weight with serum albumin 
level of 3.4 g/dL and for psoriasis he has been started 
on steroid.

3. Discussion

Apremilast causes phosphodiesterase 4 (PDE-4) 
inhibition and it interrupts the inflammatory cascade 

Summary Apremilast is used as a systemic therapy for the treatment of psoriasis and psoriatic 
arthritis. This drug is considered relatively safe with a very low incidence of serious side 
effects. Common side effects are diarrhea, nausea, headache, nasopharyngitis, upper 
respiratory tract infections which are mild to moderate in severity. Diarrhea tends to occur 
within 2 weeks of starting treatment and resolve spontaneously within 4 weeks without 
dose adjustment or discontinuation of therapy. Chronic diarrhea and malnutrition due 
to apremilast have not been reported yet. We report a case of apremilast induced chronic 
diarrhea leading to malnutrition, necessitating discontinuation of therapy.
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by blocking the degradation of cyclic adenosine 
monophosphate (cAMP) leading to increase in 
intracellular levels of cAMP which downgrade the 
production of several pro-inflammatory cytokines, like 
tumour necrosis factor (TNF)-α and interleukin (IL)-
17 and IL-23 (4). This oral medication is well tolerated 
with minimal risk of serious side effects. Commonly 
reported side effects are diarrhea, nausea, headache, 
nasopharyngitis, upper respiratory tract infection which 
are generally self resolving and do not require dose 
adjustment or discontinuation of therapy (3). 
 Diarrhea due to apremilast is secretory in nature as 
it causes increases in intracellular cAMP levels within 
small intestinal crypt cells which activate chloride 
channels (5). Activated chloride channels promote fluid 
secretion into the gut lumen leading to development of 
diarrhea. Diarrhea usually resolves within 4 weeks and 
it might be due to effect of compensatory up-regulation 
of other phosphodiesterases in the small intestinal crypt 
cells (6). Recommended management of apremilast 
induced diarrhea is to begin with non-pharmacologic 
interventions such as ensuring adequate hydration, 
having small frequent meals and limiting consumption 
of other potential triggers for diarrhea (3). Patients not 
responding to non-pharmacologic interventions can 
be treated with over the counter medications like fibre 
supplement, bismuth subsalicylate or loperamide (3). 
 Most of the trials have reported that apremilast 
induced diarrhea were mild to moderate in severity, 
develop within 2 weeks of starting treatment and 
resolve spontaneously within 4 weeks (2,6). This 
drug has been approved 4 years ago and chronic 
diarrhea leading malnutrition due to apremilast has not 

been reported yet. With increased use of apremilast, 
incidence of chronic diarrhea and malnutrition like our 
case is expected to be reported more frequently.
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Since two influenza-infected Japanese junior high 
school students jumped from a great height and died in 
February 2007, abnormal behavior in influenza patients, 
especially teenagers, has been the subject of international 
public health concern. On March 22, 2007, the Ministry 
of Health, Labour (MHLW) issued emergent safety 
information to prohibit the administration of oseltamivir 
to 10-19 years-old influenza patients (1). Given those 
circumstances, epidemiological research efforts of two 
types were activated. 
 One research effort was a cohort study of 10,000 
patients under 18 years old during three months in 
2007 (2). This was unparalleled huge and amazing 
survey. Moreover, this research group continued the 
analyses for ten years. "Oseltamivir use and severe 
abnormal behavior in Japanese children and adolescents 

with influenza: Is a self-controlled case series study 
applicable?" (Hereinafter, the Fukushima research) 
was the latest result reported by this group (3). We 
are strongly impressed by their inquisitive approach 
that is focused on finding truth. The research found 
that the relative risk of A-type abnormal behavior, the 
most severe abnormal behavior in the data, of patients 
with oseltamivir was 30 times greater than without 
oseltamivir, although they did not emphasize that point 
in their conclusion because they were unable to isolate 
the effect of oseltamivir use from the effect of high 
fever. 
 Our research group started studying abnormal 
behavior of influenza patients in 2007. That study 
is continuing today under a granted by MHLW and 
Agency for Medical Research and Development in 
Japan (4-6). This group did not set up a cohort because 
abnormal behavior leading to death is apparently very 
rare. Instead of the cohort, it asked all physicians to 
report abnormal behavior of influenza patients with 
details of abnormal behavior and administered drugs 

Summary The Fukushima research has examined data form a cohort study of 10,000 Japanese 
children under 18 years old with influenza during three months to demonstrate that the 
relative risk of A-type abnormal behavior of patients with oseltamivir was 30 times greater 
than without oseltamivir. By contrast, our research group found that patients who had been 
administered no neuraminidase inhibitors (NI) or those administered peramivir had higher 
risk of abnormal behavior than those administered oseltamivir, zanamivir, or laninamivir. 
A plausible explanation for this gap is that the two studies specifically examined different 
criteria to report abnormal behavior. In actually, some A-type abnormal behavior might not 
be life-threatening. Our definition of severe abnormal behavior is better matched to public 
health concerns and comparison among incidents according to the administered drug is 
more appropriate as an analytical procedure.
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such as several neuraminidase inhibitors (NI) or 
acetaminophen. In other words, it set a nationwide 
cohort to capture very rare events. Results of that study 
demonstrated that patients who have taken all types 
of NI showed severe abnormal behavior. Moreover, 
patients without the antivirals showed severe abnormal 
behavior. Therefore, it was concluded that influenza 
itself causes the severe abnormal behavior, even if drugs 
of some kinds might exacerbate it. The study also found 
that the rate of incidences of abnormal behavior were 
not different among types of NI such as oseltamvir, 
zanamivir and laninamivir, with the exception of 
peramivir. Therefore, zanamivir and laninamivir carry 
almost equivalent risk to that of oseltamivir. The 
incidence with peramivir or no antivirals administered 
were significantly higher than those associated with 
oseltamivir, zanamivir or laninamivir. However, the 
numbers of the un-administered patients or those taking 
peramivir were smaller than for the other NI. This 
evidence also reinforces the view that influenza itself 
causes the severe abnormal behavior. Hereinafter, we 
designate this effort as our research. 
 How should we interpret these different results 
related to the putative association between oseltamivir 
and abnormal behavior? The key point for understanding 
might be the frequency and definition of abnormal 
behavior. 
 The survey used for the Fukushima study found 28 
cases of A-type abnormal behavior. The incidence was 
therefore 0.28% (28/10,000). By contrast, our research 
found 106 severe cases and 120 moderate cases in the 
same period. 
 Unfortunately, the precise number of influenza 
patients nationwide was not available in 2007. In fact, it 
is not notifiable disease in Japan, but it is monitored by 
sentinel in the National Official Sentinel Surveillance 
of Infectious Diseases (NOSSID) based on Japanese 
Infectious Disease Control Law. In an almost equivalent 
period (1st to 13th epidemiological week) NOSSID 
reported 896,136 influenza patients. NOSSID received 
the number of influenza patients from 5,000 sentinels, 
which accounts for almost one-tenth of all hospital and 
clinics. Therefore we can estimate the total number of 
influenza patients nationwide during the same period as 
8.96 million. Nevertheless, NOSSID does not publish 
the age distribution of influenza patients for that period. 
Recently, almost all medical claims have become 
available for research since 2010. We designate such 
a huge database as the National Database of Medical 
Claims (NDBEMC). Our research group applied to 
MHLW to use it as the denominator of the incidence 
rate of abnormal behavior. That use was approved. 
Actually, NDBEMC shows the average proportion of 
patients younger than 20 years old in the 2010/2011-
2013/2014 seasons as 52.5%. Consequently, the number 
of influenza patients younger than 20 years old was 
estimated as 4.71 million (8.96 million × 52.5%) during 

that period. The incidence of severe abnormal behavior 
in our research group was estimated as 0.0023% 
(106/4.71 million). 
 Conversely, our research group requested all 
physicians at the influenza sentinel to report moderate 
abnormal behavior cases. Influenza patients younger 
than 20 years old were 0.471 million (0.896 million 
× 52.5%) if we presume that the age distributions 
nationwide and of the sentinel are the same. Therefore, 
the incidence rate of moderate abnormal behavior in 
our research group was 0.025% (120/0.471million). 
 In other words, the incidence of A-type abnormal 
behavior in the Fukushima research was 100 times 
higher than severe abnormal behavior and ten times 
higher than moderate abnormal behavior, as judged 
by the our research group. The reason is that the 
two research efforts specifically examined different 
definitions or criteria to report abnormal behavior. 
 For instance, in the Fukushima research, A-type 
abnormal behavior was defined as "Abnormal behavior 
potentially leading to an accident or harm to another 
person." By contrast, our research group considered 
severe abnormal behavior as active motion behavior 
that can be life-threatening given no intervention, 
including behaviors such as sudden running away, 
jumping from a high place, or rampaging involving 
self-injury. Moreover, it defined the moderate abnormal 
behavior as unusual behavior that might not be life-
threatening. 
 Therefore, some behaviors considered as A-type 
abnormal in the Fukushima study might not meet the 
definition of life-threatening severe abnormal behavior 
in our study, but might be included as a moderate 
abnormal behavior. These differences of case definition 
might affect the study outcome.
 However, the severe abnormal behavior examined 
in our research also might result from underreporting. 
We cannot evaluate the degree of underreporting, but 
reports of only a few fatality cases with abnormal 
behavior of influenza patients have been published by 
mass media since 2007. Moreover, we have sent request 
letters from government to almost all hospital and 
clinics, more than 60 thousands, every year. Therefore, 
we consider that the bias of underreporting might not 
be so serious for severe abnormal behavior.
    Both studies emphasize different aspects of abnormal 
behavior. If we were to construct a cohort study like 
the Fukushima research to examine life-threatening 
behavior specifically, we need 0.1 million cohort for 2.8 
cases with life-threatening abnormal behavior based on 
our research group's result. Comparison of incidence 
according to the administered drug seems to be more 
appropriate as an analytical procedure. Moreover, we 
consider that our definition of severe abnormal behavior 
better matches for public health concerns. 
 Be that as it may, the final conclusion in Fukushima 
research "we could not deny the possibility that 
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abnormal behavior was induced by influenza itself" is 
fully acceptable from the view point of our research 
group. Our discussion presented in this paper might 
be useful for new anti-influenza virus drug including 
endonuclease inhibitor, baroxabil malboxyl. 
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