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Abstract. Invasive fungal infections threat the life of 
immunocompromised patients. Chromogranin A N-46 
(CGA-N46), corresponding to the 31st to 76th amino acids of 
the N-terminus of human chromogranin A, is an antifungal 
peptide. In order to elucidate the antifungal effects of CGA-N46 
in vivo, we studied its effects on cell-mediated immunity in 
Candida krusei‑infected mice. The results showed that the 
treatment with CGA-N46 increased the average body weight 
and decreased the mortality of the immunocompromised mice 
model infected with Candida krusei. The spleen and thymus 
indices of treated mice has markedly increased compared with 
that of the control group (P<0.05), and the immune cell levels 
in peripheral blood also increased significantly (P<0.05). The 
immuno-modulatory effect of CGA-N46 (60 mg/kg/day) was 
found to be comparable to that of terbinafine. Additionally, 
CGA-N46 could alleviate or eliminate histopathological 
symptoms in the liver, spleen, kidney, and lung tissues. In 
conclusion, the present study suggests that CGA-N46 may 
offer a new strategy for antifungal therapeutic option. This 
study is an essential step in elucidating the effect of CGA-N46 
in vivo.

Introduction

The incidence of invasive fungal infections (IFIs) has mark-
edly increased in recent decades owing to increase in the 

number of immunocompromised patients (1,2). Despite the 
development of new antifungal drugs, the mortality rate of 
IFIs remains high (2). Candida species remain a major cause 
of IFIs, resulting in significant morbidity and mortality in 
health care settings (1,3,4). Moreover, the number of candi-
demia cases caused by non-albicans Candida species has been 
increasing in recent years (5-7). It is known that the treatment 
of some Candida species is difficult because of their innate or 
acquired resistance to antifungal agents (8-10). For instance, 
Candida krusei is intrinsically resistant to fluconazole (1,11). 
Although its prevalence remains low among yeast infections 
(2‑5%), its intrinsic resistance to fluconazole is the reason 
C. krusei infections have the highest mortality rate (30-60%) 
compared to other Candida species (1,10,12).

Antimicrobial peptides (AMPs) are currently being 
studied extensively to assess their use as a new class of 
antimycotics because they possess broad-spectrum antimi-
crobial activities and may possibly thwart resistance (13-15). 
Chromogranin A is a major soluble protein of the adrenal 
medullary chromaffin granules and neurons, and is conser-
vative in mammals (16,17). Vasostatin-1, corresponding to 
the 1st to 76th amino acids of bovine chromogranin A, is a 
natural antimicrobial peptide derived from the processing of 
bovine chromogranin A, and abundant naturally secrets (18). 
Research has demonstrated that the C-terminal moiety of 
bovine vasostatin-1 has potent antifungal activity. The disul-
fide bridge loop of Cys17-Cys38 in vasostatin-1 was crucial for 
its antibacterial activity but not necessary for its antifungal 
activity (19). To further explore the antifungal activity of 
the vasostatin-1 derived peptide and avoid aggregation, 
CGA-N46 which corresponded to human CGA residues 
31‑76 was synthesized. Our previous studies elucidated 
that CGA‑N46 peptide had specific anti‑Candidal activity, 
especially showed the highest antagonistic activity to 
C. krusei, without hemolytic activity on human erythrocytes 
in vitro (20). CGA-N46 inhibited the growth of Candida 
species by decreasing intracellular reactive oxygen species 
levels and mitochondria membrane potentials while also 
inhibiting DNA synthesis (21).

However, little is known about the in vivo activity of 
CGA-N46 in the treatment of candidiasis in immunocom-
promised hosts. In this study, candidemic mice was used to 
investigate the effects of CGA-N46 on immune cells and organ 
tissues with that of terbinafine was compared.
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Materials and methods

CGA‑N46 preparation. CGA‑N46 were synthesized by 
solid‑phase peptide synthesis method. Peptide purification was 
performed using high-performance liquid chromatography 
(HPLC). The mass of the peptide was confirmed via mass 
spectrometry. Final purity of the peptides was determined to 
be 90% by analytical HPLC.

Experimental animals. Specific-pathogen-free female and 
male Kunming (KM) mice (n=144), 4-weeks-old, weighing 
approximately 22-27 g, were purchased from the Laboratory 
Animal Center of Zhengzhou University, Zhengzhou, China. 
They were housed in an air-conditioned room maintained at 
26˚C with a 12 h light/12 h dark cycle in filter‑top cages and 
fed ad libitum a diet of laboratory chow and tap water (22).

Candida species are the pathogens of opportunistic mycosis. 
They are easy to infect immuno-compromised patients. Hereby, 
to get immuno-compromised animals, all mice received 
intraperitoneal injections of cyclophosphamide at a dose of 
200 mg/kg/day for 3 days after one week of adaptive feeding. 
The number of leukocytes was counted 24 h after cyclophos-
phamide administration. When the leukocyte count reached 
less than 1,000/ml, suspension, containing 105 CFU/ml fresh 
C. krusei in a 0.2 ml volume of 0.9% sodium chloride (NaCl), 
was slowly administered to each mouse via intraperitoneal 
injection. The inoculum concentration was confirmed by plating 
serial dilutions of the suspension onto SD agar medium plates.

Strain culture. Candida krusei API-600010 was supplied by the 
Department of Hematology, Peking University First Hospital, 
Beijing, China. The C. krusei culture was prepared using a 
method described by Petraitiene et al (23). with modest amend-
ments. A loop of fresh C. krusei cells from fresh Sabouraud's (SD) 
agar slant was transferred into 10 ml of fresh SD broth medium 
and centrifuged (220 rpm at 30˚C for 12 h). The concentration of 
cells was adjusted using a hemocytometer, which was confirmed 
through a quantitative culture using a 10-fold serial dilution. An 
inoculum of fresh C. krusei suspension (105 CFU/ml) in a 0.2 ml 
volume of 0.9% NaCl was administered slowly to each mouse 
via intraperitoneal injection. The inoculum concentration was 
confirmed by plating serial dilutions of the suspension onto 
Sabouraud's agar medium plates.

CGA‑N46 administration. Administration of the compounds 
(0.9% NaCl, CGA‑N46 and terbinafine) was initiated 24 h 
after inoculation of C. krusei. The mice were randomly divided 
into four groups: Control group, intraperitoneal injection of 
200 µl 0.9% NaCl, n=36; 30 mg/kg/day CGA-N46 group, 
intraperitoneal injection of CGA-N46 with concentration in 
the blood of mice was MIC against C. krusei (0.1 mM), n=36; 
60 mg/kg/day CGA-N46 group with concentration in the blood 
of mice was 2-folds of MIC against C. krusei (0.2 mM), n=36; 
and terbinafine group, intraperitoneal injection of terbinafine 
3.8 mg/kg/day according to the usage of introduction, n=36. 
All mice were injected one time each day and subjected to 
2 weeks of injections.

The animals were monitored daily for mortality and body 
weight loss. They were humanely euthanized prior to the end 
of the experiments or when specific signs appeared (inability 

to reach food and water, lethargy or decreased mental 
alertness, labored breathing, inability to remain upright) and 
are not expected to survive until the next scheduled evaluation.

Sampling. After 3, 5, 7, 10, 12 and 14 days of treatment, mice 
from the control and treatment groups were euthanized by intra-
peritoneal injection of pentobarbital sodium (60 mg/kg). Fresh 
peripheral blood samples were collected to quantify blood 
cells. After euthanasia, the weights of the mice's thymuses and 
spleens at 5, 10, 12 and 14 days of treatment were measured. 
The thymus and spleen indices were calculated in the following 
manner: Organ index = organ weight (mg) / body weight (g).

Triplicate samples were collected at each experiment.
Tissues from their livers, spleens, lungs, and kidneys were 

removed, and washed thoroughly with 0.9% NaCl to remove 
residual blood. Afterwards, the tissue samples were cut into 
pieces (5x5 mm) and fixed with 4% (v/v) paraformaldehyde 
solution (24). The paraformaldehyde solution was replaced 
with fresh paraformaldehyde solution every 24 h and this was 
repeated thrice for tissue sample preparation.

Histopathological observation of tissue sections. Tissue 
sections were prepared according to the method developed by 
Ding (25) with a little modification. Briefly, the fixed tissue 
specimens were dehydrated and embedded in paraffin wax 
and then stored at 28˚C for more than 12 h. Next, we cut serial 
paraffin sections (4 µm) and stored them at 65˚C for more 
than 30 min. The sections were immersed in xylol for three 
consecutive washes (5 min each) to remove paraffin. Then, the 
sections were hydrated with a series of alcohol washings of 
descending strength (100, 95, 85, 80 and 70%), ending with 
de‑ionized water. The histological paraffin sections were then 
stained with hematoxylin and eosin. Changes in organizational 
structure were visualized with an Olympus BX51 microscope 
set at x100 and x400 magnification.

Statistical analysis. Experimental data were analyzed using 
the SPSS 18.0 statistical program (SPSS, Inc., Chicago, IL, 
USA) to perform a one-way analysis of variance followed by 
the Duncan test. The results are reported as mean ± standard 
error of the mean (SEM). Differences between each two 
groups were considered to be statistically significant at P<0.05.

Ethics statement. All experimental procedures described 
in this work were performed in strict accordance with the 
guidelines suggested for the care and use of laboratory 
animals formulated by the Animal Ethics Committee of 
Zhengzhou University, which approved this protocol (Permit 
no. 2015-0002). All the injections were performed after 
animals were temporarily anesthetized with 1‑5% isoflurane 
(administered by bell jar and maintained by nose cone). All 
the surgeries were performed under sodium pentobarbital 
anesthesia (60 mg/kg), and all efforts were made to minimize 
suffering.

Results

Effects of CGA‑N46 on body weight and mortality. During 
the treatment period, the body weight of the survival mice 
and survival rate of each group were collected and recorded 
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(Fig. 1). Compared with the control group, the body weight 
of the survival mice increased more quickly after 10 days 
of treatment. At the 14th day of the experiment, the average 
body weight of the control group increased 1.083 g, and the 
survival rate was 55.56%. Meanwhile, the average body weight 
of the 60 mg/kg/day CGA-N46 group increased 7.77 g, and the 
survival rate was 94.44%. The effects of CGA-N46 on body 
weight and mortality of the infected mice were dose-depen-
dent. The increase in body weight and the decline in mortality 
were not significantly different between the 60 mg/kg/day 
CGA‑N46 and terbinafine groups.

Effect of CGA‑N46 on thymus and spleen indices. The effects 
of CGA-N46 on lymphatic organs at 5, 10, 12 and 14 days after 
treatment were studied and the thymus and spleen indices were 
recorded. As shown in Fig. 2, the thymus and spleen indices 
increased in a time-dependent manner. Also, compared to 
control, CGA‑N46 significantly increased the thymus and spleen 
indices in a dose-dependent manner (P<0.05). Note that the 
effects of 60 mg/kg/day CGA-N46 on thymus and spleen indices 
were not significantly different from the effects of terbinafine.

Effect of CGA‑N46 on immune cells. The level of white 
blood cells (WBCs) and lymphocytes, monocytes, neutrophil 
granulocytes in peripheral blood samples reflect the effects 
of CGA-N46 on mice immunity. The effects of CGA-N46 
on immune cells were shown in Fig. 3. The immunosuppres-
sant cyclophosphamide and Candida albican-infection could 
reduce the levels of WBCs. The levels of WBC, lympho-
cyte and monocyte in the control group were lower than 
the normal physiological level throughout the experiment. 
CGA-N46 could increase the levels of WBC, lymphocyte and 
monocyte in peripheral blood at a concentration-dependent 
and time-dependent manner. The immune cell levels of the 
CGA‑N46 treated mice differed significantly from the control 
mice (P<0.05). It is puzzling that neutrophil granulocyte levels 
were lower in the treatment groups than in the control group 
which need to be further research.

Histopathological observation of tissues. The histopathology 
of the mice was examined at the indicated time points after 
CGA-N46 administration. The histopathological changes 
of the lungs, liver, spleen and kidneys on the 14th day of 

Figure 1. The average body weights of (A) the survival mice and (B) the survival rates of each tested group. Data were represented as mean ± SEM. Differences 
between groups were considered to be statistically significant at P<0.05 and shown as different letters. The different letter above the bar means significant 
difference between groups. The same letter above the bar means no significant differences.

Figure 2. The effect of CGA‑N46 on (A) thymus index and (B) spleens index. Differences between groups were considered to be statistically significant at 
P<0.05 and shown as different letters. The different letter above the bar means significant difference between groups. The same letter above the bar means no 
significant differences.
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Figure 3. The effect of CGA-N46 on (A) white blood cells, (B) lymphocytes, (C) monocytes, and (D) neutrophil granulocytes. Differences between groups 
were considered to be statistically significant at P<0.05 and shown as different letters. The different letter above the bar means significant difference between 
groups. The same letter above the bar means no significant differences.

Figure 4. Histopathological changes of tissues on day 14 of CGA-N46 treatment. H&E staining. A, alveolar interstitial lymphocytes infiltration; B, hepatic cord; 
C, nuclear pyknosis; D, nuclear dissolution; E, white pulp; F, red pulp; G, the boundaries between the red pulp and white pulp; H, structural disordered splenic 
corpuscles; I, macrophages; J, bleeding; K, swelling of the glomerulus; L, inflammatory cells.
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CGA-N46 treatment are shown in Fig. 4. The lesions in each 
tissue of the control group were more severe than those in the 
treatment groups.

In the control group, the lung lesions were character-
ized as severe alveolar interstitial lymphocytes infiltration. 
In liver section, no discernable normal lobular architecture 
and hepaticcord could be seen, and nuclear pyknosis or 
dissolution appeared. In the spleen, the boundaries between 
the red pulp and white pulp were unclear, and the structure 
was severely disordered. There were no visible splenic 
corpuscles or obvious germinal centers, and we observed a 
large number of macrophage cells scattered throughout the 
splenic parenchyma. In the kidney tissue sections, bleeding, 
swelling of the glomerulus, interstitial edema, and inflam-
matory cell infiltration were observed. While, CGA-N46 
could mitigate the damage caused by C. krusei infections by 
reducing inflammatory cell infiltration and recovering tissues 
structure in a concentration- and time-dependent manner. 
At day 14, 60 mg/kg/day treatment showed more effective 
than Terbinafine because, in Terbinifine treatment group, 
there were more macrophage cells in spleen tissue and more 
inflammatory cells in kidney tissue (Fig. 4).

Discussion

Candidiasis is the mycosis caused by the dimorphic fungus 
Candida spieces. In contrast to the other pathogenic fungi, 
C. albicans is a member of the normal microbiota within 
the gastrointestinal tract, respiratory tract, vaginal area, and 
mouth. In healthy individuals, C. albicans does not produce 
disease. Growth is suppressed by other microbiota (26). In 
recent decades, The incidence of fungal infections is growing 
worldwide with the increase of immuno-compromised 
patients (1,27). Candida species are important reasons for 
different clinical manifestations, and they cause significant 
mortality and morbidity in health care settings (1,4). Candida 
species are the pathogens of opportunistic mycosis. They 
are easy to infect immuno-compromised patients. Therefore, 
normal immunity is important for fungal infection. Hereby, 
the effect of CGA-N12 on the immunity of experimental 
animals was investigated in present study.

For effective establishment of C. krusei-infected mice, 
cyclophosphamide was administrated at the dosage of 
200 mg/kg/day prior to the inoculation of C. krusei. The 
serum leukocyte levels were less than 1,000/ml after 3 days 
of administration. Thymus indices, spleen indices and leuko-
cyte levels in peripheral blood sample of the control group 
indicated that the mice's immunity was damage. During the 
immunocompromised period, C. krusei could not induce 
an immune reaction in the infected mice. Compared to the 
control, CGA-N46 had immunomodulatory activities.

Thymus and spleen indices are the two important indica-
tors of immunity. The indices are directly correlated to organ 
functionality and the number of immune cells. For that reason, 
they have been widely used to assess immunity responses (28). 
CGA-N46 could promote the immune activity of the thymus 
and spleen. The effect of CGA-N46 on thymus indices, spleen 
indices and immune cells was comparable to that of terbin-
afine, which is an effective antifungal drug. CGA‑N46 was 
predicted to exert immuno-modulatory effect in the treatment 

of invasive candidiasis in immunocompromised mice, and the 
effects of CGA-N46 in vivo were dose-dependent.

Splenic macrophages have significantly greater antifungal 
activity against the pseudohyphae in the Candida spp. than 
that macrophage populations in the liver and lungs (22,23,29). 
In the present study, more macrophages were observed in the 
spleen than that in the liver, kidneys, and lungs. Compared with 
the 60 mg/kg/day CGA‑N46 and terbinafine treatment groups, 
more macrophages were observed in the splenic tissue sections 
of the control group and the 30 mg/kg/day CGA-N46 treatment 
group. We predicted that more macrophages existing in the 
splenic tissue of the infected control samples and 30 mg/kg/day 
CGA-N46 treatment samples may be caused by more C. krusei 
isolates in them. Compared the pictures of Terbinafine treat-
ment group with 60 mg/kg/day CGA-N46 treatment group, 
macrophages were found in the splenic tissue of Terbinafine 
treatment group. The result indicated that CGA-N46 was more 
effective than Terbinafine.
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