
1

Vol.:(0123456789)

Scientific Reports |        (2022) 12:15677  | https://doi.org/10.1038/s41598-022-19572-z

www.nature.com/scientificreports

Glucocorticoid receptor activation 
reduces food intake independent 
of hyperglycemia in zebrafish
Niepukolie Nipu, Femilarani Antomagesh, Erin Faught & Mathilakath M. Vijayan*

Chronic cortisol exposure suppresses food intake in fish, but the central mechanism(s) involved in 
appetite regulation are unclear. Stress and the associated increase in cortisol levels increase hepatic 
gluconeogenesis, leading to hyperglycemia. As hyperglycemia causes a reduction in food intake, we 
tested the hypothesis that cortisol-induced hyperglycemia suppresses feeding in zebrafish (Danio 
rerio). We first established that stress-independent hyperglycemia suppressed food intake, and 
this corresponded with a reduction in the phosphorylation of the nutrient sensor, AMP-activated 
protein kinase (AMPK) in the brain. Chronic cortisol exposure also led to hyperglycemia and reduced 
food intake, but the mechanisms were distinct. In cortisol-exposed fish, there were no changes in 
brain glucose uptake or AMPK phosphorylation. Also, the phosphorylation of Akt and mTOR was 
reduced along with an increase in redd1, suggesting an enhanced capacity for proteolysis. Loss of the 
glucocorticoid receptor did not rescue cortisol-mediated feeding suppression but did increase glucose 
uptake and abolished the changes seen in mTOR phosphorylation and redd1 transcript abundance. 
Taken together, our results indicate that GR activation enhances brain proteolysis, and the associated 
amino acids levels, and not hyperglycemia, maybe a key mediator of the feeding suppression in 
response to chronic cortisol stimulation in zebrafish.

In fish, chronic stress generally leads to a decrease in food intake, and this has been attributed to the increase 
in circulating glucocorticoid levels post-stress1. The rise in glucocorticoid levels involve the coordinated stimu-
lation of the hypothalamic-pituitary-interrenal axis (HPI) axis in fish, which is analogous to the HPA axis in 
mammals2. The hypothalamus secretes corticotropin-releasing hormone (CRH), which acts on the anterior 
pituitary to release proopiomelanocortin (POMC), which is cleaved by prohormone convertase 1 (PC1) to 
release adrenocorticotropic hormone (ACTH) into the circulation. ACTH binds to the melanocortin 2 receptor 
(MC2R) on the steroidogenic cells in the interrenal tissue to stimulate the biosynthesis of glucocorticoids2,3. In 
teleost, cortisol is the primary glucocorticoid released in response to stress, and is essential for the metabolic 
adjustments to regain homeostasis3–5.

A key metabolic role for cortisol during stress is elevating circulating glucose levels by increasing hepatic 
gluconeogenesis to fuel the increased energy demand3–7. This is accompanied by an enhanced muscle protein 
degradation, which increase the availability of amino acids as substrates for gluconeogenesis in the liver3,6,8. 
Cortisol action is mediated by two types of receptors, the low-affinity glucocorticoid receptor (GR) and the high-
affinity mineralocorticoid receptor (MR), which are ligand-bound transcription factors3,5. Consequently, resting 
cortisol levels activate the MR, while the stress-induced and/or circadian elevation in cortisol levels activate the 
GR3. However, recent studies also suggest a possible interaction between the two receptors in mediating stress-
related behavioural and metabolic outcomes in fish8–10.

Although chronic cortisol elevation has been associated with feeding suppression in fish1, the molecular 
mechanisms are not well established. Chronic cortisol exposure increases circulating glucose levels3,6, and, there-
fore, we hypothesized that stress-induced hyperglycaemia may limit food intake by increasing glucose sensing 
in the brain11. As in mammals, hyperglycemia suppresses feeding in fish, and this corresponds with a reduced 
phosphorylation of the AMP-activated protein kinase (AMPK), a key energy sensor12–16, in the hypothalamus. 
Together, these results suggest a role of elevated glucose levels in the cortisol-induced inhibition of feeding, but 
this has yet to be explicitly tested in fish1. Teleosts, in general, are not as adept as mammals at glucose regulation, 
often being considered glucose intolerant. However, it is unclear why this is the case, as insulin and its recep-
tors are conserved in fish17,18. Recent studies have shown that stress levels of cortisol may limit skeletal muscle 
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glucose uptake and peripheral insulin action in zebrafish (Danio rerio)8,19, but whether stress affects central 
glucose regulation is unclear in fish20.

In this study, we tested the hypothesis that GR activation by cortisol causes hyperglycemia and enhances 
glucose uptake and metabolism in zebrafish brain, leading to the feeding suppression. To address this, we first 
investigated whether hyperglycemia alone, in the absence of high cortisol, affected brain metabolism and feeding. 
To accomplish this, zebrafish were exposed to waterborne glucose concentration as described previously21,22. 
Next, we chronically elevated cortisol content in zebrafish by waterborne exposure to this steroid as described 
previously9. We assessed whether this treatment led to hyperglycemia and mimicked the associated changes in 
brain metabolism and feeding. Finally, to discern whether the effects of cortisol were mediated by GR activation, 
we utilized a ubiquitous GR knockout zebrafish9. Also, to further confirm GR activation, as well as to test whether 
MR may play a role, we also carried out feeding trials with zebrafish lacking MR9. Following the treatments, the 
brain capacity for glucose uptake, as well as the transcript abundance (slc2a) of glucose transporters (GLUTs) 
and the phosphorylation of AMPK, a key cellular energy sensor15, were ascertained. Further assessment of the 
brain metabolic changes examined the insulin/growth factors signalling pathway, including insulin expression, 
their receptors transcript abundance, and the downstream phosphorylation of Akt and mTOR expression. We 
also measured the transcript abundance of regulated in development and DNA damage responses 1 (redd1), a 
key GR-responsive gene and a marker of protein breakdown, as well as an mTOR regulator8,23–25. Additionally, 
the transcript abundance of several key regulatory peptides related to feeding, including npy, crh, pomca, mc3r, 
mc4r, and lepa, were also measured. Overall, our results indicate that GR mediates the feeding suppression seen 
with cortisol, and this is due to alterations in the brain energy metabolism in zebrafish.

Materials and methods
Animal husbandry.  All adult zebrafish (Tupfel long fin strain) were maintained in 10 L tanks on a recircu-
lating system held at a 14:10 light: dark cycle (Pentair Aquatic habitats, Apopka, Fl, USA). Water temperature was 
maintained at 28.5 °C with pH and conductivity at 7.6 and 750-µS, respectively. Animals were fed with Gemma 
micro 300 (Skretting, USA) in the morning and live Artemia (San Francisco Bay Brand, USA) in the afternoon. 
The animal care protocol (AC17-0079) was approved by the University of Calgary Animal Care Committee, 
and followed the guidelines set by the Canadian Council on Animal Care.The fish lacking GR (GRKO) and MR 
(MRKO) zebrafish lines were generated as previously described using CRISPR/Cas9 mutagenesis. Briefly, GRKO 
fish have a − 7 bp deletion (nr3c1ca401/ca401) and the MRKO fish have a + 8 bp insertion (nr3c2ca402/ca402). Wildtype 
(WT) fish were a result of an F1 heterozygous incross and all knockout fish used were maternal zygotic mutants 
(F3 generation). We have reported the study in accordance with the ARRIVE guidelines.

Glucose treatment.  Age-matched adult zebrafish (2:1 male to female ratio) were transferred from a recir-
culatory system to a 2 L freshwater static system (8 fish/tank) with aeration. The glucose treatment followed the 
protocol described previously21,22, with slight modification. We carried out a preliminary study to assess the 
waterborne glucose concentration (111 mM and 278 mM) required to maintain hyperglycemia after an over-
night exposure. Briefly, at 17:00 h fish were moved to static tanks and treated with either no glucose (control) or 
278 mM glucose in the water. The following morning (10:00 h) fish were either sampled or used for the feeding 
trials as described below.

Cortisol treatment.  Age-matched adult WT zebrafish (1:1 male to female ratio) were transferred from a 
recirculatory system to a 2 L freshwater static system (8 fish/tank), with aeration, and treated with cortisol at a 
concentration of 10 µg/mL as described previously with minor modification24. Cortisol was dissolved in ethanol 
with a final concentration of 0.05%, and this was also maintained in the control tanks. Briefly, at 17:00 h fish 
were moved to static tanks with aeration and treated with either cortisol or the vehicle. The following morning 
(10:00 h) fish were either sampled or used for the feeding trials as described below. For the 2-[N-7-nitrobenz-
2-oxa-1,3-diazol-4-yl) amino-2-deoxy-d-glucose (2-NBDG) study, adult WT zebrafish (1:1 male to female ratio) 
were transferred from a recirculatory system to a 2 L freshwater static system (6–8 fish/tank), with aeration, and 
exposed to either vehicle (0.05% ethanol) or cortisol (5 µg/mL) for 3 d. The fish were fed twice with Gemma 
micro 300 (Skretting, USA) and a 100% water exchange was carried out every 24 h.

2‑NBDG uptake.  Brain 2-NBDG uptake study was carried out with adult fish treated with cortisol (see 
above), and also with the WT and GRKO zebrafish8. As the GRKO fish (3:1 male to female ratio) are inherently 
hypercortisolaemic due to a loss of negative feedback9, we did not treat that genotype with cortisol. For the cor-
tisol study, after 3 d of exposure, the control and cortisol-treated adult zebrafish were intraperitoneally injected 
with 0.05 µmol 2-NBDG, as previously described8, along with either saline or insulin (0.0075 U/ g). The exact 
same procedure was also carried out for the wildtype and GRKO comparison, but without the insulin injection. 
The injected fish were euthanized after a 1 h recovery period and the whole brain was immediately removed and 
homogenized in 50 mM Tris-Buffer (pH 7.5) with a protease inhibitor cocktail (Roche Diagnostics, USA) using 
a sonicator (Fisher Scientific, 3 × 3 s pulse). Samples were centrifuged at 13,000×g for 1 min, and the supernatant 
was added to a black 96 well plate and the relative fluorescence unit measured using the Paradigm plate reader 
(Molecular devices, USA). The fluorescence was measured at 465/540 nm excitation/emission wavelength as 
described previously8.

Feeding performance.  Feeding performance was carried out with the glucose and cortisol treatments 
described above, and also with the WT and GRKO and WT and MRKO (1:1 male to female ratio) fish. As 
MRKO fish have normal cortisol levels9, additional treatment with exogenous cortisol was necessary to assess 
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whether MR or GR mediated the effects of this hormone. Briefly, at 17:00 h fish (WT and MRKO) were moved to 
static tanks with aeration and treated with either cortisol 5 µg/mL or the vehicle (0.05% ethanol). The following 
morning (10:00 h) feeding performance was assessed as described previously8. Briefly, fish were placed individu-
ally to a 2 L transparent tank with 1 L of system water and fed ten pellets at a time. The pellets were counted 
at 5-min intervals, new pellets provided if all had been consumed, for a total of 20 min. Fish were euthanized 
with MS-222 (buffered 1:2 with NaHCO3) either before or after the feeding trial, and the brain and liver stored 
at − 80 °C for further analysis.

Cortisol and glucose determination.  Whole-body cortisol was determined after diethyl ether extrac-
tion as previously described26. Cortisol was measured using an ELISA that was validated for zebrafish26. Blood 
glucose was quantified using FreeStyle glucose strips and meter (Abbott, Mississauga, ON, Canada), which was 
validated for zebrafish27.

Immunodetection.  SDS-PAGE, Western blotting, and dot blot were performed as previously described8,9. 
Briefly samples were homogenized in 50 mM Tris-Buffer (pH 7.5) with a protease inhibitor cocktail (Roche 
Diagnostics, USA) using a sonicator (Fisher Scientific, 3 × 3 s pulse; ~ 30% power), after which the samples were 
centrifuged at 13,000×g for 2 min. Protein concentration of the supernatant was determined using the bicin-
choninic acid (BCA) method with bovine serum albumin as standards. Samples were diluted in 5 × Laemmli’s 
buffer (156.25 mM Tris, 50% glycerol, 5% SDS, 0.0625% bromophenol blue and 25% 2-mercaptoethanol) and 
stored at − 20 °C. For the dot blot, 2 μL of sample (2 mg/mL protein) was added to a nitrocellulose membrane. The 
membrane was then dried for 2 h at 37 °C. Western blots were performed by separating equal amounts of protein 
(40 μg) on a polyacrylamide gel (8%), and then transferred to a nitrocellulose membrane with a SemiDry trans-
fer unit (BioRad). After transfer, the membranes were blocked for 1 h in 5% skim milk at room temperature, and 
this was followed by an overnight incubation at 4 °C with the appropriate antibody (see below), that have been 
previously used with zebrafish tissues8,9,28–30. The primary antibodies used are as follows: anti-phospho-mTOR 
(mammalian target of rapamycin) [Cell Signaling Technology, # 2971, 1:1000]; anti-phospho-Akt (Ser473) (Pro-
tein Kinase B) [Cell Signaling Technology, # 9271, 1:1000]; anti-Akt (Protein Kinase B) [Cell Signaling Technol-
ogy, # 9272, 1:1000]; anti-Phospho-AMPKα (Thr172)(AMP-activated protein kinase) [Cell Signaling Technol-
ogy, # 2535, 1:1000]; anti-AMPKα (AMP-activated protein kinase) [Cell Signaling Technology, # 5831, 1:1000]; 
anti-insulin [Agilent Technologies, # A056401-2, 1:500]; CY3 conjugated anti-β-actin (Sigma; C5838 1:1000) 
Immunodetection was carried out as previously described8,9. This insulin antibody works well with zebrafish as 
described previously8,31. Following overnight incubation with the primary antibody, membranes were washed 
with TTBS (5 min, 3×) and incubated for 1 h with secondary antibody (1:3000 Goat anti-rabbit IgG; Bio-Rad, 
170-6515 or 1:3000 Goat anti-Guinea Pig IgG (H/L):HRP for anti-insulin; Bio-Rad, AHP863P). Using Clarity 
Western ECL substrate (BioRad, 170-5061), protein bands were detected. Relative band intensity was quantified 
using ImageJ software (National Institutes of Health, Bethesda, MD) as described previously8,9.

Transcript abundance.  The transcript abundance of specific genes was measured by quantitative real-time 
PCR (qPCR). Total RNA was extracted from the brain and liver using Ribozol (VWR) according to the manufac-
turer’s instructions. Using a Spectradrop Micro-Volume Microplate (VersaMax, Molecular Devices, CA, USA), 
RNA was quantified, and 1 μg of total RNA was treated with DNase I (Thermo Scientific, Waltham, MA, USA) 
before cDNA synthesis using the high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, 
CA, USA). Quantitative PCR was carried out as previously described26 using a QuantStudio 3 Real-Time PCR 
system (Applied Biosystems), with SsoAdvanced™ Universal SYBR® Green Supermix (Biorad, Canada). All sam-
ples were run in duplicates using gene-specific primers (Supplemental information Table S1). Samples were run 
with the following cycling conditions: 94 °C for 2 min, 40 cycles of 95 °C for 30 s, and 30 s at 60 °C, and a final 
extension step at 72 °C for 10 min. The relative expression of the transcripts were quantified using the 2−∆∆Ct 
method32 and amplicon specificity was confirmed by melt curve analysis. β-actin was used as the housekeeping 
gene for normalization and the cycle thresholds (Cts) for this gene did not change between treatments.

Statistics.  All analysis was carried out using Sigma Plot 14 (Systat Software Inc., San Jose, USA) and the 
graphs were plotted using Graphpad Prism 9.2.0 (Graphpad software, USA). The data are shown as means ± SEM. 
The two sample comparisons were carried out using an unpaired t test (P < 0.05). The transcript abundance of 
slc2a were analysed using one-way ANOVA (P < 0.05; Holm-Sidak post hoc), insulin glucose uptake and MRKO 
feeding data was analysed using a two-way ANOVA (P < 0.05; Holm-Sidak post hoc). Data was transformed 
to meet the assumptions of normality and equal variance or analysed using the Mann–Whitney U test. Non-
transformed values are shown in the figures.

Results
Glucose exposure inhibits food intake.  Glucose-treated fish had significantly higher blood glucose lev-
els compared to the control group (Fig. 1A; P < 0.0001). We then measured the liver transcript abundance of 
phosphoenolpyruvate carboxykinase (pck1), which is a key gluconeogenic gene essential for maintaining glucose 
homeostasis33. The transcript abundance of pck1 in the liver was significantly lower in the glucose-treated fish 
compared to the control fish (Fig. 1B; P = 0.041). Glucose treatment did not affect whole-body cortisol levels 
when compared to the control fish (Fig. 1C; P = 0.544). The food intake in the glucose-treated fish was signifi-
cantly lower, and they ate less than half of the food consumed by the control fish (Fig. 1D; P = 0.012).
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Glucose reduces AMPK phosphorylation in the brain.  To test if the decrease in food intake cor-
responded with the phosphorylation of AMPK, a crucial energy sensor regulating appetite15, we measured the 
ratio of phosphorylated to total AMPK expression in the brain. The AMPK expression was significantly lower 
in the glucose-treated fish compared to the control fish (Fig. 2A; P = 0.011 and also see Figs. S6A and S6D). We 
assessed if the glucose treatment altered the transcript abundance of the GLUTs, including slc2a1a, slc2a1b, 
slc2a2, slc2a3a and slc2a12. The transcript levels of slc2a1a (P = 0.64), slc2a1b (P = 0.344), slc2a2 (P = 0.906), 
slc2a3a (P = 0.129) and slc2a12 (P = 0.383) (Fig. 2B) in the brain were not significantly different between the two 
groups. We also measured the transcript abundance of glucokinase (gck) which is known to be involved in brain 
glucose-sensing11.The transcript levels of gck remained unaltered in the glucose treated fish when compared to 
the control fish (Fig. 2C; P = 0.21). The steady state transcript abundance of brain appetite regulating peptides, 
including npy (Supplemental: Fig. S1A; P = 0.136), crh (Supplemental: Fig. S1B; P = 0.106), pomca (Supplemental: 
Fig. S1C; P = 0.21), mc3r (Supplemental: Fig. S1D; P = 0.836, mc4r (Supplemental: Fig. S1E; P = 0.246), and lepa 
(Supplemental: Fig. S1F; P = 0.653) were not significantly different in the glucose-treated fish compared to the 
control fish.

Glucose did not affect Akt and mTOR phosphorylation.  We tested if glucose affected insulin expres-
sion and the Akt-mTOR signalling pathway. Glucose exposure significantly increased the expression of whole-

Figure 1.   Glucose exposure inhibits food intake. (A) Plasma glucose was significantly higher in the glucose-
treated fish compared to the control fish. (B) pck1 transcript abundance in the liver significantly decreased after 
glucose treatment compared to the control fish. (C) Whole-body cortisol levels remained unchanged in the 
glucose-treated fish compared to the control fish. (D) Glucose-treated fish consumed significantly fewer pellets 
than the control. Values are means ± SEM. (Plasma glucose n = 27–29; Transcript abundance n = 6; Whole-body 
cortisol n = 8; Feeding performance n = 12–16). ns—not significant; *(P < 0.05); ****(P < 0.0001)).

Figure 2.   Glucose reduces AMPK phosphorylation in the brain. (A) Glucose exposure decreased the ratio of 
phosphorylated to total AMPK (M.W.:62 kDa) in the brain compared to the control. (B) The transcript levels 
of the glucose transporters (slc2a’s) in the brain did not change after glucose exposure. As we were comparing 
relative abundance of all slc2a’s in the brain, we chose to normalize all slc2a’s to the slc2a2, which showed the 
lowest transcript abundance. (C) mRNA levels of glucokinase (gck) remained unchanged after glucose exposure 
when compared to the control. Values are means ± SEM. (AMPK expression n = 5–6; Transcript abundance 
n = 6). ns—not significant; *(P < 0.05).
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body insulin compared to the control (Fig. 3A; P = 0.043). The ratio of phosphorylated to total Akt (Fig. 3B; 
P = 0.753) did not significantly change in the brain of the glucose-treated fish compared to the control fish. We 
assessed if this was also reflected downstream by changes in the phosphorylation of mTOR. Glucose treatment 
did not significantly alter the phosphorylation of mTOR in the brain of the glucose-treated fish compared to the 
control fish (Fig. 3C; P = 0.656). There was no significant difference in the transcript abundance of redd1 in the 
brain of glucose treated fish compared to the control fish (Fig. 3D; P = 0.083). Also, the transcript abundance of 
the insulin receptors, including insra-1 (P = 0.873), insra-2 (P = 0.785), insrb-1 (P = 0.396), insrb-2 (P = 0.583), in 
the brain remained unchanged in the glucose-treated fish compared to the control fish (Fig. 3E).

Cortisol suppresses feeding.  Cortisol-treated fish had significantly higher whole-body cortisol (Fig. 4A; 
P < 0.001) and glucose levels (Fig. 4B ; P < 0.001) compared to the control fish. To assess if gluconeogenesis played 
a role in the elevated glucose level, we measured the transcript abundance of the key gluconeogenic gene pck1 
in the liver of zebrafish. The transcript abundance of pck1 was significantly higher with a twofold increase in the 
cortisol-treated fish compared to the control fish (Fig. 4C; P < 0.02). Exposure to cortisol significantly decreased 
the number of pellets consumed compared to the control fish (Fig. 4D; P = 0.019). To assess if the reduction in 
food consumption reflect altered stead-state transcript abundance of feeding-related brain peptides in the cor-
tisol group, we measured the transcript abundance of genes that encodes for appetite regulation in the brain of 
zebrafish. Cortisol exposure did not significantly alter the transcript abundance of npy (Supplemental: Fig. S2A; 
P = 0.67), crh (Supplemental: Fig. S2B; P = 0.67), pomca (Supplemental: Fig. S2C; P = 0.223), mc3r (Supplemen-

Figure 3.   Glucose did not affect Akt and mTOR phosphorylation. (A) Whole-body insulin expression 
significantly increased after glucose exposure compared to the control. (B) Glucose exposure did not alter 
the ratio of phosphorylated to total Akt (M.W.:60 kDa) in the brain when compared to the control. (C) The 
phosphorylation of mTOR (M.W.:289 kDa) also remained unchanged in the glucose-treated fish compared 
to the control. (D) Brain redd1 mRNA levels remained unchanged in the glucose-treated fish compared to 
the control. (E) The transcript levels of the insulin receptor genes in the brain did not change after glucose 
treatment. Values are means ± SEM. (Whole-body insulin n = 5–6; Protein expression n = 6; Transcript 
abundance n = 6). ns—not significant; *(P < 0.05).
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tal: Fig. S2D; P = 0.740), mc4r (Supplemental: Fig. S2E; P = 0.177), and leptin a (lep a) (Supplemental: Fig. S2F; 
P = 0.691) compared to the control group.

Cortisol does not affect brain glucose uptake.  We tested if the brain capacity for glucose uptake is 
altered in response to cortisol and insulin treatment, and if that reflected a change in the transcript abundance 
of glucose transporters. There was no significant effect of cortisol exposure on brain 2-NBDG uptake compared 
to the control fish (Fig. 5A; P = 0.623). Insulin injection also did not significantly affect brain glucose uptake in 
both the control and cortisol treated group compared to the saline injected fish (Supplemental: Fig. S3; P > 0.05). 
The transcript abundance of slc2a1a, slc2a1b, slc2a2, slc2a3a and slc2a12 were measured in the brain of zebrafish. 
Among the GLUTs measured, slc2a2 had the lowest expression followed by slc2a12, slc2a1b, slc2a3a and slc2a1a 
in the brain of zebrafish (Fig. 5B; P = 0.05). However, no significant changes were observed in the transcript 
abundance of slc2a between the cortisol-treated fish and the control fish (Fig. 5B). Finally, to test if cortisol treat-
ment altered cellular energy status, we measured the expression of phospho-AMPK. The ratio of phosphorylated 
to total AMPK expression in the brain was not significantly affected by the cortisol-treatment compared to the 
control fish (Fig. 5C; P = 0.331 and also see Figs. S6B and S6E).

Figure 4.   Cortisol suppresses feeding. (A) Whole-body cortisol levels were higher in the cortisol-treated fish 
compared to the control. (B) Cortisol treatment significantly increased plasma glucose levels. (C) The pck1 
transcript abundance in the liver significantly increased after cortisol treatment compared to the control. (D) 
Cortisol-treated fish consumed significantly fewer pellets than the control. Values are means ± SEM (Whole-
body cortisol n = 7–8; Plasma glucose n = 17–21; Transcript abundance n = 6; Feeding performance n = 16). ns—
not significant; *(P < 0.05); ***(P < 0.001).

Figure 5.   Cortisol does not affect brain glucose uptake. (A) Uptake of the fluorescent glucose analogue 
2-NBDG in the brain of the cortisol-treated fish remained unchanged compared to the control. (B) The 
transcript levels of the glucose transporters (slc2a’s) in the brain did not change after cortisol exposure. (C) 
Cortisol treatment did not change the ratio of phosphorylated to total AMPK (M.W.:62 kDa) in the brain. 
Values are means ± SEM (Relative fluorescence units; RFU n = 11–12; Transcript abundance n = 5–6; AMPK 
expression n = 6). ns—not significant; Bars with different letters are significantly different (one-way ANOVA; 
P ≤ 0.05).
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Cortisol affects brain Akt and mTOR phosphorylation.  To test if cortisol affects Akt-mTOR path-
way, we measured the whole-body expression of insulin, as well as their receptors and key signalling markers, 
including Akt and mTOR phosphorylation in the brain of zebrafish. Cortisol did not significantly affect whole-
body insulin expression compared to the control group (Fig. 6A; P = 0.122). Also, cortisol did not significantly 
affect the transcript abundance of the insulin receptors, including insra-1 (P = 0.088), insra-2 (P = 0.118), insrb-1 
(P = 0.367) and insrb-2 (P = 0.232) in the brain of zebrafish compared to the control group (Fig. 6B). However, 
cortisol exposure significantly reduced the ratio of phosphorylated to total Akt in the brain of zebrafish com-
pared to the control group (Fig.  6C; P = 0.010). Additionally, the cortisol-treated fish had significantly lower 
expression of the phospho-mTOR compared to the control group (Fig. 6D; P = 0.039). To test if elevated cortisol 
levels affect brain protein breakdown, we measured the transcript abundance of redd1, an inhibitor of mTOR 
signalling and a marker of proteolysis34. Cortisol exposure significantly increased the transcript abundance of 
redd1 in the brain of zebrafish compared to the control fish (Fig. 6E; P = 0.003).

Lack of GR suppresses food intake.  To test if cortisol-GR activation influenced food intake, WT and 
MRKO fish were subjected to feeding trials before and after exposure to exogenous cortisol. The food intake did 
not significantly change between the WT and MRKO fish before cortisol treatment (Fig. 7A). However, after cor-
tisol exposure, both WT and MRKO mutants had a significant reduction in food intake compared to the control 
(untreated group) (Fig. 7A; P < 0.0001), suggesting that cortisol-GR activation suppresses appetite. To further 
confirm if the lack of GR also suppressed feeding, we carried out feeding trials with the GRKO fish8. Fish lack-
ing GR were hypercortisolemic (Supplemental: Fig. S4A; P = 0.04), while the blood glucose levels (Supplemen-
tal: Fig. S4B; P = 0.162) and the liver pck1 transcript abundance remained unchanged (Supplemental: Fig. S4C; 
P = 0.093) between the two genotypes. There was a significant reduction in food consumption in the fish lacking 
GR compared to the wildtype (Fig.  7B; P = 0.040). There was no significant change in the mRNA transcript 
levels of npy (Supplemental: Fig. S5A; P = 0.062), crh (Supplemental: Fig. S5B; P = 0.074), pomca (Supplemental: 
Fig. S5C; P = 0.995), mc3r (Supplemental: Fig. S5D; P = 0.094), mc4r (Supplemental: Fig. S5E; P = 0.346). How-
ever, the GRKO fish had decreased lepa expression compared to the WT (Supplemental: Fig. S5F; P = 0.044).

Figure 6.   Cortisol affects brain Akt and mTOR phosphorylation. (A) Cortisol treatment did not change 
whole-body insulin expression levels. (B) We observed no changes in the transcript levels of the insulin 
receptor genes in the brain after cortisol treatment. (C) The ratio of phosphorylated to total Akt (M.W.:60 kDa) 
in the brain was significantly lower in the cortisol-treated fish when compared to the control. (D) The 
phosphorylation of mTOR (M.W.:289 kDa) was also significantly lower after cortisol treatment. E. redd1mRNA 
levels significantly increased in the brain of the cortisol treated group compared to the control. Values are 
means ± SEM (Whole-body insulin n = 4; Protein expression n = 6; Transcript abundance n = 5–6). ns—not 
significant; *(P < 0.05); **(P < 0.01).
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Loss of GR increases brain glucose uptake.  The glucose uptake capacity, as measured by 2-NBDG 
uptake, was significantly higher in the GRKO fish compared to the wildtype (Fig. 8A; P = 0.042). The transcript 
abundance of slc2a2 (P = 0.017), slc2a1b (P = 0.023) and slc2a1a (P = 0.044) were significantly lower in the GRKO 
fish, but slc2a12 (P = 0.093) and slc2a3a (P = 0.314) remained unchanged compared with the WT (Fig. 8B). There 
was no significant difference in the ratio of phosphorylated to total AMPK expression in the brain of GRKO fish 
compared to the WT brain (Fig. 8C; P = 0.515 and also see Figs. S6C and S6F). The GRKO fish had significantly 
higher brain mass (Fig. 8D; P = 0.01) and total protein concentration (Fig. 8E; P = 0.009) compared to the WT.

Figure 7.   Loss of GR suppresses food intake. (A) MRKO fish lacks MR, while GR activation by 
cortisol treatment reduces the food consumed (control groups of both genotype had 12–18 fish and the 
cortisol group had 4–7 fish). *Significantly different from the control (2-way ANOVA; P < 0.001). (B) 
In fish lacking GR (GRKO) also the food intake was reduced (n = 8). Values are means ± SEM. ns—not 
significant; *(P < 0.05); ****(P < 0.0001).

Figure 8.   Loss of GR increases brain glucose uptake. (A) GRKO fish had significantly higher uptake of the 
fluorescent glucose analogue 2-NBDG in the brain than the WT. (B) The transcript levels of slc2a1a, slc2a1b 
and slc2a2 in the brain was lower in the GRKO fish compared to the WT, but the expression of slc2a3a and 
slc2a12 remained unchanged. (C) Loss of GR did not change the ratio of phosphorylated to total AMPK (M.W. 
62 kDa) in the brain. (D) GRKO fish had significantly higher brain mass compared to the WT. E. Brain protein 
concentration was significantly higher in the GRKO fish compared to WT. Values are means ± SEM (Relative 
fluorescence units; RFU n = 5–6; Transcript abundance n = 6; AMPK expression n = 9; Brain wet weight n = 9; 
Brain protein concentration n = 7–9). ns—not significant; *(P < 0.05); **(P < 0.01).
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Loss of GR affects brain Akt phosphorylation.  Dot-blot analysis of whole-body insulin expression 
showed that insulin expression did not significantly change in the GRKO fish compared to the WT (Fig. 9A; 
P = 0.639). Brain transcript abundance of the insulin receptors, insra-1 (P = 0.07), insra-2 (P = 0.114), insrb-1 
(P = 0.195) and insrb-2 (P = 0.139) were also not significantly different between the GRKO and WT fish (Fig. 9B). 
The ratio of phosphorylated to total Akt expression in the brain of GRKO fish was significantly lower compared 
to the WT fish (Fig. 9C; P = 0.005). The transcript abundance of redd1 was significantly lower in the brain of 
GRKO fish compared to the wildtype (Fig. 9D; P = 0.043). However, the phospho-mTOR expression was not 
significantly different between the two genotypes (Fig. 9E; P = 0.181).

Discussion
Our results demonstrate that chronic cortisol elevation inhibits feeding in zebrafish and this appears independ-
ent of the higher glucose levels associated with the cortisol-GR activation. Hyperglycemia suppressed feeding in 
zebrafish, but the molecular mechanisms for this phenotype was distinct from that seen with hypercortisolemia. 
For instance, while the phosphorylation of AMPK in the brain was reduced in response to hyperglycemia, there 
was no change in AMPK phosphorylation with cortisol-induced blood glucose elevation. One possible reason for 
this may be due to the lower brain glucose uptake capacity in response to GR activation by cortisol. In contrast, 
cortisol treatment reduced the Akt-mTOR signalling and increased the transcript abundance of redd1 suggesting 
an enhanced capacity for protein breakdown in the zebrafish brain. The loss of GR did rescue the cortisol-induced 
redd1 transcript abundance and the reduction in mTOR phosphorylation supporting a role for GR activation in 
affecting protein homeostasis in zebrafish8. However, the GRKO fish ate less and showed no changes in AMPK 
phosphorylation, and we propose this may have to do with the positive energy status, including efficient fuel 
utilization and higher protein content in fish lacking GR8. In the present study, we did not observe any changes 
in the transcript abundance of feeding-related peptides, and this may have to do with the fact that we used whole 
brain and not the hypothalamus for the analysis. Despite this limitation related to feeding-related peptides, the 
brain capacity for protein catabolism was enhanced due to GR activation, and we propose the associated increase 
in amino acid levels as a driver for the cortisol-mediated appetite regulation in fish.

Figure 9.   Loss of GR affects brain Akt phosphorylation. (A) Whole-body insulin levels remained unchanged 
in the GRKO fish compared to WT. (B) The transcript levels of the insulin receptor genes in the brain remained 
unchanged in GRKO fish compared to WT. (C) Loss of GR significantly decreased the ratio of phosphorylated 
to total Akt (M.W. 60 kDa) in the brain. (D) redd1 mRNA levels significantly decreased in the brain of 
GRKO fish compared to WT. E. The phosphorylation of mTOR (M.W. 289 kDa) remained unchanged when 
compared to the WT. Values are means ± SEM (Whole-body insulin n = 6; Protein expression n = 6–9; Transcript 
abundance n = 6). ns—not significant; *(P < 0.05); **(P < 0.01).
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We first confirmed that hyperglycemia, independent of cortisol response, play a role in the feeding suppres-
sion by exposing zebrafish to waterborne glucose21,22. Hyperglycemia did not evoke a stress response as cortisol 
levels remained unchanged. Also, the lack of change or reduction in the transcript abundance of GR-responsive 
genes, including pck1 and redd1 indicates that GR was not activated in response to excess glucose8,10. The role of 
AMPK in the regulation of glucose sensing and food intake15,35 is well established in mammals13,16,36,37, and the 
evidence suggests that this sensor plays a conserved role in fish11,14. In the present study, hyperglycemia reduced 
the phosphorylation of AMPK in the brain, and this corresponded with the reduced food intake (Figs. 1D and 
2A). Similarly, glucose exposure in the hypothalamus of rainbow trout in vitro also led to an inhibition of AMPK, 
and correspondingly increased the anorectic potential14. We did not observe significant changes in the transcript 
abundance of GLUTs or the feeding-related peptides in the brain suggesting that the steady state transcript levels 
are not altered by hyperglycemia. Zebrafish did respond to excess glucose by increasing the whole-body insulin 
expression, but this did not affect whole brain insulin responsiveness as the transcript abundance of either the 
insulin receptors or the phosphorylation of Akt and mTOR remained unchanged. This is in agreement with 
studies showing that teleosts respond to hyperglycemia by increasing insulin production, but the target tissue 
insulin action is not tightly regulated as in mammals17,18. Altogether, hyperglycemia altered the nutrient status 
of the brain, leading to a reduced phosphorylation of AMPK, and the associated suppression of food intake.

To test whether the cortisol-induced hyperglycemia may also play a role in the reduced food intake38, we 
exposed zebrafish to waterborne cortisol9. Hypercortisolemia increased blood glucose levels, and this corre-
sponded with an increased transcript abundance of liver pck1, supporting GR activation of gluconeogenesis3,6. 
However, little is known about cortisol’s role in central glucose regulation to suppress feeding in fish15,39. In 
the present study, cortisol exposure did inhibit feeding, but this was not accompanied by changes in the brain 
glucose regulation. For instance, the brain capacity for glucose uptake and the phosphorylation of AMPK was 
not altered in the cortisol group. One possibility is that the excess glucose in circulation in response to corti-
sol exposure may not be taken up by the brain to affect nutrient sensing. A previous study also showed that a 
crowding stressor in rainbow trout (Oncorhynchus mykiss), which led to elevated cortisol levels, suppressed the 
hypothalamic glucose-sensing response20. So, it appears that hypercortisolemia may be impeding the glucose 
uptake capacity of the brain in fish. This was also observed in mammals, as glucocorticoids inhibited the uptake 
of glucose in the hypothalamus and hippocampus7. In mammals, glucocorticoids impair insulin signalling in 
the brain40,41; however, the central glucose sensing and uptake are thought to be mainly insulin-independent 
unlike peripheral tissues42.

In the present study, the lack of change in whole-body insulin expression, despite elevated glucose levels in 
the cortisol-treated fish, suggests possible impairment of glucose sensing in peripheral tissues8,43. This notion 
finds support from our recent work that showed a reduction in skeletal muscle glucose uptake in zebrafish lack-
ing GR8. While there were no changes in the transcript abundance of brain insulin receptors, the reduction in 
the brain phosphorylation of Akt and mTOR points to a lower capacity for protein synthesis due to hypercorti-
solemia. In teleosts, insulin appears to be a major regulator of protein metabolism44 rather than peripheral glucose 
regulation17,18. The lack of any observable change in the 2-NBDG uptake with insulin either in the control or 
cortisol-treated fish (Fig. S3) supports a lack of insulin response to brain glucose regulation17,18. Consequently, 
the reduced Akt-mTOR signalling in response to hypercortisolemia observed in the present study may reduce 
the protein synthetic capacity in the brain of fish. The concomitant upregulation of redd1, a GR-responsive gene 
and a key marker of proteolysis8,23,25, suggests an enhanced potential for protein breakdown in the brain due to 
hypercortisolemia.

The upregulation of redd1 also suppresses mTOR signalling, thereby inhibiting protein synthesis23. Indeed, 
glucocorticoid-induced inhibition of protein synthesis in skeletal muscle was shown to be regulated by redd1 
suppression of mTORC145. Also, we showed previously that upregulation of redd1 by cortisol stimulation corre-
spond with increased muscle wasting in zebrafish8. Consequently, the upregulation of redd1 and the suppression 
of mTOR by chronic cortisol stimulation in the zebrafish brain points to a disruption in protein homeostasis, 
with a preponderance for protein breakdown. This suggests that other nutrients, apart from glucose, including 
amino acids may be involved in restricting food intake11. In support, a recent study underscored the central 
amino acid sensing as a key component in the regulation of food intake in fish46. In the present study, the chronic 
cortisol-mediated suppression of feeding was not accompanied by changes in the transcript abundance of key 
feeding-related peptide (Fig. S2). This is not surprising, as results from fish stress studies have been ambiguous 
with respect to feeding-related peptide changes, and may underlie the experimental disparities, including the 
species tested, the type and intensity of the stressor used, the dose and duration of cortisol exposure, and the 
brain regions used for assessing gene expression20,38,47–50.

To investigate if the cortisol-mediated suppression of food intake was due to the activation of GR, we utilized 
zebrafish lacking GR9. The GRKO fish are hypercortisolemic, but the blood glucose levels remain unchanged, 
likely due to the inability to upregulate gluconeogenesis8,9,51–54. In the present study, the GRKO fish ate less food 
compared to the wildtype, which is in agreement to our previous observation8. As the GRKO fish has a functional 
MR, it is possible that this receptor activation may be playing a role in the reduced food intake. However, the 
MRKO fish, which has a functional GR, also showed reduced feeding but only in the cortisol treated group10,24, 
supporting a role of GR activation in the appetite regulation.

In fish lacking GR, glucose uptake in the brain was increased, as seen in the muscle8, pointing to GR-driven 
changes in brain fuel utilization. The higher capacity for brain glucose uptake corresponded with alterations in 
the slc2a transcript abundance in the GRKO fish. For instance, the transcript abundance of slc2a1a, slc2a1b and 
slc2a2 were downregulated, while the slc2a3a and slc2a12 remained unchanged in the GRKO fish. In rats, chronic 
hyperglycemia led to a decrease in GLUT1 and GLUT3 expression in the brain55,56, suggesting that GLUTs play an 
important role in the brain glucose regulation, and may be regulated by GR activation. Indeed, studies in zebrafish 
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and rainbow trout (Oncorhynchus mykiss) proposed that slc2a2 may be involved in brain glucose sensing, as it 
plays an essential role in brain development by facilitating glucose uptake and availability57–59.

In the GRKO fish, unlike the fish treated with glucose, the increased capacity for glucose uptake in the brain 
did not correspond with a reduction in the phosphorylation of AMPK. While the reason for this is unclear, it 
may have to do with the positive energy status, given the enhanced capacity for brain glucose uptake and protein 
synthesis. This notion is supported by the higher brain mass and protein content in the GRKO fish in the present 
study. Also, a faster growth and a higher capacity for protein synthesis and lipid accumulation in the GRKO fish 
underscores an efficient energy utilization8,24, leading to a lower food intake. As redd1 regulates mTOR23,25,60, the 
reduced transcript abundance of redd1 in the GRKO fish may also favour mTOR phosphorylation and higher 
protein synthetic capacity. Consequently, the suppression of mTOR signalling by GR either directly and/or 
indirectly via redd1 regulation may play a role in cortisol-mediated protein synthesis inhibition.

In conclusion, high cortisol levels, and stress-independent hyperglycemia, reduced feeding in zebrafish but 
through distinct mechanisms (See Fig. 10). Despite a hyperglycemic phenotype in both instances, GR activa-
tion by cortisol restricted brain glucose uptake and did not alter the phosphorylation of AMPK, unlike stress-
independent hyperglycemia, which reduced phosphorylation of this nutrient sensor. The lack of change in AMPK 
due to cortisol may be associated with an enhanced capacity for brain proteolysis, and the associated increase in 
amino acid levels. The cortisol-driven changes, including upregulation of redd1 and the suppression of mTOR 

Figure 10.   Schematic representation of cortisol action on the regulation of feeding in zebrafish. 
Hypercortisolemia increased liver pepck transcript abundance suggesting enhanced capacity for gluconeogenesis 
(1), leading to elevated blood glucose levels (2). The elevated cortisol levels activate the glucocorticoid receptor 
(GR) in the brain (3), which restricts brain glucose uptake (4). GR activation increased redd1 transcript 
abundance and decreased the Akt-mTOR signaling, suggesting enhanced capacity for protein catabolism in the 
brain. We propose that increased protein breakdown may elevate the amino acids pool in the brain and alter the 
central amino acid sensing (5), which plays a role in the feeding/appetite suppression. “?” denotes mechanism 
unknown.
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phosphorylation were absent in the GRKO fish, pointing to a key role for this receptor activation in affecting 
brain protein homeostasis. Altogether, cortisol-induced restriction in food intake is driven by GR activation, 
and we propose that changes in central amino acid sensing may be a possible mechanism.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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