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ABSTRACT
Monitoring autophagic flux in vivo or in organs remains limited and the ideal methods relative to the
techniques possible with cell culture may not exist. Recently, a few papers have demonstrated the
feasibility of measuring autophagic flux in vivo by intraperitoneal (IP) injection of pharmacological agents
(chloroquine, leupeptin, vinblastine, and colchicine). However, the metabolic consequences of the
administration of these drugs remain largely unknown. Here, we report that 0.8 mg/kg/day IP colchicine
increased LC3-II protein levels in the liver of fasted trout, supporting the usefulness of this drug for
studying autophagic flux in vivo in our model organism. This effect was accompanied by a decrease of
plasma glucose concentration associated with a fall in the mRNA levels of gluconeogenesis-related genes.
Concurrently, triglycerides and lipid droplets content in the liver increased. In contrast, transcript levels of
b-oxidation-related gene Cpt1a dropped significantly. Together, these results match with the reported role
of autophagy in the regulation of glucose homeostasis and intracellular lipid stores, and highlight the
importance of considering these effects when using colchicine as an in vivo “autophagometer.”
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Introduction

Autophagy functions as an important catabolic mechanism
by mediating the turnover of intracellular organelles and
protein complexes through a lysosome-dependent degrada-
tive pathway. This system involves dynamic rearrangements
of double-membrane organelles called autophagosomes,
which engulf a portion of cytoplasm for its degradation via
the lysosome. One of the primary roles of autophagy is to
allow cell survival under stress conditions through the bulk
degradation of intracellular organelles and protein com-
plexes to produce amino acids, nucleotides, sugars and fatty
acids that can be used for the metabolic compensation.
However, basal autophagy makes also a substantial contri-
bution to cellular quality control. Accordingly, liver-, brain-,
and muscle-specific autophagy deficient mice exhibit cumu-
lative effects of impaired basal autophagy, which is respon-
sible for diverse pathological symptoms.1-4

One of the most widely monitored autophagy-related
protein is LC3 (a mammalian ortholog of Atg8 in yeast).
This ubiquitin-like molecule is present as a nonlipidated
form (LC3-I) that is conjugated covalently to phosphatidyl-
ethanolamine on the phagophore membrane to form LC3-
II, which is a good indicator of autophagosome formation.
The measure of the conversion of LC3-I to LC3-II by
immunoblot is a reliable indicator of autophagic activity.

However, this method needs to be complemented by assays
to estimate overall autophagic flux or rate of flow, since
LC3-II is both induced and degraded during autophagy.
Several studies have investigated in depth the autophagy
flux assay in mammalian cell culture models, and reported
that the exposure of cells to lysosomal inhibitors, protease
inhibitors or agent that block fusion of autophagosome
with lysosomes consequently leads to LC3-II accumulation
in autolysosomes, which can be quantitatively measured.5,6

Provided that the necessary precautions are taken in the
experimental designs (e.g., by plotting LC3-II levels over
time during inhibitor treatment and not only at a single
time point) and in the interpretation of obtained results,
these assays allow the measurement of autophagic flux in a
sensitive and quantifiable manner.7,8

Nevertheless, measuring autophagic flux in vivo is not as
advanced as in cell culture.5 The major hurdle with in vivo
analyses is the ability to “block” autophagosome degradation
by the administration of pharmacological agents. Several stud-
ies have successfully done this in select tissues in vivo by treat-
ing mice with, for example, chloroquine,9 leupeptin,10 or
colchicine11 and then monitoring the change in accumulation
of LC3-II. However, the time period of the treatment to achieve
a block in autophagosome-lysosome fusion differs considerably
between organs.10,11 It has thus been shown that intraperitoneal
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(IP) injection of leupeptin triggers significant accumulation of
LC3-II in liver as early as 30 to 60 min after the treatment,10

whereas most of the studies focusing on skeletal muscle treated
mice for no less than 2 d (i.e., a daily injection from 2 to 10
d).9,11-13 As a consequence, the prolonged use of these drugs
could induce collateral effects that might directly or indirectly
affect autophagy. For instance, Ju et al. report that both LC3-I
and LC3-II levels increase in skeletal muscle of mice treated
with colchicine beyond 5 d, suggesting that the long- period
treatments induce autophagic flux blockage but also enhance
autophagy.11 This upregulation in autophagy could be
explained by the compensatory effects of blocking agents used
for a long period. However, the consequence of these prolonged
treatments has not been reported so far.

To clarify this issue, we used the rainbow trout (Oncorhyn-
chus mykiss) as a study model. This species, as other salmonids,
is adapted to experience long periods of fasting and emerged as
a relevant model organism for studying and monitoring
autophagy. We first tested 3 different pharmacological drugs
for their ability to block LC3-II degradation. We reported that
0.8 mg/kg/d IP injection of colchicine increased LC3-II protein
levels in the liver of fasted trout. We then analyzed the conse-
quences of this drug on the liver metabolism, by assessing
plasma and liver metabolites but also genes expression of key
metabolic pathways in the liver of trout. Our results show that
the prolonged use of these drugs can profoundly affect meta-
bolic and cellular homeostasis and highlight the importance to
consider these effects when performing autophagic flux assays
in vivo.

Results

Colchicine promotes an increase of LC3-II and
autophagosome-related vacuoles in the liver of trout

We first tested 3 different lysosomotropic agents (chloroquine,
vinblastine and colchicine) for their ability to block autophago-
some degradation in vivo.11 We treated juvenile immature rain-
bow trout with IP vehicle, chloroquine (20, 40 and 50 mg/kg/d),
colchicine (0.4 mg/kg/d) or vinblastine (2 mg/kg/d) for 2 d and
then isolated the liver. Chloroquine treatment resulted in ani-
mal death on d 2, revealing high toxicity of this drug in this
species. For the other 2 drugs, no weight loss or distress was
seen after the 2 d of treatment (data not shown). The liver was
homogenized and the resultant lysate was subjected to SDS-
PAGE and immunoblotted with an antibody to LC3B. The ratio
of LC3-II to TUBB/b-tubulin was significantly elevated in the
colchicine but not vinblastine-treated trout in comparison to
the vehicle-treated fish (Fig. 1A).

To define the best conditions for measuring autophagic
flux in trout, we then tested different doses of colchicine
treatment. Fish received IP-injections of 3 doses of colchi-
cine (0.4, 0.8 and 3.2 mg/kg/d) that produced a strong,
dose-dependent, increase in LC3-II to TUBB ratio in the
liver (Fig. 1B). However, the higher concentration (3.2 mg/
kg/d) resulted in the death of several animals few hours
after the treatment, revealing high toxicity of this drug at
this concentration. Fish were then treated with either

vehicle or the intermediate dose of colchicine (0.8 mg/kg/d)
for 24, 48 and 72 h in order to determine the rate of LC3-
II accumulation after colchicine injection. As shown in
Figure 1C, compared to vehicle-treated trout, colchicine
injection lead to a significant increase of LC3-II to TUBB
ratio from the d 2 of treatment.

We next performed transmission electron microscopy on
liver samples to assess autophagosome formation at the 72 h
time point. Consistent with the western blot analysis, we found
that the number of autophagosome- and lysosome-related
vacuoles is most abundant in colchicine-treated fish in compar-
ison to the vehicle-treated fish (Fig. 2).

Overall, these results indicated that colchicine treatment is
able to block autophagosome degradation in trout liver and val-
idated the use of this drug for measuring autophagic flux in this
species.

Colchicine treatment affects hepatic carbohydrates and
protein metabolisms

Having demonstrated that colchicine is able to block auto-
phagic flux in the liver of rainbow trout, we addressed the
question of colchicine treatment induced metabolic changes.
As shown in Figure 3A, compared with control groups,
plasma glucose concentration decreased significantly from
d 2 of colchicine treatment. These lower blood glucose lev-
els in colchicine-treated fish did not seem to result from
decreased glycogenolysis or glycophagy, because the
decrease in glycogen levels induced by starvation was com-
parable in both groups of animals (Fig. 3B). In contrast, we
found that colchicine lowered significantly the mRNA levels
of the gluconeogenesis genes G6pc, Fbp1 and Pck2 from the
second d of treatment (Fig. 3C).

Liver autophagy contributes to the maintenance of fast-
ing glycemia by releasing amino acids to be used as precur-
sors for glucose production via gluconeogenesis.14 We
therefore examined the concentration of each of 20 amino
acids in the liver of control and colchicine-treated fish. Dur-
ing the measured time period of starvation, the levels of
some amino acids (including branched-chain amino acids)
in the liver of control fish increased gradually and signifi-
cantly (Fig. 4, Fig. S1). For most of these amino acids, the
increase during starving was lowered by colchicine treat-
ment, in accordance with the reported role of liver autoph-
agy on amino acid release during starvation. In contrast,
the levels of alanine, a major glucogenic amino acid released
by skeletal muscle during fasting, increased significantly in
colchicine-treated fish supporting the observed decrease of
gluconeogenesis “capacity.”

Overall, these results show that colchicine treatment
decreases plasma glucose concentration and link this effect to
an autophagy-dependent gluconeogenesis inhibition.

Colchicine treatment disturbs the major energy sensors
AMPK but not the nutrient sensor MTOR

It is well accepted that MTOR and AMPK sense and integrate
cellular nutrition and energy signals to maintain cellular
homeostasis. We therefore monitored the phosphorylation
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status of these 2 factors in both control fish and colchicine-
treated fish, which display profound disorders of hepatic carbo-
hydrates and protein metabolism. As shown in Figure 5A, col-
chicine treatment significantly increased the phosphorylation
of AMPK on Thr172 supporting a fall in the liver energy status.
In contrast, no difference of the phosphorylation status of
MTOR at Ser2448 was observed between control and colchi-
cine-treated fish (Fig. 5B).

Colchicine treatment leads to hepatosteatosis

Colchicine injected fish exhibited an enlarged liver from d 2
of treatment (Fig. 6A). This was accompanied by a concom-
itant increase of hepatic triglycerides (TG) content (Fig. 6B),
a positive staining of liver sections with the neutral lipid
dye oil red O (ORO) (Fig. 6C) and a significant rise of the
mRNA levels of the 2 lipid droplets (LD) markers, namely
Plin2/Adrp (perilipin 2) and Plin3/Tip47 (perilipin 3)
(Fig. 6D, E). Thus, these results suggest that inhibition of
autophagy by colchicine treatment induces hepatic steatosis.

However, the observed accumulation of TG in colchicine-
treated fish could also originate from autophagy-independent
side effects induced by the administered drug. We therefore
examined the expression of several genes involved in lipid
metabolism. As shown in Figure 7A, the mRNA expression of
all monitored lipogenic genes (G6pd, Fasn, Me1 and Srebf1)
remained unchanged between control and colchicine injected
fish throughout the starvation periods. In contrast, the mRNA
levels of Lipa (lysosomal acid lipase A) and Lipe (lipase, hor-
mone sensitive) strongly increased in colchicine-treated fish,
consistent with reduced substrate delivery to the lysosome
rather than reduced lysosomal or cytosolic enzymatic machin-
ery (Fig. 7B). Also, supporting a fall in the levels of free fatty
acids generated by TG hydrolysis, the mRNA levels of 2 main
b-oxidation-related genes (Cpt1a and Hadh) significantly
decreased in colchicine-treated fish (Fig. 7C).

Overall, the results obtained show that colchicine treatment
induces hepatic steatosis and link this effect to autophagy
inhibition.

Colchicine treatment induces ER stress markers as well as
autophagy- and lysosome-related genes but not lysosomal
function

Obesity and liver steatosis have been shown to induce ER
stress.15-17 We therefore monitored in colchicine-treated and
nontreated fish the expression of 2 ER stress-induced genes,
Ddit3/Chop (DNA-damage inducible transcript 3) and Asns
(asparagine synthetase). As shown in Figure 8A, the mRNA
levels of these genes were significantly increased from d 2 of
colchicine treatment, supporting the induction of an ER-stress
in this condition.

Given that emerging data demonstrated that ER stress is
a potent inducer of autophagy,18-20 we also looked at the
expression of several autophagy- (Sqstm1/p62, Atg4b) and
lysosome- (Atp6v1a and Ctsd) related genes. As expected,

Figure 1. Colchicine promotes an increase of LC3-II in the liver of trout. (A) Repre-
sentative LC3-II and TUBB immunoblots of liver homogenates from trout treated
with water, 2 mg/kg/d vinblastine or 0.4, mg/kg/d colchicine for 2 d. Graph repre-
sents the ratio between LC3-II and TUBB used as loading control. Different letters
represent significantly different values (P < 0.05; n D 6). (B) Representative LC3-II
and TUBB immunoblots of liver homogenates from trout treated with water, 0.4,
0.8 or 3.2 mg/kg/d colchicine for one d. Graph represents the ratio between LC3-II
and TUBB used as loading control. Different letters represent significantly different
values (P < 0.05; n D 6). (C) Representative LC3-II and TUBB immunoblots of liver
homogenates from trout treated with water or 0.8 mg/kg/day colchicine for one,
2 or 3 d. Graph represents the ratio between LC3-II and TUBB used as loading con-
trol. � was used to indicate significant difference between treatment (P < 0.05;
nD 6).
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the results obtained show a clear induction of these genes in
colchicine-treated fish in comparison to control group
(Fig. 8B, C). However, this increase of the mRNA levels of
lysosomal genes in colchicine-treated fish was not followed
by an induction of CTSD activity (data not shown), sup-
porting a lack of activation of lysosomal function in this
condition.

Discussion

Reliable and quantitative assays to measure in vivo autophagy
are essential. Currently, there are varied methods for monitor-
ing autophagy; however, it remains a challenge to measure
“autophagic flux” in an in vivo model system.5 In the present
study, we first describe the feasibility of monitoring autophagic

Figure 2. Electron microscopy (EM) analysis of liver sections of trout. The trout were treated for 72 h with water (A to C) or 0.8 mg/kg/d colchicine (D to H). N, nucleus;
white arrow, autophagic vacuole; black arrow, lysosome. Graphs: average number of autophagosomes (I) and lysosomes (J) per mm2 in the EM images. (�, P < 0.05; n D
3 samples with 8 to 10 micrographs per sample).
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flux in vivo in rainbow trout by using colchicine. Although the
principle of this colchicine-based assay has been described in
mice,11 this report broadens its utility to another organism, the
rainbow trout. The results showed that 2 d of colchicine treat-
ment are necessary to induce a significant increase of LC3-II, in
line with a previous finding in mice.11 This represents a critical

difference with the short period of time (2 to 4 h) necessary to
block autophagosome-lysosome fusion with bafilomycin A1 in
many cell culture systems including trout myoblasts.5,21 The
reason for this difference is not known and could be related to
the inhibitory capacity of the used drugs. However, the level of
basal autophagy, the time course of autophagic induction and

Figure 3. Altered hepatic carbohydrates metabolism in colchicine-treated fish. Trout were treated with water or 0.8 mg/kg/d colchicine for one, 2 or 3 d. (A) Plasma glu-
cose levels (�, P < 0.05; n D 6). (B) Hepatic glycogen levels (�, P < 0.05; n D 6). (C) Hepatic mRNA levels of the gluconeogenesis-related genes G6pc1, G6pc2, Fbp1, and
Pck2. Expression values are normalized with Eef1a1-expressed transcripts (�, P < 0.05; n D 6).
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the biovailability of autophagy-inhibiting drugs may also con-
tribute to this difference. In this regard, basal autophagy or sen-
sitivity to autophagic induction may also vary with tissue (as
reported in mice by Mizushima and coworkers),22 animal age,
sex, or strain background and the protocol (dose and time
period of treatment) may need to be optimized in each
case.

One major limitation of the in vivo autophagic flux assay
is the “toxicity” of the blocking agent (at the concentration
and the time period of treatment necessary to block auto-
phagosome degradation) that may affect and invalidate the
measurement of the autophagic flux per se.5 It has thus
been shown in mice that increasing doses of colchicine to
achieve a complete block in LC3-II degradation had lethal
consequences as did the addition of a second “blocking”
agent.11 Moreover, the authors of this study reported that
both LC3-I and LC3-II levels are elevated when mice are
treated with colchicine beyond 5 d, suggesting that both an
enhancement and blockage of autophagy is occurring with
prolonged treatment. In the present study, fish treated with
0.8 mg/kg/d colchicine did not exhibit weight loss or dis-
tress. However, they presented a significant decrease in
plasma glucose levels associated with a fall in the mRNA
levels of gluconeogenesis-related genes from d 2 of treat-
ment. Recently, Ezaki et al. have demonstrated in mice that
liver autophagic proteolysis makes a significant contribution
to the maintenance of blood glucose during fasting by
releasing amino acids for glucose production via gluconeo-
genesis.14 In liver-specific autophagy (Atg7)-deficient mice,
no amino acid release occurs and blood glucose levels

continue to decrease in contrast to those of wild-type
mice.14 Similarly, autophagy induction is critical during the
fasting period between birth and suckling, for the produc-
tion of amino acids used to sustain plasma glucose levels
via gluconeogenesis.23 In this study, fasted neonatal mice
expressing a constitutively active form of RRAGA (RRA-
GAGTP) failed to induce autophagy and to produce amino
acids for de novo glucose production. Consequently, the
lower levels of gluconeogenic amino acids reduced hepatic
generation of glucose, ultimately leading to hypoglycaemia,
energetic exhaustion, and accelerated neonatal death. Our
results show a similar fall of the concentration of some
amino acids (valine, leucine, isoleucine, threonine, orni-
thine, and arginine) in the liver of colchicine-treated fish
compared to the control group. In contrast, the levels of
alanine, which is the main amino acid released by skeletal
muscle during fasting and taken up by the liver for glucose
production, increased significantly in colchicine-treated fish,
in line with the observed fall in the gluconeogenesis capac-
ity. Taken together, these data highlight the importance of
autophagy in the control of blood glucose levels via the pro-
duction of amino acids and indicate that a prolonged inhi-
bition of this system to measure autophagic flux could
profoundly perturb glucose homeostasis. Furthermore, our
results suggest that, in addition to the previously reported
role of autophagy in providing substrates for glucose pro-
duction,14,23 energy furniture, 24 or the synthesis of specific
proteins,25 it could also play a major role in the regulation
of the expression of gluconeogenesis-related genes, known
to be under the tight control of amino acid availability.26-29

Figure 4. Time courses of the changes in branched-chain amino acids and alanine levels in the liver of trout during starvation. Livers were isolated from trout treated with
water (red square) or 0.8 mg/kg/d colchicine (blue circle) for one, 2 or 3 d. The concentration of each amino acid is expressed as mmol/g wet tissue. Each value is the
mean § 95% confidence limit of data from 6 trout. �, P < 0.05.
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This would be an unknown function for autophagy that will
certainly deserve future investigation.

In addition to a decrease in plasma glucose levels, colchi-
cine-treated fasted trout exhibited a hepatosteatosis associ-
ated with a marked increase of the hepatic TG level, a
positive staining with the neutral lipid dye ORO and a sig-
nificant rise in the hepatic mRNA levels of 2 LD markers,
Plin2/Adrp and Plin3/Tip47. Recently, hepatic steatosis and
liver injury were also shown to be exacerbated by chloro-
quine treatment in alcoholic and nonalcoholic fatty liver
condition in mice,30 supporting a direct effect of autophagy
inhibition in the observed phenotype. In this regard, liver-

specific autophagy (Atg7)-deficient mice display increased
ORO staining of liver sections, hepatic TG accumulation
after starvation and LD-associated proteins PLIN2/ADRP
and PLIN3/TIP47 compared to wild-type mice.31 Further-
more, to determine how autophagy regulates TG levels, the
authors examine rates of TG synthesis and free fatty acid
b-oxidation in Atg5-knockdown hepatocytes (siAtg5 cells).
Equivalent rates of TG synthesis occur in control and siAtg5
cells. In contrast, rates of b-oxidation, indicative of the lev-
els of free fatty acid generated by TG hydrolysis,32 are
slower in cells with inhibited autophagy, consistent with
reduced lipolysis. Overall, our results on the expression of

Figure 5. Colchicine treatment disturbs the major energy sensors AMPK but not the nutrient sensor MTOR. (A) Representative phospho-AMPK at Thr172 and total AMPK
immunoblots of liver homogenates from trout treated with water or 0.8 mg/kg/d colchicine for one, 2 or 3 d. Graph represents the ratio between phospho-AMPK and
total AMPK. (B) Representative phospho-MTOR at Ser2448 and total MTOR immunoblots of liver homogenates from trout treated with water or 0.8 mg/kg/day colchicine
for one, 2 or 3 d. Graph represents the ratio between phospho-MTOR and total MTOR.
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lipid metabolism-related genes support these previous find-
ings and suggest that the hepatosteatosis induced by colchi-
cine treatment results in impairment of lipophagy. A
consequence of this deficiency of lipophagy and thus of
b-oxidation capacity seems to be the establishment of an
energy stress, as suggested by the induction of phosphoryla-
tion of AMPK in fish treated with colchicine.

Obesity and liver steatosis have been shown to induce ER
stress. For instance, mice with high fat feeding not only
develop hepatic steatosis, insulin resistance, and type 2 dia-
betes, but also exhibit ER stress markers in liver and other
tissues.15-17 Thus, ER stress and hepatic steatosis can form a
positive feedback loop to further amplify liver inflammation
and injury. Here, we show that mRNA levels of 2 ER stress-

Figure 6. Colchicine treatment leads to hepatosteatosis. Trout were treated with water or 0.8 mg/kg/d colchicine for one, 2 or 3 d. (A) Left: representative images of livers
of fish treated for 72 h. Right: Hepatosomatic index, nD 6. (B) Hepatic TG levels (�, P< 0.05; nD 6). (C) Left: Oil red O (ORO) staining of liver sections from 72 h colchicine-
or water-treated fish. Right: Quantification of area occupied by lipid droplets (LD). �, P < 0.05; n D 6. (D) Hepatic mRNA levels of Plin2/Adrp and (E) Plin3/Tip47. Expression
values are normalized with Eef1a1-expressed transcripts (�, P < 0.05; nD 6).
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induced genes, namely Ddit3 and Asns, were significantly
increased from d 2 of colchicine treatment. Beyond a simple
ER-stress marker, Ddit3 encodes a ubiquitous transcription
factor that is one of the most important components in the
network of stress-inducible transcription.33-37 In this regard,

recent studies have identified DDIT3 as a direct regulator of
numerous genes involved in the autophagic process.38-40

Here, we show that the increase of transcripts levels of sev-
eral autophagy- and lysosome-related genes in colchicine-
treated fish paralleled that of Ddit3 mRNA supporting these

Figure 7. Altered hepatic lipid metabolism in colchicine-treated fish. Trout were treated with water or 0.8 mg/kg/d colchicine for one, 2 or 3 d. Hepatic mRNA levels of (A)
lipogenic genes (G6pd, Fasn, Me1 and Srebf1), (B) Lipe (lipase, hormone-sensitive), Lipa (lysosomal acid lipase A) and (C) b-oxidation-related genes (Cpt1a and Hadh).
Expression values are normalized with Eef1a1-expressed transcripts (�, P < 0.05; n D 6).
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previous studies. However, the increase of lysosomal tran-
scripts was not followed by an increase of the lysosomal
function (as evidenced by the activity of CTSD), in line with
the demonstrated inhibition of the autophagic flux in our
samples and the recently published data showing that activa-
tion of lysosomal function depends on autophagosome-lyso-
some fusion.41 Thus, the observed induction of autophagy-
and lysosome-related transcripts in colchicine-treated fish
could result from a compensatory mechanism to rescue a
dysfunctional autophagic-lysosomal function. Finally, while
we cannot account for all the cellular and metabolic pertur-
bations induced by the long term use of colchicine, we
speculate that induction of ER stress may also affect major
cellular functions, such as apoptosis or chaperone-mediated
autophagy (CMA), that crosstalk with autophagic flux.

A modulation of the activity of apoptosis or CMA under
metabolic stress conditions has already been reported in dif-
ferent cell types and tissues.42,43 However, it remains to be
established whether or not CMA or a CMA-like process
exists in fish.

Together, the results presented here demonstrated the
feasibility of monitoring autophagic flux in vivo in rainbow
trout by using colchicine. However, they also show that the
concentration and/or the time period of treatment necessary
to block autophagosome degradation in vivo profoundly
affect metabolic and cellular homeostasis. While we cannot
rule out the possibility that the observed effects are inde-
pendent of autophagy inhibition, the results obtained match
closely with the reported role of this degradative system,
highlighting the importance of considering these effects

Figure 8. Colchicine treatment induces ER stress markers as well as autophagy- and lysosome-related genes. Trout were treated with water or 0.8 mg/kg/d colchicine for
one, 2 or 3 d. Hepatic mRNA levels of (A) ER stress-induced genes Ddit3 and Asns, (B) autophagy- related genes Sqstm1, Atg4b, and (C) lysosome- related genes Atp6v1a
and Ctsd. Expression values are normalized with Eef1a1-expressed transcripts (�, P < 0.05; n D 6).
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when using not only colchicine, but all autophagy blockers
as in vivo “autophagometers.” In the future, another impor-
tant issue will be to adapt the autophagic flux assay (used
drug, dose and time period of treatment) to the studied tis-
sue, animal age, sex, or strain background, which may dis-
play a different pattern of autophagy induction and/or
sensitivity.

Materials and methods

Reagents

Chloroquine diphosphate salt (C6628), colchicine (C9754) and
vinblastine sulfate salt (V1377) were purchased from Sigma-
Aldrich.

Experimental procedures

The experiments were carried out in accordance with the EU
legal frameworks, specifically those relating to the protection of
animals used for scientific purposes (i.e., Directive 2010/63/
EU), and under the French legislation governing the ethical
treatment of animals (Decret no. 2001-464, May 29th, 2001).
The investigators carrying out the experiment had “level 1” or
“level 2” certification, bestowed by the Direction
D�epartementale des Services V�et�erinaires (French veterinary
services) to carry out animal experiments (INRA 2002-36, April
14th, 2002).

Juvenile immature rainbow trout were reared in the INRA
experimental facilities at Donzacq (Landes, France) at a con-
stant water temperature of 17.5 § 0.5�C, under natural

photoperiod. They were fed a standard trout commercial diet
(T-3P classic, Skretting, Fontaine-les-Vervins, France) during
the acclimatization period. Prior to the intraperitoneal (IP)
administration, fish (mean body mass 130 g) were food
deprived for 24 h (minimal time required to ensure the empty-
ing of the digestive tract). After this period, trout were sedated
with benzocaine (10 mg/L), and chloroquine (20, 40 or 50 mg/
kg/d), vinblastine (2 mg/kg/d), colchicine (0.4, 0.8 or 3.2 mg/
kg/d) or vehicle (water) was IP injected at 100 mL/100 g body
mass for 1, 2 or 3 d (as specified in the figure legends) under
nutrient-starvation conditions. Then, according to each experi-
mental design, 6 fish per treatment were sampled at different
times specified in figure legends. Trout were anaesthetized with
benzocaine (30 mg/L) and euthanized by a sharp blow to the
head. Blood was removed from the caudal vein into heparinized
syringes and centrifuged (3000 g, 5 min); the recovered plasma
was immediately frozen and kept at ¡20�C. Livers were dis-
sected and immediately frozen in liquid nitrogen and kept at
¡80�C.

Protein extraction and western blotting

Protein homogenates from livers were prepared as previously
described.44 Protein concentrations were determined with the
Bradford reagent method.45 Lysates (10 mg of total protein)
were subjected to SDS-PAGE and immunoblotted with an anti-
body to LC3B (Cell Signaling Technology, 2775), TUBB (Cell
Signaling Technology, 2146), anti-phospho AMPK (Thr172;
Cell Signaling Technology, 2531), anti-AMPK (Cell Signaling
Technology, 2532), anti-phospho-MTOR (Ser2448; Cell Signal-
ing Technology, 2971), anti-MTOR (Cell Signaling Technology,

Table 1. Sequences of the primer pairs used for real-time quantitative RT-PCR.

Gene 50/30 Forward primer 50/30 Reverse primer

Gluconeogenesis-related genes
G6pc1 TAGCCATCATGCTGACCAAG CAGAAGAACGCCCACAGAGT
G6pc2 CTCAGTGGCGACAGAAAGG TACACAGCAGCATCCAGAGC
Pck2 GTTGGTGCTAAAGGGCACAC CCCGTCTTCTGATAAGTCCAACG
Fbp1 GCTGGACCCTTCCATCGG ACATAACGCCCACCATAGG

Lipid droplet-related genes
Plin2/Adrp CATGGAGTCAGTTGAAGTCGTC AATTTGTGGCTCCAGCTTGCC
Plin3/Tip47 GATGTCCAACACCGTCACAG TCGATTTCCAACTCGTCCTC

Lipid metabolism-related genes
Fasn TGATCTGAAGGCCCGTGTCA GGGTGACGTTGCCGTGGTAT
G6pd CTCATGGTCCTCAGGTTTG AGAGAGCATCTGGAGCAAGT
Me1 TACGTGCGGTGTGTGTGACG GTGCCCACATCCAGCATGAC
Srebf1 CATGCGCAGGTTGTTTCTT GATGTGTTCGTGTGGGACTG
Lipe GCCCTGGAGGAGTGCTTCTAC TGGCGAACATCACAGAGTCATC
Lipa AGTGTCAACAGGATCCCACA TTTGCCATCTCATCATAACTGAA
Cpt1a TCGATTTTCAAGGGTCTTCG CACAACGATCAGCAAACTGG
Hadh GGACAAAGTGGCACCAGCAC GGACAAAGTGGCACCAGCAC

ER stress-related genes
Ddit3 CGACAATGTCCAACAACCTG ACGAGGAGAACGAGGTGCTA
Asns CTGCACACGGTCTGGAGCTG GGATCTCGTCTGGGATCAGGTT

Autophagy lysosomal-related genes
Atg4b TATGCGCTTCCGAAAGTTGTC CAGGATCGTTGGGGTTCTGC
Sqstm1 GCCCACTGGGTATCGATGT GGTCACGTGAGTCCATTCCT
Atp6v1a CTGTTTAATTTCTGAAGATCTA GATCTCTCCCACCAGCTCAC
Ctsd TGGGCCTGTAGAGGGTGCTT CCACCATCTCCGACTCGATG

Reference gene
Eef1a1 TCCTCTTGGTCGTTTCGCTG ACCCGAGGGACATCCTGTG
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2972). These primary antibodies have been shown to cross-
react successfully with rainbow trout proteins of interest.21,44,46

After washing, membranes were incubated with an IRDye
infrared secondary antibody (LI-COR Inc., 956-32221). Bands
were visualized by Infrared Fluorescence using the Odyssey®
Imaging System and quantified by Odyssey infrared imaging
system software (Application software, version 1.2).

Histological procedures and electron microscopy

For Oil Red O staining, liver tissues, which were frozen in OCT
compounds (BDH, 361603E), were cut at 10-mm thickness,
mounted on slides and allowed to dry for 30 to 60 min. The
sections were fixed with 10% formalin for 10 min and then the
slides were rinsed with water. After air drying, the slides were
placed in 100% propylene glycol (Sigma, 82280) for 3 min, and
stained in 0.5% Oil Red O solution (Sigma, O0625) in propyl-
ene glycol for 20 min. The slides were transferred to an 85%
propylene glycol solution for 2 min, rinsed in distilled water for
2 changes, and processed for hematoxylin counter staining.

For electron microscopy, liver blocks (1 mm3) were fixed in
2.5% gluteraldehyde in 0.1 M phosphate buffer (pH 7.4), and
post-fixed in 1% osmium tetroxide in phosphate buffer. After
acetone dehydration and embedding in araldite (epoxy resin;
Fluka, 10951), ultrathin sections were stained with lead citrate.
Observations were performed on a Hitachi H7650 (80 kV) elec-
tron microscope (Electronic imaging pole of Bordeaux Imaging
Centre, France). Autophagic vacuoles were identified using pre-
viously established criteria.31

Metabolic analysis

Plasma glucose and liver TG were undertaken with Glucose
RTU (BioMerieux, 61269) and TRG50 (Sobioda, TRIG050)
kits, respectively adapted to a microplate format, according to
the recommendations of each manufacturer. Free amino acid
concentrations in liver were determined by ion exchange chro-
matography with a ninhydrin post-column reaction (L-8900
Amino Acid Analyzer, Hitachi High-Technologies Corpora-
tion, Tokyo, Japan).

mRNA levels analysis: Quantitative RT-PCR

The extraction of total RNA was performed using TRIzol
reagent (Invitrogen, 15596018) according to the manufacturer’s
recommendations. One microgram of the resulting total RNA
was reverse transcribed into cDNA, using the SuperScript III
RNAseH-reverse transcriptase kit (Invitrogen, 18080085) with
random primers (Promega, Charbonni�eres, France) according
to the manufacturer’s instructions. The primer sequences used
in the quantitative real-time PCR, as well as the protocol condi-
tions of the assays, have been previously published.47,48 Primers
of the Plin2/Adrp, Plin3/Tip47, Atp6v1a and Ddit3 genes were
newly designed using Primer3 software, as previously
described.49 To confirm specificity of the newly developed RT-
PCR assay, the amplicon was purified and sequenced (Beck-
man-Coulter Genomics, Takeley, UK). The primers used for
real-time RT-PCR assays are listed in Table 1. Quantitative RT-
PCR was carried out on the Roche LightCycler 480 System

(Roche Diagnostics, Neuilly sur Seine, France). The assays were
performed using a reaction mix of 6 ml per sample, each of
which contained 2 ml of diluted cDNA template, 0.24 ml of
each primer (10 mM), 3 ml Light Cycler 480 SY Green Master
mix (Roche Diagnostics, 4887352001) and 0.52 ml DNAse/
RNAse-free water (5 Prime GmbH, 2500020). The PCR proto-
col was initiated at 95�C for 10 min for initial denaturation of
the cDNA and hot-start Taq-polymerase activation, followed
by 45 cycles of a 3-step amplification program (15 s at 95�C;
10 s at 60 to 64�C and 15 s at 72�C), according to the primer
set used (Table 1). Melting curves were systematically moni-
tored (temperature gradient at 1.1�C/10 s from 65 to 94�C) at
the end of the last amplification cycle to confirm the specificity
of the amplification reaction. Each PCR assay included replicate
samples (duplicate of reverse transcription and PCR amplifica-
tion, respectively) and negative controls (reverse transcriptase-
and cDNA template-free samples, respectively). For the expres-
sion analysis of mRNA, relative quantification of target gene
expression was performed using the delta CT method described
by Pfaffl.50 The relative gene expression of Eef1a1 was used for
the normalization of measured mRNA and did not significantly
change over time (data not shown). In all cases, PCR efficiency
(E) was measured by the slope of a standard curve using serial
dilutions of cDNA. In all cases, PCR efficiency values ranged
between 1.8 and 2.2.

CTSD (cathepsin D) activity assay

Enzyme activity of CTSD was determined with CTSD activity
fluorometric assay kit according to the manufacturer’s protocol
(abcam, AB65302). Briefly, tissue homogenates were centri-
fuged at 10,000£g for 10 min at 4�C and the supernatant frac-
tion was used for enzymatic assay. Protein was incubated at
37�C for 1 to 2 h with the preferred CTSD substrate sequence
GKPILFFRLK(Dnp)-D-R-NH2 labeled with MCA. After incu-
bation for 1 h, fluorescence was measured with a fluorescence
microplate reader (Triad Fluorometer, Dynex Technologies) at
328/460 nm (excitation/emission).

Statistical analysis

The data were expressed as means § 95% confidence limit
(n D 6). The effects of time, IP administration of vehicle or
drug and their interaction were analyzed using 2-way ANOVA,
followed by a Student-Newman-Keuls test when the interaction
was significant. For all statistical analyses, the level of signifi-
cance was set at P < 0.05.

Abbreviations

AMPK AMP-activated protein kinas
ASNS asparagine synthetase
ATG4B autophagy-related 4B
ATP6V1A ATPase, HC transporting, lysosomal 70kDa, V1 sub-

unit A
CMA chaperone-mediated autophagy
CPT1A carnitine palmitoyltransferase 1A, liver
CTSD cathepsin D; DDIT3/CHOP, DNA-damage inducible

transcript 3
EEF1A1 eukaryotic translation elongation factor 1 a 1
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FASN fatty acid synthase
FBP1 fructose-1,6-bisphosphatase 1
G6PC glucose 6-phosphatase, catalytic
G6PD glucose-6-phosphate dehydrogenase
HADH hydroxyacyl-Coenzyme A dehydrogenase
IP intraperitoneal
MAP1LC3/LC3 microtubule-associated protein 1 light chain 3
LD lipid droplets
LIPA lysosomal acid lipase A
LIPE lipase, hormone-sensitive
ME1 malic enzyme 1, NADP(C)-dependent, cytosolic
MTOR mechanistic target of rapamycin (serine/threonine

kinase)
ORO neutral lipid dye oil red o
PCK2 phosphoenolpyruvate carboxykinase 2 (mitochondrial)
PLIN2/ADRP perilipin 2
PLIN3/TIP47 perilipin 3
SQSTM1/p62 sequestosome 1
SREBF1 sterol regulatory element binding transcription factor 1
TG triglycerides
TUBB/b-tubulin tubulin, b
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