
Aquaculture 592 (2024) 741245

Available online 19 June 2024
0044-8486/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

Gckr depletion leads to growth retardation and diet-dependent visceral 
obesity in red crucian carp (Carassius auratus red var.) 

Juan Li a, Huilin Li a, Yuan Ou a, Qiyong Lou b, Zehong Wei a, Ming Wen a, Shi Wang a, 
Qingfeng Liu a, Yuqin Shu a,*, Shaojun Liu a 

a State Key Laboratory of Developmental Biology of Freshwater Fish, Engineering Research Center of Polyploid Fish Reproduction and Breeding of the State Education 
Ministry, College of Life Sciences, Hunan Normal University, Changsha 410081, Hunan, China 
b State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, Hubei, China.   

A R T I C L E  I N F O   

Keywords: 
Gckr 
Gck 
Insulin 
Glycolysis 
Lipid metabolism 

A B S T R A C T   

There exists a notable contrast in the carbohydrate utilization capacity between fish and mammals. In mammals, 
the glucokinase regulatory protein (GCKR) is known to exert inhibitory effects on glycolysis by binding to 
glucokinase (GCK), but its role in fish remains unexplored. In this study, the function of gckr in red crucian carp 
(Carassius auratus red var.), hereafter referred to as RCC, was investigated through its knockout. Under normal 
dietary conditions, the growth rate of gckr knockout RCC was significantly lower compared to wild-type (WT) 
RCC reared in the same environment. Subsequent analysis found that gckr knockout RCC exhibited significantly 
higher serum glucose levels at 1 h post-feeding or glucose injection (hpi), while the difference was abolished at 3 
h. Therefore, the metabolic characteristics at 1 and 3 hpi were evaluated between WT and gckr knockout RCC. 
The results revealed that gckr knockout led to impaired insulin signaling and glycolysis, as evidenced by a 
reduction in serum insulin level, hepatic insulin receptor a and pyruvate kinase expression, GCK contents, and 
pyruvate levels at 1 hpi. Additionally, gckr knockout resulted in compromised gluconeogenesis, as indicated by a 
significant decrease in hepatic expression of fructose-1,6-bisphosphatase 1 and glucose-6-phosphatase at 1 hpi, while 
it did not affect glycogen accumulation after glucose injection. Regarding lipid metabolism, gckr knockout caused 
a transient decrease in triglyceride level and reduced expression of fatty acid synthase after glucose injection. 
Moreover, decreased hepatic peroxisome proliferator activated receptor alpha (ppara) transcripts and proteins were 
observed in gckr knockout RCC at 1 dpi, indicating a reduced capacity for β-oxidation due to Gckr deficiency. 
Interestingly, when fed a high-lipid diet, gckr knockout resulted in a significant increase in visceral mass with 
higher triglyceride level, accompanied by attenuated PPARα signaling. Taken together, this study provides ev
idence that Gckr-mediated maintenance of Gck contributes to the facilitation of postprandial glycolysis, gluco
neogenesis, lipogenesis, and fatty acid β-oxidation in RCC. This study further suggests that enhancing glycolysis 
may promote growth and liver health in fish under high lipid dietary conditions.   

1. Introduction 

Glucokinase (hexokinase IV or D, GCK) initiates glycolysis by cata
lyzing the phosphorylation of glucose to glucose 6-phosphate (G6P) and 
therefore plays an important role in the regulation of blood glucose 
(Sternisha and Miller, 2019). Glucokinase regulator (GCKR), also known 
as glucokinase regulatory protein, was first identified by Van Schaftin
gen in 1989 as an inhibitor of GCK by inducing a lower affinity for 
glucose phosphorylation in vivo (van Schaftingen et al., 1997). The 

binding of GCKR to GCK in liver downregulated its affinity for glucose, 
leading to inhibition of glycolysis (Detheux et al., 1991). Mammalian 
GCKR belongs to the sugar isomerase (ISI) family, which is predomi
nantly expressed in the liver. The N-terminal SIS domain contains the 
binding sites for fructose 6-phosphate (F6P) and fructose 1-phosphate 
(F1P), while the C-terminal domain possesses the binding site for GCK 
(Veiga-da-Cunha et al., 2009). By taking advantage of creating different 
mutants of rat GCKR and determining their affinity and the activity of 
GCK, it was determined that GCKR has a single binding site for 
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phosphate esters (Veiga-da-Cunha and Van Schaftingen, 2002). Crystal 
structure analysis of GCKR further revealed that the competitive binding 
site between F1P and F6P is buried deep within a domain interface 
(Pautsch et al., 2013). The binding affinity between GCKR and GCK is 
enhanced by binding to F6P, whereas it is diminished by binding to F1P 
(Brown et al., 1997; Detheux et al., 1991). 

The knowledge of GCKR's role in vivo mainly comes from GCKR- 
deficient mice. Despite a significant reduction in hepatic GCK levels in 
GCKR-deficient mice, the GCK activity in the liver homogenates 
remained unchanged. However, the GCKR-deficient mice displayed 
tardive glucose clearance in the glucose tolerance test (Grimsby et al., 
2000). Conversely, overexpression of GCKR in mice improved glucose 
tolerance and reduced fasting blood glucose levels, accompanied by 
decreased insulin levels (Slosberg et al., 2001). These results suggest 
both a regulatory and a stabilizing role for GCKR in the mammalian 
liver. 

The consumption of a diet rich in carbohydrates often leads to the 
manifestation of persistent postprandial hyperglycemia in fish, high
lighting a diminished ability for effective glucose utilization (Enes et al., 
2009; Moon, 2001; Wilson, 1994). Notably, all glycolytic enzymes have 
been reported to be present in fish (Walton and Cowey, 1982). In a 
pioneering study conducted by Soengas et al. in 2009, the existence of 
GCKR-like proteins with molecular weights approximately 68 kDa was 
demonstrated in rainbow trout, carp, and goldfish, and their expression 
was detected in the liver. These GCKR-like proteins exhibited functional 
similarity to mammalian GCKR. Comparisons of GCKR-like protein 
properties among different teleost species revealed that the most intol
erant species possessed the most potent GCKR-like protein, while 
tolerant species displayed minimal binding of GCK and GCKR (Polakof 
et al., 2009). Remarkably, while GCK is highly conserved from fish to 
mammals, GCKR exhibits variability across species. Whether the varia
tion of GCKR leads to differences in the ability to utilize carbohydrates in 
fish? Whereas the function of gckr remains unexplored in fish. 

In this study, we generated gckr knockout RCC and investigated the 
effects of Gckr depletion on growth, glucose metabolism, and lipid 
metabolism. The results revealed that gckr knockout out led to tardy 
glucose clearance and stunted growth, possibly resulting from compro
mised glycolysis and the induced impairment of insulin signaling. Gckr 
depletion also resulted in reduced gluconeogenesis, lipid synthesis, and 
Ppara signaling. These perturbations further precipitated an increase in 
visceral mass, elevated triglyceride levels, and augmented fat accumu
lation under conditions of a high carbohydrate diet. Our findings, 
therefore, signify that the initial step of glycolysis catalyzed by GCK 
provides a driving force for growth, lipid synthesis, and fatty acid 
β-oxidation in fish. 

2. Materials and methods 

2.1. Ethics statement 

We followed the laboratory animal guideline for the ethical review of 
the animal welfare of China (GB/T 35,892–2018). Before sampling, fish 
were euthanized with tricaine methanesulfonate (A5040-25G, Sigma) at 
a concentration of 100 mg/L. All animal experiments in this study were 
approved by the Institutional Animal Care and Use Committee of Hunan 
Normal University (Permit Number: 630). 

2.2. Generation of gckr knockout RCC 

Based on CRISPR/Cas9 strategy, the target was designed on the third 
exon of gckr and the sequence is as follows: GATGGTGGATGTTG
CAAAGA. The gRNA was synthesized using TranscriptAid T7 high-yield 
transcription kits (K0441, Thermo Scientific Fermentas, Waltham, MA, 
United States of America), and the Cas9 mRNA was transcribed using the 
mMESSAGE mMACHINE™ T3 Transcription kit (AM1348 Ambion, 
Austin, TX, USA). The mixture containing 50 ng/μL gRNA and 100 ng/ 

μL Cas9 mRNA was injected into one to four cell stage embryos. The 
targeted regions were amplified using the following primers listed in 
Table S1 and sequenced to confirm the mutation. Homozygous RCC 
were generated by self-crossing heterozygotes carrying identical 
mutations. 

2.3. Growth performance assay 

WT and gckr knockout RCC were initially reared in separate ponds. 
To conduct this experiment, we assessed the weights of all fish in both 
ponds and handpicked 30 individuals from each group, with an initial 
weight averaging 0.94 ± 0.19 g. When the experimental fish were 
selected, they were mixed and reared in one net cage to be kept in 
completely same conditions. The experimental fish were fed twice daily 
at 9:00 and 18:00 with the satiation feeding strategy. For normal dietary 
conditions, the experimental fish were fed with commercial crucian carp 
feed. For treatment, the experimental fish were fed with a formulated 
diet containing 8.8% lipid. The formulation of the experimental high- 
lipid diet was based on a previous study (Tan et al., 2009), and the 
feed formula was shown in Table S2. The approximate composition of 
two diets were measured according to the procedures of the Association 
of Official Analytical Chemists (Baur and Ensminger, 1977). Dry matter 
was measured at 105 ◦C to constant weight. Crude protein was deter
mined using a full-automatic Kjeldahl tester (K-9840, Hanon, China). 
Crude lipid was determined through the Soxhlet extraction method after 
initial extraction with petroleum ether. Ash was measured after being 
burned at 550 ◦C for 3 h in a muffle furnace (GBT6438–2007). The 
carbohydrate content of the feed was determined by subtracting crude 
protein, crude fat, and ash from the dry matter. The approximate 
composition of two diets was shown in Table S3. The feeding trial lasted 
for 8 weeks, after which the WT and gckr knockout RCC were identified 
by genotyping with primers listed in Table S1, and their weights and 
lengths were measured and analyzed to compare their growth 
performance. 

2.4. Glucose treatment and serum glucose assay 

In the glucose challenge test, both oral feeding and intravenous 
glucose injection were attempted to assess the response to elevated 
blood sugar levels. Fifty-one WT and fifty-three gckr knockout RCC were 
fasted for 24 h (h) and this time point was considered as 0 h. For the 
feeding strategy, satiation feeding was started at 0 h point and 
completed within 30 min. For the injection strategy, the experimental 
fish were injected with 250 mg/mL glucose dissolved in sterile saline at a 
concentration of 500 mg per kilogram, and the injection of two groups 
was performed simultaneously and completed within 30 min. The con
centration of glucose for injection was according to a previous study (Jin 
et al., 2018). About 0.1 mL blood was drawn from the tail vein of treated 
fish at 0 h, 1 h, 3 h, 6 h, and 24 h after treatment, and the blood glucose 
levels were determined using a glucose meter (Performa, Roche, 
Switzerland). Each fish was sampled once and these experimental fish 
were trained to reduce the stress response by multiple harvests prior to 
the experiment. 

2.5. Assay of serum insulin using enzyme-linked immunosorbent assay 
(ELISA) kit 

Blood was drawn from the tail vein of the experimental fish and 
allowed to clot naturally for 20 min at room temperature. The blood was 
then centrifuged at 2000 rpm for 20 min and the supernatant was 
carefully collected. The Insulin Assay kit (H203–1-1, Nanjing jiancheng 
Bioengineering Institute, China) was used to determine the insulin 
content and the procedure was performed according to the kit in
structions. The OD values of the samples were determined using a 
microplate reader (Synergy2, BioTek, USA). Three replicates were made 
for each sample and the average of the three values represents the 
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individual sample value. Ten individuals per group were used for this 
assay. 

2.6. Determination of GCK content using ELISA kit 

Approximately 0.1 g of liver or muscle was collected as a sample and 
added with 9 volumes of phosphate buffered saline, thoroughly ho
mogenized, and centrifuged at 2000 rpm for 20 min. The supernatant 
was then carefully collected and 10 μL aliquot was used to determine the 
protein concentration using a spectrophotometer (UV-1100, MAPADA, 
China) according to the Total Protein Assay kit (A045–4-2, Nanjing 
jiancheng Bioengineering Institute, China). The remain supernatant was 
stored at − 20 ◦C until assayed. The GCK content of the supernatant was 
measured using the Glucokinase Assay kit (H439–1, Nanjing jiancheng 
Bioengineering Institute, China) and the procedure was performed ac
cording to the instructions provided with the kit. The OD values of the 
samples were determined using a microplate reader (Synergy2, BioTek, 
USA). The final pyruvate content in liver and muscle was normalized to 
the total protein content. Three replicates were made for each sample 
and the average of the three values represents the individual sample 
value. Six individuals per group were used for this assay. 

2.7. Assay of pyruvate in serum and tissue 

For the measurement of serum pyruvate, the blood sample was 
treated as in 2.4. For the measurement of pyruvate in tissues, approxi
mately 0.1 g of liver or muscle was taken as a sample and added with 9 
volumes of pre-cooled physiological saline, homogenized in an ice-water 
bath, centrifuged at 2500 rpm for 10 min and the supernatant carefully 
collected. A portion of the supernatant was then taken to determine the 
protein concentration using a spectrophotometer (UV-1100, MAPADA, 
China) according to the Total Protein Assay kit (A045–4-2, Nanjing 
jiancheng Bioengineering Institute, China), and the remainder was used 
to determine pyruvate. Pyruvates in both serum and tissue were deter
mined with the Pyruvate Assay kit (A081–1-1, Nanjing jiancheng 
Bioengineering Institute, China) on a Microplate Reader (Synergy2, 
BioTek, USA). According to the kit instructions, the final pyruvate 
content in liver or muscle was normalized to the total protein content. 
Three replicates were set up for each sample and the average of the three 
values represented the individual sample value. Six individuals per 
group were used for this assay. 

2.8. Assay of glycogen in liver and muscle 

Approximately 0.1 g of liver or muscle was digested with three 
volumes of alkali solution, heated in a boiling water bath for 20 min and 
cooled under running water. Then, the liver and muscle hydrolysis so
lutions were prepared into 1% and 5% detection solution, respectively, 
and then assayed under a spectrophotometer (UV-1100, MAPADA, 
China) according to the Glycogen Assay kit (A043–1-1, Nanjing jian
cheng Bioengineering Institute, China). Based on the detected OD 
values, the glycogen content was calculated according to the formula in 
the instructions. Three replicates were made for each sample and the 
average of the three values represents the individual sample value. For 
this assay, six individuals were used for each group. 

2.9. Assay of triglyceride in serum and tissue 

The preparation of serum was the same as that of insulin detection. 
For liver preparation, an approximate 0.1 g tissue was added with 9 
volumes of anhydrous ethanol, homogenized under ice-water bath 
conditions, centrifuged at 2500 rpm for 10 min, and the supernatant was 
collected carefully. For muscle preparation, the phosphate-buffered sa
line substituted anhydrous ethanol as homogenate medium, and the rest 
procedures were the same as the preparation of liver samples. All the 
samples were assayed with a spectrophotometer (UV-1100, MAPADA, 

China) according to the Triglyceride Assay kit (A110–2-1, Nanjing 
jiancheng Bioengineering Institute, China). Three replicates were set up 
for each sample and the average of the three values represented the 
individual sample value. Six individuals per group were used for this 
assay. 

2.10. Total RNA extraction and quantitative PCR (q-PCR) 

Total RNA was extracted from the liver and muscle of WT and gckr 
knockout RCC using the Trizol reagent (15596026CN, Invitrogen). All 
tissues were fully homogenized under ice bath conditions. The homog
enates were then mixed with chloroform, centrifuged at 12000 rmp for 
10 min and the aqueous phase was carefully collected. Isopropyl alcohol 
was added and the resulting floc became a white precipitate after 
centrifugation. The RNA precipitate was then washed with 75% ethanol, 
dried at room temperature and dissolved in DEPC water. The obtained 
RNA was then treated with DNase to remove DNA contamination, 
repurified by phenol-chloroform extraction and redissolved in 50 μL 
DEPC water. The resulting RNA was subjected to reverse transcription 
using the Revert-Aid First Strand cDNA Synthesis kit (Thermo-Fisher 
Scientific, USA), and the synthesized cDNA was used as a template for q- 
PCR with the primers listed in Table S1. The q-PCR was performed using 
the SYBR Green (MQ00601S, Monad, China) method on a Real-Time 
PCR System (Quantstudio 5, ABI, USA), and the relative expression 
levels of the target genes were normalized to the expression level of 
gapdh. Three replicates were set up for each sample, and six individuals 
were used for each group. The qPCR results are analyzed for significance 
using t-test. 

2.11. Western blotting 

Approximately 5 mg of liver or muscle was put into 1.5 mL eppendorf 
tube, added with 500 μL RIPA lysis buffer (P0013B, Beyotime, China) 
containing protease and phosphatase inhibitor cocktail (P1046, Beyo
time, China), and freshly added phenylmethylsulfonyl fluoride (ST506, 
Beyotime, China). After incubation on ice for 10 min, the samples were 
thoroughly homogenized, sonicated several times until clear and 
transparent, and centrifuged at 12,000 rpm (4 ◦C) for 5 min. The su
pernatants were then collected, mixed with an equal volume of 2×
sample buffer and boiled for 5 min. The prepared samples were sub
jected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE), transblotted onto a nylon membrane, blocked, sequentially 
incubated in the primary and secondary antibodies, and exposed to 
Western Blotting Substrate (Thermo Fisher Scientific, #32109). Finally, 
the signals were detected using a chemiluminescence imaging system 
(Chemidoc, Bio-Rad, USA). The primary antibodies against 
glyceraldehyde-3-phosphate dehydrogenase (Gapdh, MA5–15738, 
Invitrogen), ribosomal protein S6 kinase (S6, 2217S, Cell Signaling 
Technology), phosphorylated ribosomal protein S6 kinase (pS6, 4858S, 
Cell Signaling Technology), and Ppara (A24835, ABclonal), and the 
secondary antibodies of HRP-conjugated goat anti-mouse immuno
globulin G (D110098, Sangon Biotech) and HRP-conjugated goat anti- 
rabbit IgG (D110058, Sangon Biotech) were used in this study. 

2.12. Histological section preparation and HE staining 

The tissues were fixed in Bouin solution (PH0976, Phygene, China) 
for over 24 h and then subjected to the standard procedures (Zhang 
et al., 2021) as follows: dehydrated with a graded series of ethanol (70%, 
80%, 90%, 95%, and 100% ratios), permeabilized in a mixture of xylene 
and ethanol at a ratio of 1:1 for 45 min and xylene only for 15 min, 
embedded in paraffin wax, sliced at 8 μm thickness and placed on slides, 
baked at 42 ◦C overnight, dewaxed in xylene, rehydrated in gradient 
ethanol with 100%, 95%, 90%, 80%, and 70% ratios, stained in hema
toxylin for 30 s, washed with ddH2O, treated with 0.5% HCl and 0.2% 
NaOH respectively, stained in eosin for 2 min and finally sealed with 
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glycerol resin. 

2.13. Oil red stanning 

Liver tissues were fixed in 4% paraformaldehyde (E672002, Sangon 
Biotech, China) for over 24 h and then subjected to the following pro
cedures: Dehydrated in 30% sucrose solution overnight at 4 ◦C, per
meabilized with optimal cutting temperature compound and embedded, 
prepared into ice slices and placed on slides, rewarmed at room tem
perature and washed with ddH20, permeated with 60% isopropanol for 
2 min, stained with oil red working solution (G1015-100ML, Servicebio, 
China) for 8 min, rinsed with 60% isopropanol for 3 s, washed with pure 
water, stained with hematoxylin for 30 s, and finally sealed with glycerol 
resin after washing, blue recovery, washing, and drying. The observa
tions were conducted under a Leica microscope (DM2500, Leica, 
Germany). 

2.14. Transcriptome analyses 

Testes were isolated from males and immediately placed on dry ice. 
Total RNA was extracted with TRIzol reagent (Ambion, 15,596, USA). 
RNA integrity was assessed using the RNA Nano 6000 Assay kit of the 
Bioanalyzer 2100 system (Agilent Technologies, CA, USA). The RNA-seq 
was performed on an Illumina Novaseq platform and 150 bp paired-end 
reads were generate. Clean reads were mapped to the goldfish genome 

(ASM336829v1) using Hisa2 v2.0.5. The KEGG pathway enrichment 
analysis was performed using the clusterProfiler R package, considering 
differentially expressed genes with a corrected P-value of <0.05. 

2.15. Statistical analysis 

An evaluation was performed to assess the normal distribution of 
parameters derived from WT and gckr knockout RCC. Parameters 
demonstrating normality were subjected to the independent-samples t- 
test, while those failing to meet normality criteria were analyzed using 
the Kruskal-Wallis test. Both t-test and Kruskal-Wallis test were con
ducted using IBM SPSS Statistics for Windows, version 27.0 (IBMCorp., 
Armonk, N.Y., USA). All parameters in this study, such as body weight, 
insulin level, gene expression, serum glucose, GCK content, pyruvate 
content/level, glycogen content, triglyceride content/level, ppara tran
scripts and ratios of visceral mass, followed an approximately normal 
distribution. All the results are presented as mean ± standard error (n ≥
3). The results were considered statistically significant at P < 0.05. 

3. Results 

3.1. Gckr depletion inhibited growth and insulin signaling 

The gckr gene in RCC consists of 19 exons and the knockout target 
was designed on the third exon. We successfully generated two knockout 

Fig. 1. Gckr knockout led to reduced growth and compromised insulin signaling in RCC. (A) Target design and the blast results of mutant gckr sequences. (B) Typical 
appearance of WT and gckr knockout RCC after feeding trial with same initial weight. (C) Statistic analysis of initial and terminal body weight of WT and gckr 
knockout RCC during the feeding trail. (D) Serum insulin levels of WT and gckr knockout RCC at 1 and 3 h post glucose injection (hpi). (E) Expression levels of insulin 
receptors in livers of WT and gckr knockout RCC at 1 hpi. (F) Western blot analysis of S6 and p-S6 proteins from liver tissue of WT and gckr knockout RCC fish. GAPDH 
protein was used as the reference. 
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lines with a 7-base deletion and a 10-base insertion, respectively 
(Fig. 1A). The experimental data in this study were mainly collected 
from the 10-base insertion line. WT and gckr knockout RCC with the 
same initial body weight were selected for the feeding trial. After 8 
weeks, gckr knockout RCC showed obviously smaller body size than WT 
RCC, while there was no visible difference in the appearance between 
them (Fig. 1B). After weighing, it was determined that WT RCC had 
significantly higher terminal body weight than gckr knockout RCC 
(Fig. 1C). Given the role of insulin signaling in glucose metabolism and 
growth, we further investigated whether it was altered due to gckr 
knockout. It was found that gckr knockout RCC exhibited significantly 
lower serum insulin levels (Fig. 1D) and downregulated the expression 
of insulin receptor a (insra) in liver (Fig. 1E) at 1 hpi. Consistently, 
western blot revealed that activation of the downstream effect factor S6, 
in the form of phosphorylated S6, was impaired in gckr knockout RCC at 
1 hpi (Fig. 1F). These results suggest that gckr knockout impairs post
prandial insulin signaling and thereby inhibits the growth. 

3.2. Gckr depletion caused compromised glycolysis and gluconeogenesis in 
RCC 

To investigate the effect of gckr knockout on serum glucose in RCC, 
we conducted both feeding and intraperitoneal glucose injection. Both 
treatments were performed with 24 h of starvation as the starting point 
of the cycle (0 h), and the serum glucose levels of the two groups of RCC 

were continuously monitored at 0 h, 1 h, 3 h, 6 h, and 24 h after 
treatment. The results showed that the trends in serum glucose changes 
obtained from the two treatments were consistent. At the 0–1 h stage, 
both WT and gckr knockout RCC showed an increasing trend in serum 
glucose after feeding/intraperitoneal glucose injection, reaching peak at 
1 h after both treatments. However, gckr knockout RCC displayed faster 
rise in serum glucose, and reached a significantly higher peak compared 
to WT RCC. At the 1–3 h stage, gckr knockout RCC showed a faster 
decrease in serum glucose level, while WT RCC displayed only a slight 
decline. Therefore, the difference in serum glucose level between WT 
and gckr knockout RCC was eliminated at 3 h post treatment. During the 
3–24 h period, both groups showed little variation and a general trend of 
gradual decrease in serum glucose (Fig. 2A and B). It can be concluded 
that the differences in serum glucose between WT and gckr knockout 
RCC were mainly concentrated 0–3 h after feeding/intraperitoneal 
glucose injection. Therefore, the subsequent investigation of other 
physiological and biochemical indices was focused on 1 and 3 h after 
glucose injection. 

Considering the established interaction between Gck and Gckr, we 
examined Gck levels in both WT and gckr knockout RCC using an ELISA 
kit. The results found that WT RCC had significantly higher hepatic Gck 
contents at 1 hpi, and the difference was absent at 3 hpi (Fig. 2C). This 
finding suggests that the binding of Gckr to Gck functions as mainte
nance, stabilization, or storage of Gck, which may be in a rapid response 
to the increase in serum glucose. Given that Gck is the rate-limiting 

Fig. 2. Gckr knockout led to impaired glucose clearance and compromised glycolysis post glucose challenge in RCC. (A) Blood glucose levels of WT and gckr knockout 
RCC at 0, 1, 3, 6, and 24 h after food intake. (B) Blood glucose levels of WT and gckr knockout RCC at 0, 1, 3, 6, and 24 hpi. (C) GCK content in livers of WT and gckr 
knockout RCC at 1 and 3 hpi. (D) Expression levels of pk in livers of WT and gckr knockout RCC at 1 and 3 hpi. (E) Pyruvate contents in livers of WT and gckr knockout 
RCC at 1 and 3 hpi. (F) Serum pyruvate contents of WT and gckr knockout RCC at 1 h, 3 h and 6 h post glucose injection. (G) GCK content in muscle of WT and gckr 
knockout RCC at 1 and 3 hpi. (H) Pyruvate contents in muscle of WT and gckr knockout RCC at 1 and 3 hpi. 
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enzyme in the first step of glycolysis, the other indices related to 
glycolysis were examined. The results revealed that gckr knockout RCC 
had significantly lower hepatic expression of pk, which was another rate- 
limiting enzyme in glycolysis, at 1 hpi (Fig. 2D). Correspondingly, gckr 
knockout RCC also showed significantly decreased hepatic pyruvate 
contents and serum pyruvate levels at 1 hpi (Fig. 2E and F). Similar 
trends were also observed in the muscle of gckr knockout RCC, which 
had significantly lower Gck levels at 1 hpi (Fig. 2G) and reduced pyru
vate contents at both 1 and 3 hpi (Fig. 2H). These results strongly sug
gest that gckr knockout impairs the postprandial glycolysis in RCC. 

Gluconeogenesis and glycogen accumulation also play an important 

role in the regulation of postprandial glucose. Therefore, we also 
investigated whether there were differences in gluconeogenesis or 
glycogen accumulation between WT and gckr knockout RCC. The results 
revealed that the expression of fbpase and g6pase, the key enzymes 
related to gluconeogenesis, were dramatically downregulated in gckr 
knockout RCC at 1 hpi, but showed no difference between WT and gckr 
knockout RCC at 3 hpi (Fig. S1A and B). In addition, no differences in 
glycogen accumulation were found in both liver and muscle between 
WT and gckr knockout RCC (Fig. S1C and D). These observations indi
cate that gckr knockout also impairs postprandial gluconeogenesis but 
does not alter glycogen accumulation. 

Fig. 3. Comparison of lipid metabolism between WT and gckr knockout RCC. (A) HE staining of livers from WT and gckr knockout RCC. (B) HE staining of muscle 
from WT and gckr knockout RCC. (C) Hepatic triglyceride contents between WT and gckr knockout RCC at 1 and 3 hpi. (D) Serum triglyceride levels between WT and 
gckr knockout RCC at 1 and 3 hpi. (E) Expression of fasn in livers of WT and gckr knockout RCC at 1 and 3 hpi. (F) KEGG enrichment from transcriptome analysis 
between WT and gckr knockout RCC. (G) Levels of hepatic ppara transcripts in WT and gckr knockout RCC at 1 hpi. (H) Western blot analysis of hepatic protein Ppara 
with Gapdh as the reference. 
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3.3. Gckr depletion reduced postprandial hepatic triglyceride synthesis 
and fat oxidation metabolism in RCC 

Glycolysis is closely related to lipid metabolism, as the intermediate 
products of glycolysis can be converted into triglycerides. Therefore, it's 
necessary to investigate the status of lipid metabolism in gckr knockout 
RCC. HE staining was used to examine the morphology of liver and 
muscle in WT and gckr knockout RCC on a normal diet. It was found that 
the hepatocytes of both groups were round or oval, with nuclei in the 
centre, and there were no significant differences in the size of the he
patocytes and the density of hepatocytic nuclei between WT and gckr 
knockout RCC (Fig. 3A). Meanwhile, the morphology and density of 
muscle fiber bundles were also similar in the two groups (Fig. 3B). These 
results imply that gckr knockout doesn't affect fat accumulation under 
the normal diet. Subsequently, the postprandial triglyceride levels were 
determined in various tissues using triglyceride detection kit. Both WT 
and gckr knockout RCC exhibited a slight variation in hepatic triglyc
eride content from 1 to 3 hpi. However, gckr knockout RCC had signif
icantly reduced triglyceride contents at 1 hpi, but similar triglyceride 
levels at 3 hpi compared to WT RCC (Fig. 3C). Correspondingly, gckr 
knockout RCC also exhibited significantly reduced serum triglyceride 
levels at 3 hpi (Fig. 3D). Furthermore, gckr knockout RCC also displayed 
dramatically downregulated expression of fatty acid synthase (fasn) at 
both 1 and 3 hpi (Fig. 3E). Additionally, the transcriptome analysis 
further revealed gckr knockout RCC had enriched PPAR signaling 
pathway at 1 hpi (Fig. 3F). The ppara transcripts and Ppara levels, which 
played an important role in lipid oxidation metabolism, were dramati
cally decreased in gckr knockout RCC (Fig. 3G and H). The above results 

indicate that gckr knockout leads to a reduction in postprandial lipid 
synthesis and fat oxidation metabolism. 

3.4. Gckr depletion resulted in increased visceral mass in RCC under a 
high-lipid diet 

Considering that gckr knockout resulted in attenuated fat oxidation 
metabolism in RCC, it's necessary to examine its tolerance to high-lipid 
diets. We performed a feeding trial with a diet containing 8.8% lipid. 
After eight weeks of mixed culture, WT and gckr knockout RCC were 
identified by sequencing the gckr knockout target. It was found that the 
gckr knockout RCC exhibited a bulging abdomen, which was obviously 
thicker from the ventral view compared to WT RCC (Fig. 4A and B). 
Anatomically, both female and male gckr knockout RCC showed 
enlarged liver and excessive gonadal fat (Fig. 4C and D). After isolation, 
it was found that gckr knockout RCC showed obviously larger visceral 
masses than WT RCC (Fig. 4E). Moreover, gckr knockout RCC exhibited a 
significant increase in the weight of the visceral mass compared to WT 
RCC (Fig. 4F). In addition, the growth of gckr knockout RCC was also 
reduced under the high-lipid diet, with a significantly lower terminal 
body weights, even starting from the same initial weights (Fig. 4G). 
Similar to the observations on the normal diet, gckr knockout RCC had 
significantly lower serum insulin and pyruvate levels at 1 hpi (Fig. 4H 
and I). These results suggest that impaired insulin signaling and 
glycolysis are maintained in gckr knockout RCC under a high-lipid diet. 

Fig. 4. Observations of phenotypes after feeding trial with high-lipid diet. (A) Lateral view of WT and gckr knockout RCC. (B) Ventral view of WT and gckr knockout 
RCC. (C) Anatomical observations of WT and gckr knockout females after high-lipid diet. (D) Anatomical observations of WT and gckr knockout males after high-lipid 
diet. The arrow and arrowhead in C and D indicate gonadal fat and enlarged liver in gckr knockout RCC. (E) Comparison of visceral mass between WT and gckr 
knockout RCC after high-lipid diet. (F) Statistic analysis of the proportions of visceral mass to body weight between WT and gckr knockout RCC. (G) Statistic analysis 
of initial body weight and terminal body weight of WT and gckr knockout RCC during the feeding trail with high-lipid diet. (H) Serum insulin levels in WT and gckr 
knockout RCC at 1 hpi. I) Serum pyruvate contents in WT and gckr knockout RCC at 1 hpi. 
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3.5. Gckr depletion caused visceral obesity in RCC under a high-lipid diet 

The increased visceral mass may indicate increased fat deposition in 
gckr knockout RCC. Therefore, we further examined the histological 
structure and fat content in the livers. HE staining showed that many 
vacuoles were present in the livers of six WT RCC examined, whereas 

only two gckr knockout RCC had hepatic vacuoles and the other four gckr 
knockout RCC exhibited normal hepatic morphology (Fig. 5A and B). 
However, the oil red staining revealed that gckr knockout RCC exhibited 
obviously enriched stained lipid droplets in the liver (Fig. 5C and D). 
Moreover, gckr knockout RCC had significantly higher levels of visceral 
triglyceride, hepatic triglyceride, and serum triglyceride compared to 

Fig. 5. Comparison of triglyceride accumulation in WT and gckr knockout RCC after feeding trial with high-lipid diet. (A-B) HE staining of livers from WT and gckr 
knockout RCC. (C–D) Oil red staining of livers from WT and gckr knockout RCC. (E) Visceral triglyceride contents in WT and gckr knockout RCC. (F) Hepatic 
triglyceride contents in WT and gckr knockout RCC. (G) Serum triglyceride levels in WT and gckr knockout RCC. (H) KEGG enrichment from transcriptome analysis 
between WT and gckr knockout RCC after high-lipid diet. (I) Levels of hepatic ppara transcripts at 1 hpi in WT and gckr knockout RCC after high-lipid diet. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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WT RCC at 1 hpi (Fig. 5E-G). These results suggest that gckr knockout 
leads to increased fat deposition under the high-lipid diet. Based on the 
transcriptome analysis, it was revealed that gckr knockout RCC also 
maintained enriched PPAR signaling and decreased ppara transcripts 
(Fig. 5H and I). These results demonstrate that the increased fat depo
sition in gckr knockout RCC under high-lipid conditions may result from 
impaired lipid oxidation metabolism. 

4. Discussion 

The current study demonstrates that Gckr plays an important role in 
promoting postprandial glycolysis and maintaining the balance between 
glucose and lipid metabolism in fish. For the first time, this study pro
vides compelling evidence that Gckr may indirectly regulate insulin 
signaling, thereby further affecting growth and lipid metabolism. These 
findings highlight the importance of glycolysis in fish and provide a 
novel insight into improving growth performance in fish. 

GCKR was identified as an inhibitor of glycolysis in mammalian 
hepatocytes by binding to GCK and thereby reducing the phosphoryla
tion of glucose (Van Schaftingen, 1989; van Schaftingen et al., 1997). In 
this study, gckr knockout in RCC resulted in impaired serum glucose 
clearance and reduced GCK content (Fig. 2) during glucose tolerance. 
These results suggest that GCKR plays a role in the storage and protec
tion of GCK in RCC. This finding is similar to the observations in GCKR 
mutant mice (Farrelly et al., 1999; Grimsby et al., 2000). Activation of 
GCK is a rate-limiting step in the induction of glycolysis (Ferre et al., 
1996). The current study implies that gckr knockout leads to impaired 
glycolysis in RCC, supporting by compromised glucose clearance, 
decreased pk expression and subsequently reduced pyruvate levels after 
consuming glucose (Fig. 2). In glycolysis, GCK not only catalyzes the 
conversion of glucose to glucose 6-phosphate (G6P), which is the first 
rate-limiting step, but also regulates the last rate-limiting step by pro
moting the transcription of pk via G6P in hepatocytes (Matsuda et al., 
1990). These data, taken together, suggest that the storage/protection 
function of Gckr promotes the postprandial glycolysis in RCC through 
maintaining GCK content and indirectly promoting pk expression. 

Although GCKR in mice and RCC showed similar roles in GCK stor
age/protection, the downstream effects were distinctly different. Both 
reduced growth performance and serum insulin levels were only present 
in gckr knockout RCC (Farrelly et al., 1999; Grimsby et al., 2000). The 
poor growth performance in gckr mutant RCC may be due to impaired 
postprandial GCK levels, insulin levels, and insulin signaling (Fig. 1), as 
both reduced GCK levels and insulin levels/signaling have been reported 
to be associated with poor growth (Hattersley et al., 1998; Terauchi 
et al., 2000; Kitamura et al., 2003; Laron, 2008; Laron and Werner, 
2020). Moreover, GCK has been reported to play a role in modulating 
glucose-stimulated insulin secretion (Efrat et al., 1994; Grupe et al., 
1995; Terauchi et al., 1995; Sternisha and Miller, 2019; Chen et al., 
2022;). These observations indicate that Gckr may indirectly regulate 
insulin secretion and growth through reciprocal control with Gck, while 
the underlying reasons for the discrepancies between mice and RCC in 
response to GCKR deficiency remains unknown. 

GCK-mediated glucose phosphorylation is the rate-controlling step in 
insulin-stimulated hepatic glycogen synthesis in vivo (Nozaki et al., 
2020). Activation of GCK can induced glycogen synthesis by increasing 
the intracellular concentration of glucose 6-phosphate (Ferre et al., 
1996), while the inactivation of GCK resulted in a significant reduction 
in hepatic glycogen syntheis (Farrelly et al., 1999). However, no sig
nificant difference in hepatic glycogen deposition was observed between 
WT and gckr knockout RCC in this study (Fig. S1). This result may be 
attributed to reduced glycogenolysis, as glucose is considered to be the 
primary suppressor of hepatic glycogenolysis, and hyperglycemia is 
required to suppress glycogenolysis in vivo (Petersen et al., 1998; 
Petersen et al., 2017). 

In mammals, GCK-regulated glucose disposal also promotes triglyc
eride synthesis by transforming excess carbohydrates to fatty acids and 

activating the transcriptional activity of carbohydrate response element 
binding protein, which can promote the expression of Acc and Fasn 
(Towle et al., 1997; Li et al., 2010; Poupeau and Postic, 2011; Sternisha 
and Miller, 2019). Furthermore, lipogenesis is also transcriptionally 
controlled by sterol regulatory element-binding protein 1c (SREBP1c), 
which is directly activated by insulin signaling (Koo et al., 2001). In the 
current study, the knockout of gckr resulted in a reduction in post
prandial triglyceride levels and fasn transcripts under a normal diet 
(Fig. 3). These results are consistent with the decreased GCK content and 
compromised insulin level/signaling in the gckr knockout RCC (Figs. 1 
and 2). However, gckr knockout also impaired lipid oxidation by 
decreasing PPARα signaling (Figs. 3 and 5), which is known to promote 
β-oxidation in both hepatic and extrahepatic organs (Wang et al., 2020). 
Insulin was reported to enhance both the phosphorylation state and the 
transcriptional activity of PPARα (Desvergne and Wahli, 1999; Shalev 
et al., 1996). Consequently, our findings suggest that Gckr may indi
rectly promote lipogenesis and lipid oxidation through enhancing 
glycolysis and insulin signaling in RCC. Therefore, the fat accumulation 
in gckr knockout RCC mainly depended on the diet (Figs. 3 and 5). 
Significantly, the consumption of the high-lipid diet induced various 
metabolic syndrome traits in gckr knockout RCC, including increased 
visceral mass, hepatic fat accumulation, and an elevated plasma lipid 
profile (Figs. 4 and 5). These results demonstrate that gckr knockout 
reduces the tolerance to high-lipid diet in RCC. Although additional 
evidence is necessary to fully elucidate the potential involvement of 
Gckr in PPARα signaling, this study highlights the intricacies of lipid 
metabolism and underscores the essential role of Gckr in maintaining 
metabolic homeostasis in fish. 

In summary, this study provides implications that enhancing 
glycolysis may promote growth and tolerance to high-lipid diet in fish. 

5. Conclusion 

In this study, we generated gckr knockout RCC to investigate the 
resulting phenotype and metabolic characteristics. We found that gckr 
knockout resulted in diminished postprandial glycolysis. The impaired 
glycolysis in gckr knockout RCC further induced compromised insulin 
signaling, gluconeogenesis, lipogenesis and lipid oxidation metabolism. 
These metabolic alterations led to growth retardation and intolerance to 
high-lipid diets in gckr knockout RCC. 
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