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ABSTRACT
Amphotericin B (AmB) is a widely used antifungal agent especially for the therapy of systemic fungal 
infections. However, the severe side effects of AmB often leads to the premature termination of the 
treatment. So it is imperative to find the drugs that can both reduce the dosage and enhance the 
antifungal efficacy of AmB. Here we demonstrated that Nicotinamide (NAM), a cheap and safe vitamin, 
could enhance the antifungal activities of AmB. We demonstrated the synergistic interaction of NAM 
and AmB against Candida albicans as well as other Candida spp. and Cryptococcus neoformans. 
Moreover, NAM could enhance of the activity of AmB against biofilm. This enhancement was also 
observed in disseminated candidiasis in vivo. Our further study revealed that AmB could induce 
oxidative damage through the modification of histone acetylation. AmB could inhibit the expression 
of HST3, an H3K56 deacetylase in C. albicans. The immunoblotting test revealed excessive H3K56ac in 
AmB-treated fungal cells. Consistantly, the hst3Δ mutant displayed high sensitivity to AmB, while 
addition of NAM, an H3K56 deacetylation inhibitor, resulted in an even severe inhibition in the growth 
of this strain. These results indicated that AmB could execute antifungal activity via boosting H3K56ac 
which was mediated by HST3, and the mechanism for the synergistic interaction of NAM and AmB was 
based on exacerbating this process, which led to even excessive H3K56ac and oxidative damage. This 
finding provided theoretical basis for better understanding the antifungal mechanisms of AmB and 
clinical application of this drug.
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Introduction

Nowadays, with the development in the transplant surgery, 
the use of immunosuppresive agents and antibiotics, the 
frequency of fungal infections is rising. Candida albicans is 
a pathogenic fungi commonly isolated from patients with 
nosocomial infections. Invasive candidiasis is often accom-
panied with approximately 40% of mortality [1]. However, 
the treatment of fungal-associated diseases is challenged by 
the restricted number of antifungal agents. The azoles, 
polyenes, and echinocandins are three main classes of 
antifungal agents. Amphotericin B (AmB), a polyene dis-
covered in the 1950s, is one of the most effective antifungal 
agents widely used in clinical practice [2]. However, the 
severe side effects of AmB, such as fever, nausea, vomiting, 
rigors, and nephrotoxicity, in some cases results in the 
premature termination of the treatment [3]. In this 
respects, it is promising to develop compounds that show 
synergism with AmB in the treatment of fungal infection 
diseases. Nicotinamide (NAM), an amide form of vitamin 
B3, is a key NAD+ precursor with long clinical applications 
due to its safety even at the high dosage. For example, 
NAM is widely used against pellagra. In a phase III clinical 

trials, NAM was shown to be useful in preventing skin 
cancer [4]. Recently, NAM has been reported to show 
activities against HIV, Mycobacterium tuberculosis, 
Trypanosoma cruzi and Plasmodium falciparum [5–9]. 
Our previous research revealed that NAM exhibited sig-
nificant antifungal activity [10].

In this study, the effect of the combined treatment of 
NAM and AmB against C. albicans was investigated and 
the underlying mechanisms were explored. We demon-
strated the synergistic antifungal interaction of NAM 
and AmB both in vitro and in vivo. Moreover, we 
found that AmB might function through modification 
of histone acetylation. Thus, addition of NAM, an 
H3K56 deacetylation inhibitor, could enhance the anti-
fungal activity of AmB.

Materials and methods

Strains, medium, and chemicals

The C. albicans standard strain SC5314, 21 fungal clinical 
isolates including Candida spp. and Cryptococcus neofor-
mans (obtained from Shanghai Changhai Hospital and 
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Skin Disease Hospital, China), C. albicans mutant hst3Δ/ 
pTET-HST3 and its parent strain CASS1 were used in this 
study [11]. The strains were cultured in YPD or RPMI 
1640 (Invitrogen) medium. The drugs used in this study, 
including amphotericin B (AmB), nicotinamide (NAM), 
nystatin and doxycycline (doxy), were all bought from 
Sigma-Aldrich (St. Louis, MO, USA).

Antifungal susceptibility assays

The drug susceptibility assay for the fungal cells was 
performed according to the broth microdilution proto-
col of the Clinical and Laboratory Standards Institute 
M27-A3 method with some modification [12]. Briefly, 
the drugs were diluted twofold in the concentrations 
ranged from 0.625 to 160 mM for NAM and 0.008 to 4  
μg/ml for AmB. The initial cell concentration was 5 ×  
103 cells/ml. The MIC80 values for the drugs were 
defined as 80% growth inhibition in the drug-treated 
groups as compared to the drug-free group. 
Interpretation of drug interactions were determined 
on the basis of the fractional inhibitory concentration 
index (FICI). The value of FICI was expressed as fol-
lows: FICI = FICNAM + FICAmB = (MIC80 of NAM in 
combination/MIC80 of NAM alone) + (MIC80 of AmB 
in combination/MIC80 of AmB alone). Synergism and 
antagonism were defined by the FICI of ≤0.5 and >4, 
respectively. The interaction was defined as indifferent 
if the FICI was between 0.5 and 4.0.

Growth curve assay

Growth curve assay was conducted following the pro-
cedure described elsewhere [12]. Briefly, the exponen-
tially growing C. albicans SC5314 cells were washed 
and adjusted to 1 × 103 cells/ml in RPMI 1640. Then, 
the cells were treated with different drugs and cultured 
at 30°Cwith vigorous shaking. For colony count assay, 
parts of the cell culture were collected and incubated on 
YPD agar for two days.

Determination of antibiofilm activity

The biofilms were formed according to the reference 
[13]. C. albicans SC5314 cells (5 × 105 cells/ml) were 
allowed to adhere to the substrate (96-well plates) for 
90 minutes at 37°C. Then, non-adherent cells were 
discarded and the fresh medium containing the 
drugs was added. The plates were further incubated 
for 24 h at 37°C to allow biofilm formation. XTT assay 
was used to evaluate biofilm growth. Briefly, biofilm 
cells were washed with PBS for three times, then 0.5  
mg/ml of XTT [2,3-bis (2-methoxy-4-nitro- 

5-sulfophenyl) −2 H- tetrazolium-5-carboxanilide 
inner salt] and 1 mM of menadione were added. 
After incubating at 37°C for 90 min, the optical den-
sity (OD) at 490 nm was determined.

Measurement of biofilm biomass dry weight

The dry weight of biofilm biomass was measured 
according to the reference with a few modifications 
[14]. The biofilms were formed on a 12-well culture 
plate with one silicone disk in each well. After 24 h of 
biofilm growth, the silicone disks in the wells were 
collected. Then, the disks were dried at 25°C until the 
weight did not change any longer. By deducting the 
original weight of the silicone from the weight for 
biofilm-formed silicone, the values of the dry weight 
of biofilm mass were obtained, which were further 
adjusted for the weight of the silicone squares with-
out cells.

Determination of the antifungal activity in vivo

To evaluate the in vivo antifungal activities of NAM 
and AmB, a systemic Candida infection test was per-
formed. The female BALB/c mice of six weeks old 
(purchased from the company of Sino-British SIPPR/ 
BK Lab Animal, Shanghai, China) were used in this 
animal experiment, which was approved by the 
Animal Ethics Committee of the Second Military 
Medical University (Shanghai, China). The mice 
were injected intravenously with 5 × 106 cells/ml of 
C. albicans SC5314 in 200 μl of saline (day 0). Four 
groups were set up: 3.28 mmol/kg NAM-treated, 0.3  
mg/kg AmB-treated, the combined treatment of 3.28  
mmol/kg NAM and 0.3 mg/kg AmB and saline-treated 
(control). At days 0, 1, 2, 4, and 6, the drugs were 
administered intraperitoneally. For determining the 
effect of the drugs on the survival of the infected 
mouse, the mortality of the mouse was monitored 
daily for 30 days.

For fungal burden assay, the kidneys were col-
lected aseptically four days after infection. After 
being weighed and homogenized, the mixture was 
10-fold diluted and inoculated on YPD agar plates 
at 30°C for 2 days. The number of the colonies was 
calculated and expressed as colony forming units 
(CFU) per mg of kidney.

Measurement of reactive oxygen species (ROS) 
production

The determination of the intracellular ROS level was 
conducted as described previously [15]. The C. albicans 
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SC5314 cells grown overnight in YPD liquid medium 
for 15 h were adjusted to 1 × 107 cells/ml. Then, the 
fluorescence dye of 20 μg/ml DCFH-DA (purchased 
from Molecular Probes) was added to the cell suspen-
sion and incubated with shaking at 30°C for 30 min. 
After washing for three times, 10 mM NAM and/or 
0.125 μg/ml AmB were added. The culture of the cells 
was kept on incubating under the same condition. The 
fluorescence values of the cells were determined with 
a fluorescence spectrometer (POLARstar Galaxy; BMG 
Labtech, Offenburg, Germany) at a series of time 
points, when the cells were harvested and transferred 
to the wells of a flatbottom microplate (BMG 
Microplate, 96 well, Black).

Real-time PCR

The real-time RT-PCR experiment were performed as 
described previously [16]. The total RNA was 
extracted from the C. albicans SC5314 cells of 10  
mM NAM-treated, 0.125 μg/ml AmB-treated, the 
combined treatment of 10 mM NAM and 0.125 μg/ 
ml AmB and control (drug-free) groups. The primers 
for the genes detected are listed in Table S1. The 
mRNA levels were normalized on the basis of their 
18S rRNA levels.

Immunoblotting

The immunoblotting experiment was conducted 
according to the procedure described previously [17]. 
Briefly, the exponentially growing C. albicans SC5314 
cells were exposed to 10 mM NAM, AmB (0.125, 0.25, 
0.5 and 1 μg/ml) or the combination of 10 mM NAM 
and 0.5 μg/ml AmB and cultured at 30°C with vigorous 
shaking for 4 h. The culture was harvested and the 
whole-cell proteins were extracted. After being sepa-
rated on 15% polyacrylamide SDS gels, the proteins 
were blotted with rabbit anti-H3 (1:4000; Abcam) or 
rabbit anti-H3K56ac (1:2000; Millipore). After being 
probed by the secondary antibodies, the proteins were 
detected by the chemiluminescence method.

Statistical criteria

The experimental data were analyzed using the 
GraphPad Prism 6.0 software (San Diego, CA). 
When the value of P < 0.05 or <0.01, it was considered 
statistically significant.

Results

In vitro synergism of NAM and AmB against 
C. albicans

To investigate the interaction of NAM and AmB, the 
broth microdilution method was performed and the 
MIC80 and FICI were calculated. Either NAM or AmB 
alone exhibit antifungal activity, while the combined 
medication of NAM and AmB markedly reduced the 
values of MIC80. The synergism was observed in all of 
the C. albicans clinical isolates listed in the table, with 
the corresponding FICI ranging from 0.188 to 0.375 
(Table 1). The further time-killing test confirmed that 
NAM could strengthen the antifungal activity of AmB. 
As shown in Figure 1(a), both 5 mM NAM and 0.0313  
μg/ml AmB used alone had slight impact on the growth 
of the fungal cells, while the cell growth was severely 
inhibited when 5 mM NAM and 0.0313 μg/ml AmB 
were added in combination. Combined treatment for 
12 h resulted in approximately 4 log10 CFU/ml decrease 
as compared to the AmB-treated alone group. We next 
evaluated the effect of NAM on the activity of nystatin, 
another polyene drug, against C. albicans. As shown in 
Figure 1(b), addition of NAM could remarkably enhance 
the antifungal activity of nystatin, and the curve repre-
senting the combination group showed a remarkable 
drop as compared to the single drug-treated group.

Table 1. Interaction of nicontinamide (NAM) and amphotericin 
B (AmB) against fungi.

Strains

MIC80 alonea MIC80 in combination

FIC indexNAM AmB NAM AmB

Candida albicans
SC5314 40 0.5 10 0.0625 0.375
691 40 0.25 5 0.0625 0.375
638 80 0.5 10 0.0625 0.25
647 40 0.5 2.5 0.0625 0.313
663 40 0.5 2.5 0.0625 0.313
503 80 0.25 10 0.0313 0.25
531 40 0.25 1 0.0313 0.25
509 80 1 5 0.0625 0.188
562 40 0.5 10 0.0625 0.375
525 40 0.25 5 0.0313 0.25

Candida tropicalis
467 80 0.5 5 0.0625 0.188
411 40 0.5 5 0.0625 0.25
489 80 0.25 10 0.0625 0.375

Candida glabrata
773 40 1 5 0.125 0.25
791 80 1 5 0.125 0.188
741 40 0.5 5 0.0625 0.25

Candida krusei
213 80 1 10 0.5 0.625
204 40 0.5 5 0.125 0.375
266 80 1 10 0.125 0.25

Cryptococcus neoformans
4233 80 2 10 0.125 0.188
4205 80 1 10 0.0625 0.188
4755 80 1 10 0.125 0.25

aThe unit of nicotinamide (NAM) is mM and the units of amphotericin 
B (AmB) is μg/ml. 
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In vitro synergism of NAM and AmB against 
a diverse range of fungi

The synergism of NAM and AmB against C. albicans 
prompted us to test the effect of combined treatment of 
this two drugs on other fungal isolates, including 
Candida tropicalis, Candida glabrata, Candida krusei, 
and Cryptococcus neoformans. As shown in Table 1, 
similar with the antifungal activity on C. albicans, com-
bination of NAM and AmB resulted in a synergistic 
effect against almost all of the fungal isolates tested, 
with the highest decrease in MIC80 being 16-fold (for 
NAM, from 80 mM alone to 5 mM in combination; for 
AmB, from 1 μg/ml alone to 0.0625 μg/ml in combina-
tion). These results suggested extensive synergistic anti-
fungal activities for the combination of NAM 
and AmB.

NAM enhances the antibiofilm activity of AmB

XTT reduction assay was used to evaluate the interac-
tion of NAM and AmB on C. albicans biofilm. As 
shown in Figure 2(a), addition of 10 mM NAM alone 
did not display a significant antibiofilm activity, while 
addition of 0.5 μg/ml AmB resulted in a slight 

inhibitory effect on biofilm formation. However, when 
10 mM NAM and 0.5 μg/ml AmB were added in com-
bination, a remarkable inhibition in biofilm formation 
was observed. Similarly, NAM enhanced the antibio-
film activity of nystatin while 0.5 μg/ml nystatin alone 
did not significantly inhibit biofilm formation. 
Consistent with this results, the biofilm biomass test 
showed that combined treatment of NAM and AmB led 
to significant decrease in biomass production as com-
pared to the drug treated alone (Figure 2(b)).

In vivo interaction of NAM and AmB against 
C. albicans

Following the synergistic interaction in vitro, the in vivo 
interaction of NAM and AmB against C. albicans was 
investigated based on the systemic Candida infection 
test. All of the infected mice in the control group 
(saline-treated) died within 17 days, while both 3.28  
mmol/kg NAM and 0.3 mg/kg AmB alone groups 
could slightly prolong the survival period of the mice. 
However, when 3.28 mmol/kg NAM and 0.3 mg/kg 
AmB were administrated in combination, no mouse 
was died during the whole observation period, with 
the survival rate being 100% (Figure 3(a)). 
Consistently, although both of the single drug-treated 
groups displayed substantial reduction of fungal loads 
as compared to the control group, the fungal loads were 
extremely low when 3.28 mmol/kg NAM and 0.3 mg/kg 
AmB were administrated in combination (Figure 3(b)).

Combination of NAM and AMB enhance ROS 
generation

The induction of intracellular oxidative damage is 
a fundamental insight in the AMB mode of action. 
Thus, we evaluated the production of ROS. Addition 
of 0.125 μg/ml AmB alone could significantly enhance 
the level of ROS, while 10 mM NAM alone did not 
significantly affect ROS production. Combined treat-
ment of 10 mM NAM and 0.125 μg/ml AmB led to an 
even higher intracellular ROS level. At the time point of 
12 h, approximately twice higher ROS level was 
observed in the combination group as compared to 
the AmB alone group (Figure 4(a)).

We next examined the expression of the genes 
involved in oxidative stress response. Presence of 
NAM alone showed up-regulation of TRR1 (a thiore-
doxin reductase gene). Addition of AmB alone caused 
up-regulation of TRR1, CAP1 (a transcription factor 
involved in oxidative stress response), GLR1 (a glu-
tathione reductase gene) and down-regulation of 
SOD2 (a manganese superoxide dismutase gene). 

Figure 1. Time-Killing curves of the drugs. (a) the fungal cells 
were exposed to 5 mM NAM and 0.0313 μg/ml AmB alone or in 
combination. (b) the fungal cells were exposed to 5 mM NAM 
and 0.0625 μg/ml nystatin alone or in combination. At the time 
point of 3, 6, 9 and 12 h, portions of the cell suspensions were 
harvested and plated on YPD agar to calculate the CFU/ml.
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Combination of NAM and AmB caused an even higher 
expression of TRR1, CAP1, and GLR1 while the expres-
sion of SOD2 was severely inhibited (Figure 4(b)).

AmB inhibits the deacetylation of histone H3 on 
lysine 56

In C. albicans, modification of histone acetylation is 
considered as an epigenetic control of oxidative stress. 
NAM is a byproduct during the deacetylation process 

of histone H3 on lysine 56 (H3K56) and excessive 
NAM can inhibit this process [11,18]. In view of the 
enhanced antifungal activity of AmB by NAM, we 
investigated the effect of AmB on H3K56 acetylation. 
We first determined the mRNA level of two key 
enzymes that regulate H3K56 modification, the 
H3K56 acetyltransferase Rtt109p and deacetylase 
Hst3p. As shown in Figure 4(b), either NAM or AmB 
alone or in combination did not affect the expression of 
RTT109. However, both NAM and AmB alone could 
down-regulate the expression of HST3, and the expres-
sion of HST3 was even lower when NAM and AmB 
were added in combination.

We next investigated the level of H3K56ac with 
immunoblotting. The H3K56ac level in the 0.125 μg/ 
ml AmB-treated group was higher than that in control 
(drug-free) group. Addition of 0.25 μg/ml AmB 
resulted in an even higher level of H3K56ac. These 
results indicated that AmB alone could causes excessive 

Figure 2. Inhibition of biofilm formation. (a) Effects of 10 mM 
NAM, 0.5 μg/ml AmB and 0.5 μg/ml nystatin alone or in combi-
nation against biofilm. The growth of the biofilm cells were 
determined by XTT reduction assay. The results are presented 
as the percent of drug-treated biofilms relative to the control 
(drug-free) biofilm. (b) Effects of 10 mM NAM, 0.5 μg/ml AmB 
and 0.5 μg/ml nystatin alone or in combination on biofilms 
biomass production. *P < 0.05; **P < 0.01 as compared to the 
control (drug-free) biofilm.

Figure 3. (a) the in vivo interaction of NAM and AmB against 
C. albicans. (a) Survival curves of the mice. The BALB/c mice 
were injected with C. albicans SC5314 cells intravenously 
(0 day). On days 0, 1, 2, 4 and 6, NAM (3.28 mmol/kg) and 
AmB (0.3 mg/kg) was administered intraperitoneally alone or in 
combination. The mouse mortality was monitored every day. 
(b) the mice were sacrificed four days after infection. The 
kidneys were collected and homogenized. The homogenate 
was cultured for the calculation of the log reduction in CFU/ 
mg. *P < 0.05; **P < 0.01 as compared to the control (drug-free) 
group.
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H3K56ac in C. albicans. Consistent with the previous 
report that NAM could inhibit deacetylation of 
H3K56ac, the H3K56ac level was increased upon expo-
sure to 10 mM NAM alone and the H3K56ac level in 
the combination group was higher than that in the 
corresponding drug alone group (Figure 5).

Inactivation of H3K56 deacetylase Hst3p results in 
high sensitivity to AmB

In view of the down-regulation of HST3 and increased 
H3K56ac level upon AmB treatment, we further test the 
role of HST3 upon exposure to AmB. Since HST3 is an 
essential gene for C. albicans, the hst3Δ/pTET-HST3 
strain, in which the function of HST3 gene is controlled 
by a promoter that can be inhibited by doxycycline 
(doxy), was used. As is shown in Figure 6(a), when 
exposed to AmB alone, the growth of the strain with 
hst3p inactivation (hst3Δ/pTET-HST3 + Doxy) was 
much slower as compared to the wild type (CASS1) 
or hst3Δ/pTET-HST3 strain without Doxy. 
Combination of NAM and AmB resulted in an even 
dramatic decrease in cell growth of the strain with 
Hst3p inactivation (hst3Δ/pTET-HST3 + Doxy). 
Presence of NAM alone showed a slight inhibition on 
the growth of the strain with hst3p inactivation.

Since inactivation of Hst3p in C. albicans resulted in 
high drug sensitivity, we next evaluated the intracellular 
ROS production upon drug treatment. Consistent with 
the increased drug sensitivity in the Hst3p-inactivated 
strain (hst3Δ/pTET-HST3 + Doxy), the ROS level in 
this strain was increased upon exposure to NAM, 
AmB alone or in combination. Of note, both AmB 
alone or combined with NAM could induce 
a remarkably increased ROS production in the Hst3p- 
inactivated strain as compared to the wild type or 
hst3Δ/pTET-HST3 strains without Doxy (Figure 6(b)).

Discussion

Invasive fungal infections can cause high morbidity and 
mortality. AmB, which belongs to the polyenes family 
and was discovered in the 1950s, is a gold standard 
agent in the therapy of severe invasive fungal infections. 
However, the well-reported and defined toxicity such as 
nephrotoxicity hinders the clinical application of this 
agent. So combination medication is of high impor-
tance for AmB because this strategy can enhance effi-
cacy and reduce side effects. Besides, drug repurposing 
is considered as an immediate and safe therapeutic 
strategy against fungal infection [19]. Here, we found 
that NAM, a vitamin with long years of clinical appli-
cation, could enhance the antifungal efficacy and 
reduces the dosage of AmB. Our studies revealed that 
the presence of NAM could strongly enhance the anti-
fungal activity of AmB. The synergistic interaction was 
observed between NAM and AmB according to the 
FICI values of these two drugs. It should be noted 
that the enhanced antifungal activity of AmB by 
NAM occurred not only in planktonic cells but also 

Figure 4. (a) Measurement of ROS production. C. albicans 
SC5314 cells were exposed to 10 mM NAM and 0.125 μg/ml 
AmB alone or in combination. The ROS level was measured at 
the indicated time points by a fluorescence spectrometer. The 
fluorescence value of the combination group at 12 h was con-
sidered as 100 % and other fluorescence values were presented 
as the percent relative to this value. (b) Measurement of mRNA 
expression. The fungal cells were exposed to 10 mM NAM and 
0.125 μg/ml AmB alone or in combination for 4 h. Gene expres-
sion was indicated as the fold increase in the drug-treated 
groups relative to that of the control (drug-free) group.

Figure 5. Immunoblot analysis of H3K56ac. C. albicans SC5314 
cells were treated by 10 mM NAM and AmB (0.125, 0.25,0.5 and 
1 μg/ml) alone or the combination of 10 mM NAM and 0.5 μg/ 
ml AmB for 4 h. Then the protein was extracted, separated by 
SDS gels and probed with rabbit anti-H3K56ac (top) or rabbit 
anti-H3 (bottom).
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in biofilm, which is considered as an important fungal 
virulence factor due to its high drug resistance. 
Although the biofilm formed by C. albicans is intrinsi-
cally resistant to AmB, addition of NAM dramatically 
enhanced the antibiofilm activity of AmB. Besides, 
NAM is consistently synergistic with AmB across 
a wide range of Candida spp. as well as Cryptococcus 
neoformans. Moreover, when NAM was used in com-
bination with nystatin, another polyene agent, the 
remarkably increased activities against planktonic 
C. albicans cells and biofilm were also observed. 
These results indicated that NAM might be 
a antifungal sensitizer not restricted to AmB and poten-
tially suitable for multiple antifungal agents.

It has been reported that, in addition to its injurious 
impacts on fungal membrane, AmB can also induce 
intracellular ROS production and cause damage to 
multiple cellular targets such as DNA and proteins 
[20,21]. A recent study has related the aggregation 
state of the AmB with the mechanism of action. In 

aqueous solutions, AmB can be disaggregated and 
exist mainly as monomers at low concentrations (com-
monly below the concentration of 1 μg/ml)), or aggre-
gated and exist mainly as dimers and oligomers at high 
concentrations. The monomeric state of AmB has been 
proved to be more selective for the ROS production 
than other aggregation states [22]. In our study, AmB 
was diluted with the medium to the concentrations 
ranging from 0.0313 to 1 μg/ml. Thus, the concentra-
tions of AmB used here were low and the aggregation 
state was mainly monomers, which is consistent with 
the results obtained in our study. Here increased ROS 
level was observed in the fungal cells upon exposure to 
AmB alone, while combination of NAM and AmB 
caused even more ROS production.

Meanwhile, the expression of several genes related to 
oxidative stress were changed. In C. albicans, Cap1p is 
a transcription factor responsible for oxidative stress 
[23]. By exposing the CAP1-depleted C. albicans cells 
to H2O2, our previous study found seventy-six genes, 

Figure 6. (a) C. albicans wild-type strain (CASS1) and hst3 mutant (hst3δ/ptet-HST3) with or without Doxy were exposed to 10 mM 
NAM and 0.125 μg/ml AmB alone or in combination for 6 h. The sensitivities of the fungal cells to the drugs were recorded by 
measuring the OD600 values of the cell suspension. The relative growth refers to the ratio of the OD600 value of the cells in the drug- 
treated group to the wild-type strain in the control (drug-free) group. (b) Measurement of ROS production. The fungal cells were 
exposed to 10 mM NAM and 0.125 μg/ml AmB alone or in combination for 12 h. Then the cell samples were taken for ROS 
measurement with a fluorescence spectrometer. The fluorescence of the hst3 mutant with Doxy (hst3δ/ptet-HST3+Doxy) in the 
combination group was considered as 100 % and other fluorescence values were presented as the percent relative to this value. *P  
< 0.05; **P < 0.01 as compared to the same strain in the control (drug-free) group.
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including several oxidative stress-responsive genes, 
were differentially expressed [24]. In this study, the 
expression of CAP1 was induced when the C. albicans 
cells were exposed to AmB alone, and the combination 
of NAM and AmB caused an even higher expression of 
CAP1. This can be explained by the cell state. When the 
ROS is elevated upon endogenous or exogenous sti-
muli, fungal cells will initiate valid oxidative stress 
response through up-regulation of the specific tran-
scription factors like Cap1p and thus the overexpres-
sion of a series of downstream antioxidant defence- 
related genes. As expected, GLR1 and TRR1, two 
genes regulated by CAP1 and encoding the glutathione 
reductase and thioredoxin reductase, respectively, were 
up-regulated upon the treatment of AmB alone or in 
combination. SOD2 encodes a manganese superoxide 
dismutase, which is a peroxide scavenging enzyme in 
C. albicans. Deletion of SOD2 was found to be hyper-
sensitive to oxidative stress [25]. Here the down- 
regulation of SOD2 upon the treatment of AmB is 
suggestive of weakened antioxidant defence in the 
cells that are consistent with killing of the C. albicans 
cells by AmB.

It was reported that, in response to ROS, yeast cells 
operates its defence mechanisms by up-regulation of 
a series of genes involved in oxidative stress response. 
Recent studies revealed that, the expression of these 
genes could be regulated not only by specific transcrip-
tion factors, but also by epigenetic modifications, 
including histone acetylation, which were carried out 
by histone acetyltransferases. Meanwhile, histone dea-
cetylases can remove these acetyl groups [26]. By mmu-
noprecipitation (ChIP) microarray, Nantel′s group 
reported that C. albicans Ada2p, which was one of the 
components of the Spt-Ada-Gcn5-acetyltransferase 
(SAGA) coactivator complex, could associate with the 
promoters of several genes involved in oxidative stress, 
and deletion of ADA2 resulted in enhanced sensitivity 
to oxidative stress [27]. In factor, besides being an 
amide form of vitamin B3, NAM is a byproduct during 
the deacetylation course of H3K56ac in C. albicans, and 
excessive NAM can inhibit this process. The C. albicans 
H3K56ac is an abundant modification regulated by the 
acetyltransferase Rtt109p and deacetylase Hst3p [28]. 
Previous studies revealed that modulation of H3K56ac 
was required for the virulence and oxidative stress 
resistance in C. albicans [29]. For example, the 
rtt109Δ mutant cannot form normal colonies on the 
media containing H2O2, accompanied with increased 
expression of oxidative stress-response genes. Here we 
evaluated the expression of RTT109 and HST3 and 
found that the mRNA levels of RTT109 were not chan-
ged upon exposure to the drugs. However, both NAM 

and AmB alone could severely inhibit the expression of 
HST3, and this inhibition was even severe when NAM 
and AmB were added in combination. Moreover, 
immunoblotting test revealed excessive H3K56ac in 
AmB-treated groups. These results suggested that 
HST3 might exert a key role for C. albicans against 
the killing of AmB. As expected, our further experi-
ments showed that inactivation of Hst3p resulted in 
high sensitivity to AmB, and the even severe growth 
inhibition was observed when NAM and AmB were 
added in combination. Consistently, the Hst3p- 
inactivated strain produced more ROS than the wild 
type strain upon exposure to the drugs. These findings 
suggested that AmB might function through epigenetic 
modification of H3K56ac. That is to say, AmB could 
down-regulate HST3 expression, which resulted in 
excessive H3K56ac, while the presence of the H3K56 
deacetylation inhibitor NAM could enhance the anti-
fungal activity of AmB (Figure 7).

In conclusion, our studies revealed the synergism 
between NAM and AmB against Candida spp. and 
Cryptococcus neoformans, not only in planktonic cells 
but also in biofilms. Moreover, the enhanced antifungal 
activity of AmB by NAM could be observed in a mouse 
model of disseminated candidiasis. Thus, the combina-
tion of NAM and AmB is a promising recipe for anti-
fungal therapy. Our further study revealed a novel 
mechanism for the antifungal action of AmB, in 
which epigenetic modification was involved. AmB 
could execute antifungal activity via promoting Hst3p- 

Figure 7. A model explaining the antifungal action of AmB and 
the synergistic activity between NAM and AmB through epige-
netic modification of H3K56ac. AmB could inhibit HST3 expres-
sion, which resulted in excessive H3K56ac and the consequent 
oxidative damage. NAM is a byproduct during the deacetylation 
course of H3K56ac in C. albicans, and excessive NAM can inhibit 
this process. The combined addition of NAM and AmB led to 
even excessive H3K56ac and severe oxidative damage, which 
resulted in increased cell death. Thus enhanced antifungal 
activity was observed.
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mediated H3K56ac. Thus, addition of NAM, an inhi-
bitor of H3K56 deacetylation, led to even excessive 
H3K56ac and enhanced antifungal activities. This find-
ing provides new ideas for clinical antifungal therapies.
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