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convoluted tubule mitochondria by transmission electron 
microscopy. Paracetamol was metabolized by conjugation 
and oxidation with further detoxification with glutathione. 
Renal clearance was reduced with gentamicin and paraceta-
mol. Proximal tubules were enlarged with paracetamol 
and tenofovir. All drugs induced mitochondrial alterations 
including dysmorphic shapes (“donuts”, “pancakes” and 
“rods”), mitochondrial swelling, cristae disruption and/or 
loss of matrix granules. These results are in agreement with 
the tubular effects of gentamicin, paracetamol and tenofo-
vir in man and demonstrate that zebrafish larvae might be 
a good model to assess functional and structural damage 
associated with DIRI.

Keywords Nephrotoxicity · Proximal tubule · 
Mitochondria · Renal clearance · Zebrafish

Introduction

The kidney is a vulnerable organ to xenobiotic toxicity due 
to its rich blood supply and its important role in drug metab-
olism and excretion. Proximal tubular cells are the primary 
sensor of either ischemic or oxidative renal injury as a con-
sequence of their high metabolic rate and strong dependence 
on oxidative phosphorylation. Thus, it is consensual that 
mitochondrial damage plays a key pathogenic role in drug-
induced renal injury (Basile et al. 2012; Chevalier 2016), 
which is partially explained by this dependence.

Animal experiments remain essential for understanding 
the mechanisms of drug toxicity and testing the safety of 
new compounds. However, rodent species, the most widely 
used animal model, predict only 41% of human toxicities 
(Olson et al. 2000) and are not useful for high through-
put screenings. Thus, it is urgent to find better predictive 
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animal models that capture all the complexities of human 
physiology while enabling for testing large libraries of com-
pounds. Zebrafish larvae up to 5 days of development have 
unique features that make them potentially excellent mod-
els in toxicology: transparency, rapid development, small 
size that allows them to fit in 96-well-plates, easy and fast 
drug administration in small amounts, no need for feeding, 
transgenic capabilities and high homology with mammals 
in terms of genetics, metabolism and physiology (McGrath 
and Li 2008; Peterson and MacRae 2012). Regarding the 
zebrafish kidney, the larval pronephros is fully mature at 
4 days post-fertilization (dpf) and consists of two nephrons 
with the glomeruli fused at the embryo midline. Although 
simple in form, the glomerulus is composed of cell types 
that are typical of higher vertebrate kidneys, including fenes-
trated capillary endothelial cells and podocytes; the tubules 
are composed of polarized epithelial cells that exhibit pri-
mary cilia and possess a segmental organization where each 
segment is specialized for the secretion and reabsorption 
of particular molecules in a similar fashion as mammal 
nephron tubules (Kramer-Zucker et al. 2005; Wingert et al. 
2007; Drummond and Davidson 2010). These features make 
zebrafish a potential model for nephrotoxicity assessment. 
Indeed, paracetamol and gentamicin, two drugs associated 
with renal tubular damage in man, (Mazer and Perrone 2008; 
Lopez-Novoa et al. 2011) have been proved to cause mor-
phological and/or functional alterations in the zebrafish pro-
nephros (Hentschel et al. 2005; Peng et al. 2010; Rider et al. 
2012; Cianciolo Cosentino et al. 2013; Westhoff et al. 2013).

Herein, we aimed to evaluate the usefulness of zebrafish 
larvae as a model of tubular toxicity through a comprehen-
sive analysis of the functional and morphological tubular 
alterations induced by three drugs known to cause tubulopa-
thy in man: gentamicin, paracetamol and tenofovir in the 
form of tenofovir (TFV) and its prodrug tenofovir disoproxil 
fumarate (TDF) (Mazer and Perrone 2008; Smith et al. 2009; 
Lopez-Novoa et al. 2011).

Materials and methods

Zebrafish larvae

The transgenic and mutant zebrafish line Tg(wt1b:EGFP,cd
h17:EGFP);mitfa−/−;roy−/+ or +/+ was chosen for this study 
due to the expression of GFP at the renal tubules and trans-
parency of the nacre mutant throughout the embryonic and 
larvae stages. Adult zebrafish were grown and mated at the 
Fish Facility of Gulbenkian Institute of Science, Lisbon, 
Portugal. Embryos were grown at 28 °C in embryo media 
of standard E3 solution (NaCl 5 mM, KCl 0.17 mM,  CaCl2 
0.33 mM,  MgSO4 0.33 mM) plus HEPES buffer 10 mM till 

4 dpf, time when zebrafish pronephros is completely mature 
(Kramer-Zucker et al. 2005).

Drug exposure

Gentamicin and paracetamol were purchased from Sigma-
Aldrich. Tenofovir was administered in two forms: (a) the 
prodrug TDF, (b) TFV (Sequoia Research Products, UK). 
Stock solutions were prepared for all drugs at solubil-
ity concentrations: gentamicin 5000 µg/mL, paracetamol 
12,000 µg/mL, TDF 6000 µg/mL and TFV 5000 µg/mL. All 
drugs except TFV were dissolved in sterile distilled water. 
TFV was prepared in embryo media. All stock solutions 
were aliquoted and stored at −20 °C till further use.

Zebrafish larvae of 4 dpf were transferred to 96-well-
plates, 2 larvae per well. Embryo media was completely 
removed from each well and immediately after that, a spe-
cific volume of embryo media plus a specific volume of 
drug stock solution or drug vehicle (negative controls) were 
added into each well to achieve the desired drug concentra-
tion (total volume per well = 350 μL). Zebrafish larvae were 
incubated for 24 h at 28 °C.

Lethality curves

Lethality curves were defined with five or six different con-
centrations for each drug. Drug concentrations were empiri-
cally chosen to cover all lethality percentages: gentamicin 
200, 600, 1000, 1400, 1800, 2200 µg/mL; paracetamol 
2000, 2500, 3000, 3500, 4000, 4500 µg/mL; TDF 1000, 
1500, 2000, 2500, 3000 µg/mL; TFV 2500, 3000, 3500, 
4000, 4500, 5000 µg/mL. Ten larvae of four dpf were tested 
per each concentration in triplicate or quadruplicate. After 
drug exposure, all larvae were observed under a stereo-
scope (Nikon SMZ 745) to evaluate body curvature, tail-
flip response, swimming pattern, heart oedema, heartbeat 
and necrosis. Lethality was defined as the absence of heart-
beat and/or the presence of body necrosis. Percentages of 
lethality were calculated and plotted against the logarithm of 
drug concentration in micrometer. Lethal concentrations for 
10% of the larvae (LC10) and curve slopes were manually 
obtained after probit transformation (Randhawa 2009). LC10 
concentrations were used for the rest of the experiments.

Mass spectrometry for drug and metabolite 
identification

Pools of 50 zebrafish larvae of 4 dpf were exposed to the 
LC10 of paracetamol (n = 10), gentamicin (n = 10), TDF 
(n = 10), TFV (n = 5) or water (n = 6). After drug expo-
sure, dead larvae were discarded and 40 larvae were trans-
ferred from each well to a clean Eppendorf. Larvae were 
immediately washed four times with cold water to remove 
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drugs and/or drug metabolites from the embryo media. After 
that, larvae were euthanized by rapid chilling to remove all 
remaining embryo media before snap freezing in liquid 
nitrogen to quench any enzymatic activity.

Metabolite extraction was performed with methanol:water 
2:1 (Huang et al. 2013). The extracted supernatant was dried 
under vacuum and reconstituted in half volume of water for 
further injection into the RPLC-Q-TOF (UPLC Ultimate 
3000 RS tandem LC system, Dionex, Amsterdam, The 
Netherlands; ESI-UHR-QqToF impact HD, Bruker Dalton-
ics, Bremen, Germany). The details of the RPLC-Q-TOF 
method have already been reported (Nevedomskaya et al. 
2011; Pacchiarotta et al. 2012).

Drugs and metabolites were identified by extracting the 
chromatograms of the expected m/z of the protonated drugs 
and/or metabolites of gentamicin (Clarot et al. 2004) par-
acetamol (Pacchiarotta et al. 2012) or TDF (Kurmi et al. 
2016). To confirm those identifications, rational chemical 
formulas were generated based on the internally calibrated 
monoisotopic masses within 5 mDa mass error using the 
SmartFormula tool (version 4.2, build 395, Bruker Dalton-
ics). Two parameters were registered for each ion-drug or 
metabolite assignment: mass error and mSigma. Only those 
m/z with an intensity >10,000 units in at least half of the 
samples were registered. MZmine version 2.3 was used 
to build the chromatograms for each drug and metabolite 
(Pluskal et al. 2010).

Assessment of renal function

Renal function was assessed with a modified clearance 
assay from Rider et al. (2012). The casper zebrafish line 
 (mitfa−/−;roy−/−) was used for these experiments due to its 
transparency and absence of fluorescence. After LC10 expo-
sure, live larvae were anesthetized with tricaine and injected 
with 1.4 nL of fluorescein isothiocyanate (FITC)-inulin 2.5% 
w/v in the duct of Cuvier. FITC intensity was imaged over 
the caudal region 10–15 min (baseline) and 2 h after injec-
tion (Zeiss Lumar V12). FITC intensity was quantified using 
the image-J software (Schindelin et al. 2015) selecting the 
area on the caudal artery between somites 16 and 18. Clear-
ance of inulin was calculated as the percentage of decrease 
of FITC intensity on the caudal artery using the formula 
(FITC intensity at baseline − FITC intensity at 2 h) * 100/
FITC intensity at baseline. A minimum of 15 larvae were 
injected per group.

Two‑photon microscopy for evaluation of tubular 
morhology

After LC10 exposure, Tg(wt1b:EGFP,cdh17:EGFP);mitfa−/−; 
roy−/+ or +/+ zebrafish larvae were fixed overnight with PFA 
4% and washed with PBS 1X. Due to the central localization 

of the pronephros, zebrafish larvae were further processed 
for imaging by removing the head, yolk and gut with a sharp 
needle and bistoury. This procedure was easily performed 
under a fluorescent stereoscope because our transgenic 
zebrafish expressed GFP in the pronephros and the gut. In 
a Petri dish with a base of 2% agarose, the remaining tissue 
was mounted in a drop of low melting agarose 1% and ori-
ented with the ventral side up. The Petri dish was filled with 
PBS 1X. Embryos were then imaged on a Praire Multi-Pho-
ton microscope equipped with an Olympus 20× XLUMP-
LAN FL N (NA 1) water immersion lens and laser tuned 
to 890 nm. Stacks were obtained with 0.7 µm sectioning 
and further pre-processed with the FIJI software (Schinde-
lin et al. 2012). Four or five larvae were imaged for each 
condition. 3D reconstructions of the proximal convoluted 
tubule were performed using the Amira software (version 
5.3.3). For the lumen caliber measurement, two orthogonal 
diameters were measured in transverse planes of the lumen 
at regular intervals along all the reconstructed proximal con-
voluted tubule (PCT). Both diameters were divided by two 
to obtain the radius and the formula π × radius1 × radius2 
was applied to calculate the transverse section area of the 
lumen. An average of 15 measurements was done per larvae 
across one PCT.

Transmission electron microscopy for evaluation 
of tubular mitochondria

After LC10 exposure, Tg(wt1b:EGFP,cdh17:EGFP);mitf
a−/−;roy−/+ or +/+ zebrafish larvae were euthanized by rapid 
chilling. Larvae were fixed following a modified protocol 
from Schieber et al. (2010). In brief, larvae were fixed over-
night with 2.5% glutaraldehyde and 2% PFA in 0.1 M of 
PHEM buffer. In a Pelco BioWave Microwave Processor 
(Ted Pella, Redding USA), larvae were post-fixed in 1% 
osmium tetroxide (EMS, Hatfield, PA, USA) in 0.1 M of 
PHEM Buffer on ice, and en-block stained with 1% of aque-
ous uranyl acetate (EMS, Hatfield, PA, USA) before being 
dehydrated in a graduated ethanol series and embedded in 
EPON resin (EMS, Hatfield, PA, USA). Larvae were left in 
100% EPON resin overnight before orientation, embedding 
and resin polymerization in a 60 °C oven. All larvae were 
processed simultaneously except gentamicin-treated larvae.

Transverse portions of the proximal convoluted tubule 
were serial sectioned at 70 nm (for micrographs), 100 nm 
(for serial section TEM (ssTEM)) or 120 nm (for tomog-
raphy) with a diamond knife (Diatome, Biel Switzerland) 
on a Reichert Ultracut S (Leica, Vienna, Austria). 10 nm of 
Protein A Gold was added (UMC, Utrecht, The Netherlands) 
to the grids for tomography analysis. All grids were post-
stained with uranyl acetate and lead citrate.

Data was collected on a Hitachi H-7650 Transmission 
Electron Microscope (Tokyo, Japan) at 100 kV using three 
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approaches: (1) micrographs at a magnification of 1K, 3K, 
and 10K (a minimum of 50 tubular cells were screened from 
10 to 20 micrographs per condition); (2) ssTEM to build 

coarse cellular 3D models with 24 or 36 micrographs cov-
ering an area of ~10 × 11 × 2.4 µm or 3.6 µm; (3) tomo-
grams to build 3D mitochondrial models for an area of 

a

Fig. 1  Zebrafish exposure to LC10. a Lethality curves that were 
obtained to calculate the LC10 of gentamicin (G), tenofovir diso-
proxil fumarate (TDF), tenofovir (TFV) and paracetamol (P). b Chro-
matogram of untreated zebrafish larvae. c Chromatogram of zebrafish 
exposed to gentamicin; a zoom of the chromatogram shows the 
extracted ion chromatograms (EICs) for [gentamicin C1+H]+ (m/z 
478.3231), [gentamicin C2 C2a and C2b+H]+ (m/z 464.3076) and 
[gentamicin C1a+H]+ (m/z 450.2920). d Chromatogram of zebrafish 
exposed to paracetamol showing the EIC of [paracetamol+H]+ (m/z 

152.0706), [paracetamol glucuronide+H]+ (m/z 328.1029), [paraceta-
mol sulfate+H]+ (m/z 232.0275), [paracetamol cysteine+H]+ (m/z 
271.0748) and [paracetamol N-acetylcysteine+H]+ (m/z 313.0858); a 
zoom of the chromatogram shows in more detail the four paraceta-
mol metabolites. e Chromatogram of zebrafish exposed to TDF 
showing the EIC of [tenofovir disoproxil+H]+ (m/z 520.1808), [teno-
fovir monoisoproxil+H]+ (m/z 404.1336) and [tenofovir+H]+ (m/z 
288.0857). f Chromatogram of zebrafish exposed to TFV showing the 
EIC of [tenofovir+H]+ (m/z 288.0859)
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3.8 × 4.4 × 0.36 µm and with an angle range from −55° to 
55°, with a 1° tilt increment. Data were aligned and modeled 
with the IMOD software (Kremer et al. 1996; Mastronarde 
1997). Due to the complexity of the 3D modeling, only one 
cellular model and one mitochondrial model were built for 
each condition. However, those models were carefully cho-
sen to be the best in describing the changes observed from 
each condition (supplementary videos).

Mitochondrial swelling was assessed by measuring mito-
chondria grey intensities from 14 to 24 mitochondria from 
a total of three micrographs using the FIJI software. Mito-
chondrial granules were counted from 11 to 18 mitochondria 
from a total of three micrographs using the FIJI software. 
The volumes of the mitochondria, cristae and granules were 
measured with the IMOD software and expressed as percent-
age of the cellular or mitochondrial volume captured by the 
3D model. All analyses were performed at the same time for 
the five different conditions of the study.

Statistical analysis

Statistical analyses were performed with SPSS (IBM SPSS 
Statistics for Windows, version 22.0. Armonk, NY: IBM 
Corp). Differences in quantitative variables among treat-
ment groups were analyzed with one-way ANOVA test fol-
lowed by Games-Howell post hoc test. All parameters were 
expressed as means and standard deviation. P values <0.05 
were considered statistically significant.

Results

Lethality curves

After 24 h of exposure to each drug concentration, zebrafish 
larvae were observed under a stereoscope for macroscopic 
alterations. Swimming behavior was reduced and the escape 
response to tail stimuli was retarded or absent in living lar-
vae exposed to any drug concentration when compared 
with control larvae. Albeit rarely, some larvae exposed to 
the second-fourth drug concentrations (in ascendant order) 
experienced upwards body curvature and/or heart oedema 
with visible heart hemorrhage. Dead larvae presented (i) no 
heartbeat with no necrosis at the lowest lethal concentrations 
or (ii) necrosis and body decomposition at the highest lethal 
concentrations (data not shown).

The percentages of lethality were calculated for each 
drug concentration and plotted against the logarithm of 
the drug concentration (Fig. 1a). Regarding the left–right 
position of the curves, the order of the drugs was gen-
tamicin, TDF, TFV and paracetamol. LC10 (µM) calcu-
lated from the lethality curves after probit transformation 
were: 491 for gentamicin, 2338 for TDF, 11,542 for TFV, 
and 17,179 for paracetamol. All drugs exhibited sigmoi-
dal lethality curves but with different slopes. Paracetamol, 
TDF and TFV curves were steeper than gentamicin curve 
as reflected by the values of the slopes (% of lethality/
µM): 12 for paracetamol, 10 for TDF, 9 for TFV and 4 for 
gentamicin.

Fig. 2  Renal clearance is 
decreased in zebrafish larvae 
exposed to the LC10 of gen-
tamicin and paracetamol. a, b 
Detail of the common cardinal 
vein (CCV) where inulin-FITC 
was injected to evaluate the 
renal clearance. c, d Lateral 
posterior view of the FITC 
intensity in blood 10–15 min 
(c) and 2 h (d) after FICT-inulin 
injection. e Clearance of inulin, 
expressed as the percentage 
of decrease of FITC intensity 
in blood 2 h after FICT-inulin 
injection, is decreased with 
gentamicin and paracetamol 2h post injection

0h post injection

a
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Fig. 3  The lumen of the proximal convoluted tubules is enlarged in 
zebrafish larvae exposed to the LC10 of TFV and paracetamol. a, a′, 
b, b′, c, c′, d, d′, e, e′ Dorsal and lateral views of the proximal con-
voluted tubule of untreated larvae and larvae exposed to the LC10 
of gentamicin, TDF, TFV or paracetamol. Compared to controls, 
the complexity of the coiled structure of the proximal convoluted 
tubules is reduced in the treated zebrafish larvae. a″, a′″, b″, b′″, 
c″, c′″, d″, d′″, e″, e′″ Transversal and longitudinal amplifications 
of the proximal convoluted tubule of untreated larvae and treated 
larvae exposed to LC10 of gentamicin, TDF, TFV or paracetamol. 
GFP labels the nuclei and the membrane of the tubular cells. d″, d′″, 
e″, e′″ The lumen of the tubule is enlarged in zebrafish exposed to 
TFV and paracetamol. f Transversal area of the proximal convoluted 
tubules. Scale: 20 µm. G: glomeruli; N: nuclei; PCT: proximal con-
voluted tubule; PST: proximal straight tubule. White asterisks mark 
tubule enlargements; white arrowheads show misplaced nuclei. 
***For p value <0.001

◂

Identification of drugs and metabolites in zebrafish 
larvae

To test if drugs were absorbed and followed similar 
biotransformation patterns as in man, extracts of whole 
zebrafish larvae exposed to the LC10 of each drug were 
analyzed by mass spectrometry.

Chromatograms of zebrafish exposed to paracetamol 
showed all known paracetamol metabolites found in man. 
We detected phase II metabolites derived from conjugation 
with glucuronic acid and sulfonic acid and paracetamol 
metabolites derived from the unstable and toxic phase I 
metabolite N-acetyl-p-benzoquinone imine (NAPQI) after 
conjugation with glutathione (Fig. 1d).

Chromatograms of zebrafish exposed to TFV showed 
only the peak corresponding to TFV (Fig. 1f). No traces 
were found for the intracellular phosphorylated metabo-
lites of tenofovir. Regarding the prodrug of TFV, the chro-
matograms of zebrafish larvae exposed to TDF included 
the diester tenofovir disoproxil, the monoester tenofovir 
monoisoproxil and its non-esterified metabolite TFV 
(Fig. 1e). The retention time and mass spectrum of TFV 
were similar to the ones described for zebrafish exposed 
to TFV (Fig. 1f; Supplementary Tables 2 and 3). In-source 
fragmentation occurred for paracetamol, TFV, TDF and 
their respective metabolites, which confirmed their iden-
tifications (Supplementary Tables 1–3).

Finally, zebrafish larvae exposed to gentamicin sulfate 
produced chromatograms that were unexpectedly iden-
tical to the chromatograms of untreated larvae (Fig. 1b, 
c). The m/z of the five major components of gentamicin 
(C1, C1a, C2, C2a and C2b gentamicin) were found in the 
spectra from zebrafish larvae exposed to gentamicin but 
the intensities were <2000 units in all samples (Fig. 1c). 
In-source fragmentation (to m/z 322.1963 and 160.0966) 
was detected but with intensities between 2000 and 10,000 
units.

Renal function

Renal function was evaluated with the inulin clearance assay 
after exposure to the LC10 of each drug.

Two hours after FITC-inulin injection, FITC intensity 
decreased by 67 ± 8% in untreated larvae (n = 100) due 
to glomerular filtration of most of the FITC-inulin pre-
sent in the blood (Fig. 2e). Larvae exposed to gentamicin 
(n = 18) or paracetamol (n = 15) had significantly lower 
clearances with 54 ± 17 and 17 ± 14% of decrease of FITC 
intensity, respectively. TDF (n = 29) or TFV (n = 19) treat-
ments did not affect inulin clearance (69 ± 9 and 64 ± 10%, 
respectively).

Microscopic alterations

General tubular morphology, epithelium organization and 
luminal area of the proximal convoluted tubule (PCT) were 
carefully compared between controls and treated larvae 
using 3D reconstructions.

Untreated zebrafish larvae showed PCT as coiled and intri-
cate structures with a typical curvature. At the exit of the glo-
meruli, each of the PCT came dorsally and distally before curv-
ing ventrally and to the middle. Then, it continued posteriorly 
with several undulations or convolutions until the proximal 
straight tubule (PST) (Fig. 3). The two tubules were symmet-
ric and diverged from each other at the exit of the glomerulus 
and then were brought closer from the beginning of the PST 
(Fig. 3). The fluorescent transgenic line cdh17:EGFP and 
wt1b:EGFP revealed a single layer of tightly packed epithelial 
cells surrounding the lumen of each tubule. Apical membranes 
were enriched with cadherin 17 (here seen by fusion with 
EGFP) and showed cells with a regular shape. The fluores-
cence from wt1b:EGFP reporter showed big nuclei, usually in 
the basal portion of the cell (Fig. 3a″, a′″). The lumen caliber 
of the PCT had a mean area of 57 ± 43 µm2, with some varia-
tions throughout the length of the PCT (Fig. 3f).

In general, there were no apparent differences regarding 
the curvature of the tubules between treated and untreated 
larvae, except for the terminal section of the PCT, which 
presented a simplified structure with less curves upon drug 
exposure (Fig. 3a′–e′). Tubular enlargements were observed 
with all drugs except gentamicin (53 ± 29 µm2, Fig. 3f). 
Paracetamol showed irregular lumens and the most severe 
dilations with an average area of 136 ± 92 µm2 (white aster-
isks in Fig. 3f, e″,e′″) followed by TFV with 114 ± 73 µm2 
(Fig. 3d″, d′″). TDF-treated larvae showed milder defects 
with more regular lumens. The lumen was also dilated com-
pared to controls but the increase was not statistically sig-
nificant (81 ± 71 µm2, Fig. 3f).

Paracetamol, TDF and TFV lead to epithelium disorgani-
zation with displaced nuclei towards the middle portion of 
the cell (Fig. 3e″, e′″, d″, d′″, c″, c′″).
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Tubular mitochondrial alterations

Mitochondria morphology was evaluated using three dif-
ferent approaches: micrographs, serial section transmission 
electron microscopy 3D reconstructions of proximal tubular 
cells, and tomographic 3D reconstructions of mitochondria.

Micrographs from control larvae showed mitochondria as 
tubular organelles with smooth contours and regular shapes 
differing in size (Fig. 4b–b″). 3D cellular models enabled 
us to notice that they were interconnected, forming a vast 
mitochondria network (Fig. 5b′). Cristae were thin and long 
cylindrical structures distributed throughout the mitochon-
drion in different orientations. They branched from several 
places creating bridges that interconnected with each other 
(Fig. 5m′). Matrix granules occurred outside the cristae as 
tiny electron dense puncta.

3D cellular models revealed changes in mitochondria 
shape and size from drug-exposed larvae. Gentamicin and 
TFV caused “donut”-like shapes (Fig. 5g). Paracetamol 
caused “pancake”- (Figs. 4d″,  5h) and “rod”-like shapes 
(Fig. 5i). TDF and TFV-produced mitochondria with irregu-
lar contours (Fig. 5j) and huge mitochondria (Fig. 5k). There 
were no differences in the volume occupied by mitochon-
dria (Supplementary Table 4). However, mitochondrial elec-
tron densities were significantly lower in gentamicin, TDF 
and TFV than in controls (141 ± 6 in controls, gentamicin 
172 ± 5, TDF 161 ± 6, TFV 163 ± 6) (Fig. 4g). These 
results are in agreement with the enlarged mitochondria that 
were seen in the micrographs and 3D cellular models of 
gentamicin, TDF and TFV (Figs. 4c″, e″, f″, 5k).

3D mitochondrial models showed no differences in 
the volume occupied by cristae (Supplementary Table 4). 
However, cristae from treated larvae, were clearly frag-
mented and/or degraded when compared with control larvae 
(Figs. 4c″, e″, f″, 5n′, o′, p′ q′).

The number of mitochondrial granules was reduced in all 
treated larvae, although it was only statistically significant 
for gentamicin, TDF and TFV (5 ± 2 granules/mitochon-
drion in controls, 0.7 ± 0.4 in gentamicin, 3 ± 1 in paraceta-
mol, 2 ± 0.9 in TDF p = 0.031, 2 ± 1 in TFV) (Fig. 4h). 
The volume occupied by granules from each representative 
mitochondrion 3D model was also reduced in all treated lar-
vae (Supplementary Table 4).

Discussion

In the present study, acute toxicity was induced in zebrafish 
by three drugs associated with tubular damage in man. For 
all tested drugs, morphological and/or functional tubular 
alterations were found, which supports the usefulness of the 
zebrafish model to evaluate tubular toxicity.

Physiological and biochemical characterization of 
zebrafish is of utmost importance to support its use in toxi-
cology studies. Vertebrate kidneys play essential roles in 
the excretion of metabolic waste products and in the main-
tenance of the internal electrolyte and acid–base balances. 
Similarly to man, the nephron of zebrafish larvae consists 
of a glomerulus, responsible for blood filtration, followed 
by a renal tubule and duct, which are responsible for sol-
ute reabsorption and secretion (Drummond and Davidson 
2010). Likewise, the zebrafish tubular epithelium expresses 
ion channels, transporters and claudins in a segment-specific 
manner that confer unique absorptive and secretory proper-
ties to each nephron segment. Among other examples, the 
PCT expresses the  Na+/bicarbonate cotransporter Slc4a4a 
and the endocytic receptors megalin and cubilin; the dis-
tal early tubule (equivalent to the human thick ascending 
limb) expresses the  Na+/Cl−/K+ cotransporter Nkcc2; the 
distal late tubule (equivalent to the human distal convoluted 
tubule) expresses the  Na+/Cl− cotransporter Ncc (Kersten 
and Arjona 2017). Information about regulation of renal 
ion transport in zebrafish is limited, but the renin–angio-
tensin system plays a very important role in the control of 
 Na+ reabsorption (Kumai et al. 2014; Rider et al. 2015). 
Despite these similarities, functional differences exist 
between zebrafish and human nephrons: (i) absence of 
water-absorptive segments such as the human thin descend-
ing limb because freshwater fish do not need to concentrate 
urine; (ii) absence of aldosterone (although zebrafish have 
mineralocorticoid receptors); (iii) presence of unique struc-
tures with no clear human counterpart such as the Corpuscle 
of Stannius, a renal gland involved in the regulation of cal-
cium and phosphate levels potentially linked with the human 
macula densa (Wingert and Davidson 2008; Kersten and 
Arjona 2017).

ADME processes have been insufficiently character-
ized in zebrafish and are restricted to some metabolizing 
enzymes and membrane transport proteins. Phase I (CYPs) 
and phase II (UGT1A1, SULTs) enzymes have been identi-
fied (Hill et al. 2012), but most of functional information is 
only known for CYPs. The genetic homology of the most 
relevant CYPs between zebrafish and man is diverse. While 
there are orthologous relationships for most of CYP1s and 
CYP3s, only 26 from the 46 zebrafish CYP2s genes have 
human CYP orthologs (Goldstone et al. 2010). In line to 
what is well known in man, the expression of most of CYPs 
throughout zebrafish development is variable. With regards 
to CYP activity, zebrafish and human CYPs share some sub-
strates, inhibitors and inducers. Moreover, some of those 
inducers proved to be agonists of the zebrafish pregnane X 
receptor (PXR) or aryl hydrocarbon receptor, which sug-
gest common regulatory pathways of CYPs expression. 
However, there are important differences in the response 
to many substrates, inducers and inhibitors as reviewed by 
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Fig. 4  Mitochondrial morphological alterations in electron micro-
graphs after exposure to the LC10 of gentamicin, paracetamol, 
TDF and TFV. a Scheme of the sectioning of the proximal convo-
luted tubule for single micrographs; each section had a z of 70 nm. 
b–f Micrographs at 1000× showing the proximal tubular epithelium 
as one cell layer with the basal membrane leading to blood and the 
apical membrane ending in microvilli that gave into the lumen of the 
tubule. b′–f′ Micrographs at 3000× showing one proximal tubular 
cell with the nucleus in the center and the mitochondria in the basal 
and lateral sides for all condition. b″–f″ Micrographs at 10,000× 
showing some mitochondria. Thin and long mitochondria such as 
“pancakes” are seen in larvae exposed to paracetamol. Swollen mito-

chondria are observed in larvae exposed to gentamicin, TDF and 
TFV. Mitochondria cristae are fragmented and mitochondria granules 
are missing in all treated larvae. g The mean gray intensity reveals 
mitochondrial swelling in larvae exposed to gentamicin, TDF and 
TFV. h Mitochondrial granules are decreased by all drugs and sig-
nificantly for gentamicin, TDF and TFV. Scale: 1000× −2 µm; 3000× 
−2 µm; 10000× −500 nm. Bs: basolateral membrane; C: cilia; L: 
lumen; Mv: microvilli; M: mitochondria; N: nucleus. Arrows mark 
granules; arrow heads mark fragmented cristae; asterisks mark phos-
pholipidosis; square boxes, when present, indicate the area that was 
zoomed in and presented in the next image. *For p value <0.05, **for 
p value <0.01, ***for p value <0.001



420 Arch Toxicol (2018) 92:411–423

1 3

Saad et al. (2016). Membrane transport proteins involved in 
the uptake and excretion of drugs and/or metabolites (i.e. 
SLC, ABC proteins) are also present in zebrafish. The most 

relevant ABC drug efflux pumps in man, namely ABCB1, 
ABCC1-5 and ABCG2, are expressed in zebrafish tissues 
that are involved in absorption, excretion or serving as a 
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Fig. 5  Mitochondrial morphological alterations in ssTEM and tomo-
grams after exposure to the LC10 of gentamicin, paracetamol, TDF 
and TFV. a Scheme of the serial sectioning of the proximal tubule for 
ssTEM to build 3D cellular models; 24–36 sections were cut for each 
ssTEM with a z of 100  nm per section. b–f Micrographs at 3000× 
showing the cell that was chosen to build the cellular 3D representa-
tive model for each condition. b′–f′ Frontal section of the cellular 3D 
model for each condition. g–k Weird mitochondrial shapes caused 
by the drugs: (g) “donuts” with gentamicin, (h) “pancakes” with par-
acetamol, (i) “rods” with paracetamol, (j) fragmented mitochondria 
with irregular shapes with TDF and TFV, (k) huge mitochondria 
occupying a big part of the cytosol with TDF and TFV. l Scheme of 
the serial sectioning of the proximal tubule for tomograms to build 
3D mitochondrial models; three sections were cut for each tomo-
gram with a z of 120  nm per section. m–q Micrographs at 8000× 
with Protein A Gold showing the mitochondrion that was chosen to 
build the representative mitochondrial 3D model for each condition. 
m′–q′ Frontal section of the mitochondrial 3D model for each condi-
tion; cristae are fragmented in drug treated larvae. Scale: b–f—2 µm; 
b′–f′—2.5 µm; g–k—1 µm; m–q—500 nm; m′–q′—95 nm

◂

barrier function (intestine, liver, kidney, gills, brain blood 
barrier). Interestingly, despite the lack of data about tran-
scriptional regulation of ABC transporters, an association 
was found between PXR, CYP3A and ABCB1 in zebrafish 
(Luckenbach et al. 2014). This example supports a simi-
lar regulation of detoxification enzymes and transporters 
between zebrafish and man.

Due to the limited information about pharmacokinetics 
in zebrafish, we assessed the drug metabolic profile of 5-day 
zebrafish larvae. In the case of paracetamol, all metabolites 
were detected except NAPQI and paracetamol glutathione 
probably due to their high instability (Cook et al. 2015). 
Upon these results, we can conclude that zebrafish and man 
share the same pathways for paracetamol metabolism: glucu-
ronidation, sulfonation and oxidation with posterior detoxifi-
cation to paracetamol N-acetylcysteine. In the case of TDF, 
MS experiments identified tenofovir monoisoproxil and TFV 
in zebrafish extracts. TDF follows enzymatic hydrolysis 
through not only intestinal and blood esterases but also non-
enzymatic hydrolysis in water (Kurmi et al. 2016). Although 
we cannot exclude the possibility of some TDF hydrolysis in 
the embryo media, zebrafish expresses esterases (Levi et al. 
2012), which supports TDF metabolism in zebrafish. TFV 
phosphorylated metabolites were not detected in zebrafish 
exposed to either TFV or TDF. Zebrafish expresses both 
organic anion transporters, necessary for intracellular TFV 
uptake, and nucleotide kinases, necessary TFV phosphoryla-
tion (Pannicke et al. 2009; Mihaljevic et al. 2016). Thus, a 
plausible explanation for the absence of TFV metabolites 
might be related with technical limitations of our extrac-
tion or LC–MS methods. Finally, gentamicin, which is not 
metabolized, was present in the zebrafish extracts but at very 
low concentrations probably due to its low bioavailability 
(Gemer et al. 1983).

Renal clearance was decreased by 19 and 74% by gen-
tamicin and paracetamol, respectively. Drugs can decrease 
renal clearance by different mechanisms that do not neces-
sarily involve damage to the renal parenchyma. For instance, 
drugs that inhibit renal prostaglandin-mediated vasodilation 
such as paracetamol (Graham and Scott 2005) and gen-
tamicin (Lopez-Novoa et al. 2011) and hepatotoxic drugs 
such as paracetamol (Mazer and Perrone 2008) can decrease 
renal clearance. Neither the liver nor the renal blood flow 
were evaluated in this work but previous studies found that 
gentamicin decreases the venous erythrocyte velocity and 
the heart rate in zebrafish larvae (Hentschel et al. 2005; 
Rider et al. 2012). Besides these indirect mechanisms, drugs 
that directly damage the glomeruli and/or the renal tubule 
can also decrease the renal clearance via several mechanisms 
(Basile et al. 2012). In this study, all tested drugs caused 
morphological tubular alterations but only gentamicin and 
paracetamol reduced inulin clearance. Interestingly, similar 
results are seen in men: HIV patients on TDF can develop 
proteinuria, a specific marker of tubular injury, with nor-
mal values of glomerular filtration rate (Tourret et al. 2013). 
Thus, tubular morphological alterations associated with TFV 
seem to precede the decline in the renal clearance. In the 
case of gentamicin and paracetamol, a combination of their 
intrinsic tubular effects and their potential pre-renal effects 
could explain the observed decrease in renal clearance. 
Besides, gentamicin can cause intraglomerular mesangial 
cell contraction (Lopez-Novoa et al. 2011), which can also 
decrease the renal clearance.

The intrinsic complexity of the PCT represented a big 
challenge for imaging. Previous works applied confocal or 
conventional optical microscopy to image the pronephros 
but with poor quality results (Peng et al. 2010; Westhoff 
et al. 2013). We provide for the first time exhaustive imaging 
of the PCT that allowed building 3D images to objectively 
measure the caliber of the tubular lumen. Paracetamol, TDF 
and TFV induced tubular dilatations and epithelium disor-
ganization with nuclei delocalization. Tubular dilatations 
are one of the earliest morphological alterations of acute 
tubular injury followed by loss of cytoskeletal integrity and 
cell polarity (Bonventre and Yang 2011; Basile et al. 2012). 
We did not perform any immunostaining for apical or basal 
markers but epithelium and nuclei disorganization found in 
our study could be associated with the loss of cell polarity.

The loss of the structure of the tubular epithelium is 
associated with ATP depletion and thus mitochondrial 
damage (Price 2002; Basile et al. 2012). Mitochondrial 
morphology is highly variable and dynamic due to the 
ability of mitochondria to undergo the highly coordi-
nated processes of fusion and fission. Mitochondrial 
fusion allows the exchange and complementation of par-
tially damaged mitochondria contents when the stress is 
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below a critical threshold, while mitochondrial fission is 
required to remove damaged mitochondria during high 
levels of stress (Youle and van der Bliek 2012; Rafel-
ski 2013). Thus, quantification of mitochondria volume 
and number can be regarded as a measure of the insult 
intensity. We provide for the first time 3D models of PCT 
cells and mitochondria. These models were very useful to 
understand the complexity of mitochondria networks, to 
get accurate measurements of mitochondria volume and 
number and to identify alterations in mitochondria shape 
and cristae fragmentation. However, because 3D modeling 
at the ultrastructural level is a laborious task, only one 
model was made for each condition. Although each model 
was carefully chosen to represent each condition, there 
were a substantial number of mitochondria that were not 
fully captured by the models. Thus, we cannot conclude 
about drug-induced changes in the volume or number of 
mitochondria.

Drug-induced mitochondrial defects were manifested 
as: mitochondrial shape alterations including “donuts” 
with gentamicin and TFV in comparison to “pancakes” and 
“rods” with paracetamol; mitochondrial size alterations 
in the form of mitochondrial swelling with gentamicin, 
TDF and TFV; mitochondrial cristae fragmentation and 
reduction in the number of mitochondrial granules with 
all drugs. Mitochondrial morphological alterations have a 
direct impact on mitochondrial functions, which are vital 
for cellular functioning, from ATP generation to regula-
tion of apoptosis (Galloway and Yoon 2012). For example, 
mitochondrial swelling, considered to be an early sign of 
functional deterioration of the organelle, is an indicator of 
the opening of the mitochondrial permeability transition 
pore (Arpagaus et al. 2002; Herlitz et al. 2010). Thus, 
mitochondrial swelling together with cristae damage can 
result in a disruption of the electron transport chain, lead-
ing to a decrease in the ATP production.

In conclusion, this work demonstrates the high homol-
ogy between zebrafish and mammals for drug metabolism 
and drug-induced morphological and functional tubular 
alterations. Together, these results support the use of 
zebrafish in toxicological studies.
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