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1 Safety evaluation of microbisporicin (NAI-107) using zebrafish (Danio rerio) embryo
2

3 Abstract

4 NAI-107 has demonstrated in vitro and in vivo efficacy against multi drug resistance (MDR) 
5 pathogens. Studies using the Galleria mellonella model found NAI-107 effective against 
6 Neisseria gonorrhoeae and vanB-resistant Enterococcus faecium, with no toxicity at 
7 concentrations up to 64 µg/mL. This study evaluated NAI-107’s safety using transgenic 
8 zebrafish embryos (kdrl:eGFP) that were exposed to NAI-107 concentrations of 0, 10, 20, 
9 and 30 µM from 5 hours post-fertilization (hpf) to 4 days post-fertilization (dpf). No mortality 

10 or significant morphological abnormalities were observed across all treatment groups. At 2 
11 dpf, larvae treated with 20 and 30 µM NAI-107 exhibited a significant increase in heart rate 
12 (p < 0.05), although other cardiac parameters remain unaffected. At 4 dpf, larvae 
13 displayed no significant growth differences but had increased locomotor activity at 20 and 
14 30 µM NAI-107 groups, indicated by the higher total distance moved and mean velocity (p 
15 < 0.05). NAI-107, at concentrations up to 30 µM, did not induce significant toxic effects in 
16 zebrafish embryos. The absence of adverse impacts on survival or gross morphology 
17 suggests a favorable safety margin. However, the observed increases in heart rate and 
18 locomotor activity suggest possible subclinical effects at higher concentrations that warrant 
19 further investigation. 

20

21 Keywords: Microbisporicin, NAI-107, zebrafish 
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28 Introduction
29 Antimicrobial resistance (AMR) is a major threat to global health and development today. 
30 In 2019, bacterial AMR was directly linked to 1.27 million deaths worldwide and 
31 contributed to an additional 4.95 million deaths [1, 2]. Since antibiotics are becoming less 
32 effective against multidrug-resistant (MDR) strains, novel antimicrobial strategies are 
33 urgently required [3]. In this context, lantibiotics, specifically class I, offer promising 
34 therapeutic potential [4]. Lantibiotics are ribosomally synthesized and post-translationally 
35 modified peptide antibiotics. The post-translational modifications include the formation of 
36 unique amino acids such as 3-methyllanthionine (MeLan), dehydroalanine (Dha), and 
37 dehydrobutyrine (Dhb), which are derived from the dehydration of serine and threonine 
38 residues [4, 5]. These amino acids are crucial for lantibiotics stability and characteristic 
39 conformation, making them effective antimicrobial agents [5, 6]. Lantibiotics exhibit potent 
40 antimicrobial activity against a wide range of Gram-positive bacteria, including many drug-
41 resistant strains. The in vitro antimicrobial activity of bacteriocins against relevant 
42 pathogenic bacteria, including multi-drug resistant (MDR) pathogens, has been well 
43 documented [7–9].

44 Microbisporicin, also known as NAI-107, is a 23-amino acid lantibiotic produced by the 
45 actinobacterium Microbispora corallina [6, 10–13]. NAI-107 targets lipid II, a key 
46 component in bacterial cell wall synthesis, thereby disrupting bacterial proliferation and 
47 demonstrating its potential as a powerful antimicrobial agent [14]. Recent studies have 
48 shown that NAI-107 exhibits potent in vitro and in vivo activity and efficacy against various 
49 pathogenic bacteria, including MDR pathogens [6, 8, 9]. It shows potent bactericidal 
50 activity against methicillin-resistant Staphylococcus aureus (MRSA), glycopeptide-
51 intermediate resistant S. aureus (GISA), vancomycin-resistant Enterococci (VRE) and 
52 Neisseria gonorrhoeae [6, 8, 12, 14]. 

53 Previously, we determined that Neisseria gonorrhoeae and vanB-resistant Enterococcus 
54 faecium are susceptible to microbisporicin (NAI-107) in an in vivo Galleria mellonella 
55 model at concentrations of up to 16µg/ml [8, 9]. NAI-107 exhibited no toxicity at up to 64 
56 µg/mL in the G. mellonella model [8, 9]. Likewise, a study of Staphylococcus aureus in a 
57 mouse infection model did not note any toxicity in doses up to 80mg/kg [15]. This study did 
58 not, however, formally evaluate toxicity of NAI-107. 

59 In the current study, we aimed to extend our understanding of NAI-107 safety through 
60 toxicity assessments using zebrafish (Danio rerio) embryos, a model organism renowned 
61 for its utility in toxicological studies. The zebrafish model offers unparalleled advantages, 
62 including transparency during embryonic development, rapid growth, capability for real-
63 time monitoring of developmental processes, and potential toxic effects [16, 17]. In a 
64 survey of 1318 human drug targets, Gunnarsson et al. found that zebrafish possessed 
65 orthologs for 86% of the targets [18]. Additionally, the organism's ability to regenerate 
66 tissues and adapt to various environmental conditions further underscores its suitability for 
67 comprehensive toxicity screening [19]. 

68 This study focused on observing the effects of various concentrations of NAI-107 on 
69 zebrafish embryos and larvae and assessing parameters such as survival, growth, 
70 morphology, cardiovascular function and behavioural effects to provide a thorough 
71 understanding of its safety profile.
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72 Materials and Methods

73 Zebrafish maintenance and embryo collection

74 Zebrafish were kept in semi-closed recirculating systems (ZebTech, Tecniplast, Italy) at 27 
75 °C, pH 7.5, ± 550 μS conductivity in a 14/10 light–dark cycle at the Zebrafish Core Facility 
76 in XXXXXX (XXXXXX University). Zebrafish were fed twice a day, once with dry food 
77 (Gemma Micro, Skretting, Preston, UK) and once with micro Artemia (Ocean Nutrition, 
78 Essen, Belgium). Zebrafish lines were maintained according to standard protocols [20]. 
79 Transgenic zebrafish embryos expressing enhanced green fluorescent protein (egfp) 
80 under the control of the kdrl promoter (kdrl:egfp) were raised in an incubator at 28°C in E3 
81 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) without methylene 
82 blue and staged according to development in days post-fertilization (dpf). The zebrafish 
83 embryos were euthanized by immersion in a lethal dose of tricaine mesylate (MS-222) 
84 (1g/liter), followed by bleach treatment (5% NaOCl) for >10 minutes.

85 Experimental conditions

86 (i) Range finding experiment

87 In the dose range finding experiment, zebrafish embryos were exposed to varying 
88 concentrations (0, 5, 10, 20, 40, 80 µM) of the NAI-107 compound in E3 medium with 0.6% 
89 DMSO. Fifteen embryos per condition were treated from 5 hours post-fertilization (hpf) to 4 
90 days post-fertilization (dpf), with solutions refreshed daily. Survival rates were assessed at 
91 1, 2, 3, and 4 dpf, revealing 100% lethality at 80 µM by 2 dpf. Additionally, mild deformities 
92 and reduced mobility were noted at 40 µM, with evidence of compound precipitation above 
93 this concentration.

94 (ii) Toxicity experiment

95 Based on the outcomes of the range finding experiments the following concentrations of 
96 NAI-107 - 10, 20, and 30 µM were prepared in E3 medium with 0.6% DMSO. The control 
97 groups received either E3 medium alone or E3 medium with 0.6% DMSO. Twenty 
98 embryos per condition were used in the experiments.

99 Exposure regimen

100 At 5 hours post fertilization (hpf), embryos were exposed to the respective treatment 
101 conditions until 4 days post-fertilization (dpf). Solutions were refreshed daily to maintain 
102 consistent dosing conditions. Each treatment was administered in a 6-well plate with a 
103 total volume of 3.2 mL per well.

104 Outcome assessment

105 Several developmental and physiological outcomes were assessed at predetermined time 
106 points.

107 i. Survival and morphological parameters: At 1, 2, 3, and 4 dpf, light microscope 
108 observations (Leica M80) were done to identify deviations from normal development 
109 or specific morphological abnormalities. The following parameters were assessed: 
110 viability, developmental delay/growth retardation, gross and generalized 
111 morphological abnormalities, body/tail curving, abnormal yolk sac, pericardial 
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112 edema, bleedings or blood pooling in the cardiovascular system., craniofacial 
113 abnormalities, eye malformations, wrinkled/absence of finfolds, abnormal 
114 pigmentation, swim bladder issues and other observations.
115 ii. Cardiac function: In vivo cardiac function was assessed by analyzing brightfield 
116 video recordings of the hearts of 2 dpf zebrafish embryos using a Zeiss Axio 
117 Observer Z1 microscope coupled to an Axiocam 506 camera. Videos were 
118 recorded at 62 fps using unrestrained larvae without anesthesia. Using ImageJ 
119 software (NIH, FIJI version 1.53c), the outline of the ventricle was traced, and a 
120 built-in algorithm was used to determine the long axis (LA) and short axis (SA) of 
121 the best-fitting ellipse shape. Assuming that the ventricle is shaped as a prolate 
122 ellipse, the volume of the chamber can be calculated using the formula V = 4/3 x π 
123 x (LA/2) x (SA/2)2 [21]. Measurements of heart rate (HR), end diastolic volume 
124 (EDV), and end systolic volume (ESV) allow calculations of stroke volume (SV = 
125 EDV - ESV), ejection fraction (EF = (SV / EDV) x 100), and cardiac output (CO = 
126 SV x HR). Three consecutive measurements were made from each heart. For each 
127 condition 12 embryos were included for measurements.
128 iii. Aorta diameter and blood vessel formation: At 3 dpf, the kdrl:eGFP background was 
129 used for in vivo microscopic measurement of the dorsal aorta diameter to detect 
130 any changes in blood vessel size. Images were taken using a Leica microscope 
131 M165FC and DFC450C camera operated by LAS V4.3 software (Leica 
132 Microsystems, Wetzlar, Germany). For each condition 12 embryos were included 
133 for measurements, timepoints (n=5).
134 iv. Standard larval length: At 4 dpf, standard larval length was measured to determine 
135 the overall growth and development. Images were taken using a Leica microscope 
136 M165FC and DFC450C camera operated by LAS V4.3 software (Leica 
137 Microsystems, Wetzlar, Germany).
138 v. Locomotor behavioral analysis setup: Swimming behavior was analyzed using the 
139 DanioVision Observation Chamber (Noldus, The Netherlands) equipped with the 
140 Basler GenICam capturing 30 frames/second for image acquisition. Data was 
141 analyzed using the EthoVision XT 15 software (Noldus, The Netherlands). For each 
142 larva, center-point detection was used. 
143 For each condition 20 zebrafish larvae (4dpf) were randomly transferred to 24-well 
144 plates (1 larvae/well), containing 1 ml of E3 medium and placed in a DanioVision 
145 Observation Chamber (Noldus) for 20 min in 5% light (corresponding to 139 lux), 20 
146 min in darkness, followed by alternating periods of 5 min 5% light and 5 min 
147 darkness (repeated four times). The temperature was kept constant at 28 °C by 
148 using a Temperature Control Unit (Noldus). The first 10 min of the experiment was 
149 considered an acclimatization period and was not used for analyses. Parameters 
150 analyzed included ‘Total Distance moved’, ‘Mean Velocity’, ‘Cumulative duration of 
151 movement’ and ‘Cumulative duration of presence in the outer zone of the well’. 
152
153 All procedures were conducted under sterile conditions to prevent contamination. 
154 Embryo development and adverse effects were observed and recorded daily 
155 throughout the study.

156 Statistical analysis
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157 Between group differences were analyzed using one-way ANOVA followed by Dunnett's 
158 post-hoc test to compare the treated groups to the control conditions. All analyses were 
159 conducted in STATA/MP (v16.0; StataCorp LLC, College Station, TX), and a p-value of 
160 <0.05 was considered significant.

161 Results 
162 Viability and morphological observations

163 No mortality was observed in any treatment group, including those exposed to NAI-107 at 
164 concentrations of 10, 20, and 30 µM. Similarly, no significant morphological abnormalities 
165 were detected compared with the control groups (E3 medium alone and E3 medium with 
166 0.6% DMSO). Notably, non-inflated swim bladders were observed across all conditions but 
167 were deemed non-specific, as this phenomenon was also present in the control groups.

168 Cardiotoxicity assessment

169 At 2 dpf, larvae treated with 20µM and 30µM concentrations of NAI-107 showed a 
170 significant increase in heart rate compared to the control group (p < 0.05, one-way ANOVA 
171 followed by Dunnett's post hoc test; Fig. 2). No significant differences in ejection fraction, 
172 ventricular systolic volume (Vsys), and ventricular diastolic volume (Vdia) were observed 
173 among the groups. However, a trend towards reduced ejection fraction, Vsys, and Vdia 
174 was observed with increasing concentrations of NAI-107 (Fig. 2).

175 Aortic diameter and standard larval length

176 At 3 dpf, dorsal aorta diameter measurements showed no significant differences between 
177 larvae treated with NAI-107 and those treated with the control (data not shown). A trend 
178 toward smaller diameters was noted in NAI-107 treated groups with no statistical 
179 significance. Similarly, the standard length of larvae at 4 dpf did not significantly differ 
180 between the treated and control groups, indicating that NAI-107 did not affect overall larval 
181 growth at the tested concentrations (data not shown).

182 Locomotor behavior analysis

183 At 4 dpf, the behavioural analysis showed increased locomotor activity in larvae exposed 
184 to 20 µM and 30 µM NAI-107 concentrations compared to the controls (Fig. 3, 4). A 
185 significant increase in the total distance moved, and mean velocity (p < 0.05, one-way 
186 ANOVA followed by Dunnett's post hoc test) was observed during the 30 to 40 minutes 
187 interval of the light-dark transitions, at 20 µM, with a similar trend seen at 30 µM. Between 
188 55 to 60 minutes the same effect was seen, which was significant at 20 and 30 µM (Fig. 3, 
189 4). Additionally, the cumulative duration of movement and the duration of presence in the 
190 outer zone of the well were also elevated in these groups, correlating with the observed 
191 increase in heart rate.

192 Discussion

193 In this study, we aimed to investigate the developmental, cardiotoxic, and behavioral 
194 impacts of NAI-107 on zebrafish embryos and larvae. Our study revealed that NAI-107, 
195 even at elevated concentrations, did not cause significant mortality or morphological 
196 abnormalities, suggesting a favorable safety profile at the tested doses. These results are 
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197 crucial for understanding the safety and therapeutic potential of NAI-107, particularly in 
198 light of the increasing prevalence of MDR pathogens.

199 In this study, zebrafish embryos and larvae were exposed to different concentrations of 
200 NAI-107 (10, 20, and 30 µM) in E3 medium with 0.6% DMSO from 5 hours post-fertilization 
201 (hpf) to 4 days post-fertilization (dpf), with daily refreshment of the solutions. This 
202 continuous exposure method contrasts with other models, such as Galleria mellonella, 
203 where NAI-107 was administered in single dose. For instance, single dose NAI-107 
204 showed efficacy against Neisseria gonorrhoeae and vanB-resistant Enterococcus faecium 
205 in a Galleria mellonella model, with no observed toxicity at concentrations up to 64 µg/mL 
206 [8, 9]. 

207 At the highest concentration of 30 µM (equivalent to 67.5 µg/mL), we found that NAI-107 
208 did not induce significant mortality or severe morphological defects in the embryos. This 
209 aligns with findings from the Galleria mellonella model, supporting the non-toxic nature of 
210 NAI-107 across different species and exposure methods [8, 9]. Notably, the non-inflated 
211 swim bladders were observed across all conditions, including controls, suggest this could 
212 be an effect of the experimental setup rather than the compound itself [22, 23]. A 
213 significant increase in heart rate was observed in larvae treated with 20 µM and 30 µM 
214 concentrations of NAI-107. Studies have shown that certain compounds can affect cardiac 
215 function without causing overt morphological defects [24]. However, the lack of significant 
216 differences in ejection fraction, ventricular systolic volume (Vsys), and ventricular diastolic 
217 volume (Vdia) suggests that while NAI-107 influences heart rate, it may not significantly 
218 impair cardiac efficiency or capacity at these concentrations. No significant differences in 
219 dorsal aorta diameter and standard larval length were observed, indicating that NAI-107 
220 does not adversely affect vascular development or overall growth at the tested 
221 concentrations. 

222 Overall, NAI-107 appears to maintain a favorable safety profile in zebrafish at 
223 concentrations up to 30 µM. No mortality was observed at the tested concentrations (10, 
224 20, and 30 µM) and thus the LC50 could not be determined. Concentrations < 20 µM 
225 (45µg/ml) may be optimal and warrant further investigation. 

226 These findings contribute to the broader understanding of NAI-107's therapeutic potential 
227 and underscore the importance of thorough safety evaluations in developing new 
228 antimicrobial agents. Future studies are now required to formally assess the toxicity of 
229 NAI-107 in mammalian models [25]. 

230
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237 Figure 1: Developmental timeline of zebrafish embryos from 5 hours post-fertilization (hpf) 
238 to 96 hpf. Key developmental stages are illustrated at 5 hpf, 24 hpf, 48 hpf, 72 hpf, and 96 
239 hpf. At each stage, specific assessments were conducted: viability and morphological 
240 abnormalities at 24 hpf 48 hpf, 72 hpf, and 96 hpf. (Table 1), cardiotoxicity outcomes at 48 
241 hpf (Figure 2), aorta diameter measurements at 72 hpf, standard larval length at 96 hpf, 
242 and locomotor behavior at 96 hpf (Figure 3-4).

243 Figure 2: Cardiotoxicity assessment of zebrafish embryo at two days post-fertilization (dpf) 
244 across different concentrations of NAI-107 (10 µM, 20 µM, 30 µM), solvent control (sC), 
245 and negative control (nC). Parameters measured include heart rate, stroke volume, 
246 cardiac output, ejection fraction, ventricular systolic volume (Vsys), and ventricular 
247 diastolic volume (Vdia). 'ns' indicates statistical non-significance.

248 Figure 3: Locomotor behaviour assessment of zebrafish larvae at 96 hours post-
249 fertilization (hpf) across different concentrations of NAI-107 (10 µM, 20 µM, 30 µM), 
250 solvent control (sC), and negative control (nC). The panels show (top) the total distance 
251 moved, (middle) the mean velocity, and (bottom) the cumulative duration of burst 
252 movements over time. Light and dark periods are indicated by L1-D1, L2-D2, L3-D3, and 
253 L4-D4. No significant differences were observed among the groups for these locomotor 
254 parameters.

255 Figure 4: Locomotor behaviour assessment of zebrafish larvae at 96 hours post-
256 fertilization (hpf) across the different concentrations of NAI-107 (10 µM, 20 µM, 30 µM), 
257 solvent control (sC), and negative control (nC). The graphs show the total distance moved, 
258 their velocity and the cumulative duration of movement at 30-40 minutes, 55-60 minutes 
259 and 65-70 min.

260 Table 1: Viability and morphological observations of zebrafish embryos across different 
261 concentrations (30 µM, 20 µM, 10 µM), solvent control (sC), and negative control (nC) at 1 
262 day post-fertilization (dpf) to 4 dpf. The total number of embryos (Total N) is shown 
263 alongside counts of dead and abnormal embryos (A). Specific abnormalities are classified 
264 from B to M, including developmental delay (B), gross morphological abnormalities (C), 
265 body/tail curving (D), abnormal yolk sac (E), pericardial edema (F), cardiovascular system 
266 anomalies (G), craniofacial abnormalities (H), eye malformations (I), finfold absence (J), 
267 abnormal pigmentation (K), swim bladder abnormalities (L), and other reported issues (M).

268
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1 Table 1: Viability and morphological observations of zebrafish embryos across different 
2 concentrations (30 µM, 20 µM, 10 µM), solvent control (sC), and negative control (nC) at 1 
3 day post-fertilization (dpf) to 4 dpf. The total number of embryos (Total N) is shown 
4 alongside counts of dead and abnormal embryos (A). Specific abnormalities are classified 
5 from B to M, including developmental delay (B), gross morphological abnormalities (C), 
6 body/tail curving (D), abnormal yolk sac (E), pericardial edema (F), cardiovascular system 
7 anomalies (G), craniofacial abnormalities (H), eye malformations (I), finfold absence (J), 
8 abnormal pigmentation (K), swim bladder abnormalities (L), and other reported issues (M).

Days post 
fertilisation Cond.

Total 
(N) Dead

Abnormal 
(A) B C D E F G H I J K L M

1 30 
µM 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 20 
µM 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 10 
µM 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 sC 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 nC 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 30 

µM 20 0 2 0 0 0 0 1 0 0 0 1 0 0 0
2 20 

µM 20 0 2 0 0 1 0 0 0 0 0 2 0 0 0
2 10 

µM 20 0 0
0 0 0 0 0 0 0 0 0 0 0 0

2 sC 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 nC 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 30 

µM 20 0 1 0 0 0 0 0 0 0 0 1 0 0 0
3 20 

µM 20 0 2
0 0 0 0 0 0 0 0

2
0 0 0

3 10 
µM 20 0 0

0 0 0 0 0 0 0 0 0 0 0 0

3 sC 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 nC 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 30 

µM 20 0 8
0 0

0
0 0 0 0 0

1
0

8
0

4 20 
µM 20 0 7

0 0
0

0 0 0 0 0
2

0
7

0

4 10 
µM 20 0 3

0 0
1

0 0 0 0 0
1

0
3

0

4 sC 20 0 5 0 0 0 0 0 0 0 0 0 0 5 0
4 nC 20 0 2 0 0 0 0 0 0 0 0 0 0 2 0

9

10
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1

2 Figure 1: Developmental timeline of zebrafish embryos from 5 hours post-fertilization (hpf) 
3 to 96 hpf. Key developmental stages are illustrated at 5 hpf, 24 hpf, 48 hpf, 72 hpf, and 96 
4 hpf. At each stage, specific assessments were conducted: viability and morphological 
5 abnormalities at 24 hpf 48 hpf, 72 hpf, and 96 hpf. (Table 1), cardiotoxicity outcomes at 48 
6 hpf (Figure 2), aorta diameter measurements at 72 hpf, standard larval length at 96 hpf, and 
7 locomotor behavior at 96 hpf (Figure 3-4).

8

9 Figure 2: Cardiotoxicity assessment of zebrafish embryo at two days post-fertilization (dpf) 
10 across different concentrations of NAI-107 (10 µM, 20 µM, 30 µM), solvent control (sC), and 
11 negative control (nC). Parameters measured include heart rate, stroke volume, cardiac 
12 output, ejection fraction, ventricular systolic volume (Vsys), and ventricular diastolic volume 
13 (Vdia). 'ns' indicates statistical non-significance.
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14

15 Figure 3: Locomotor behaviour assessment of zebrafish larvae at 96 hours post-fertilization 
16 (hpf) across different concentrations of NAI-107 (10 µM, 20 µM, 30 µM), solvent control 
17 (sC), and negative control (nC). The panels show (top) the total distance moved, (middle) the 
18 mean velocity, and (bottom) the cumulative duration of burst movements over time. Light 
19 and dark periods are indicated by L1-D1, L2-D2, L3-D3, and L4-D4. No significant differences 
20 were observed among the groups for these locomotor parameters.
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21

22 Figure 4: Locomotor behaviour assessment of zebrafish larvae at 96 hours post-fertilization 
23 (hpf) across the different concentrations of NAI-107 (10 µM, 20 µM, 30 µM), solvent control 
24 (sC), and negative control (nC). The graphs show the total distance moved, their velocity and 
25 the cumulative duration of movement at 30-40 minutes, 55-60 minutes and 65-70 min.

26
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