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energy metabolism in ZDF rats via PI3K/AKT pathway
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Abstract: Sleeve Gastrectomy (SG), as the most effective bariatric surgery, has been using to chronically lose weight 
and control glucose metabolism in Type 2 diabetes mellitus patients. However, the underlining mechanism is still 
unclear. In this study, we performed SG on Zucker diabetes fatty (ZDF) rat and investigated visceral lipid metabolism 
and energy metabolism. After performance of SG, weight, food intake, fasting plasma glucose (FPG) and oral glu-
cose tolerance teat (OGTT) of rats were measured. Furthermore, whole-body metabolic parameters were obtained 
through TSE LabMaster. Blood lipid and renal function were analyzed by serum from rats’ tail vein. Furthermore, 
the renal genes expression was either detected by real-time PCR, while western blotting was employed to detect 
the AKT/PI3K proteins level in rats’ kidney. Compared to control groups, body weight of ZDF rats treated with SG 
were significantly reduced, simultaneously with glucose homeostasis and energy metabolism improved including 
RER (P<0.05), energy expenditure (P<0.05) at night and activity of animal. Meanwhile, serum lipid of ZDF rats after 
SG was decreased, and renal function recovered. Histology analysis confirmed that the size of perirenal adipose 
from SD treated ZDF rats obviously decreased (P<0.001), effectively stimulating up-regulation of lipogenesis genes 
(P<0.05), while adipogenesis genes (P<0.05) in kidney was down-regulated. In addition, phosphorylation of PI3K 
(p-PI3K) and AKT (p-AKT) in rats kidney were significantly decreased in SG group (P<0.05). Weight loss, food intake, 
fasting plasma glucose and glucose tolerance in SG surgery rats were improved, which were coincident with energy 
metabolism changes. In conclusion, SG improves lipid and energy metabolism in ZDF rats model due to activating 
PI3K/Akt signaling pathway, which was contributed to the mechanism of bariatric surgery toward kidney.
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Introduction

Sleeve Gastrectomy (SG), compared with con-
ventional medical treatment and dieting, was 
an effective method for losing weight and acce- 
lerating glucose metabolism in both humans 
[1, 2] and rodents [3-5] in clinics. 

Recently, meta-analysis [6] demonstrated that 
bariatric surgery significantly alleviated diabe-
tes and its complications including microangi-
opathy [7, 8], macrovascular disease [8] and 
abnormal immune response [9]. Diabetic kid-
ney disease (DKD) was considered a major fac-
tor causing diabetic complications, however 
the mechanism of treatment was still unclear. 

Numerous researchers paid attention to obesi-
ty-related glomerulopathy [10]. Though obesity 
and hypertension were independent risk fac-
tors for DKD, clinical evidence showed obesity 
accelerating DKD course [11, 12]. Carla N. 
Holcomb and his colleagues [13] confirmed that 
bariatric surgery was beneficial to renal func-
tion recovery of patients with kidney disease. In 
addition, visceral fat accumulation might cause 
retinal neurodegenerative disorders [14]. 
However, mechanism of SG being a bariatric 
surgery treating kidney injury for recovering dia-
betes nephropathy was unclear. According to 
studies, diabetes nephropathy was associated 
with inflammation [15, 16], glucose metabolism 
and oxidative stress [17]. Moreover, visceral fat 
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light/dark cycle, relative hu- 
midity of 40-70% and 21-25°C. 
After adaption 2 weeks, the 
rats were divided into 3 groups 
according to the surgical pro-
cedure performed, including 
(1) SG (n=8), (2) sham surgery 
(n=8), (3) control (n=6). All 
operations were performed 
according to the Guide for the 
Care and Use of Laboratory 
Animals. The study was ap- 
proved by the Institutional 
Animal Care and Utilization Com- 
mittee of Fudan University 
Pudong Medical Centre.

Surgical procedures

In brief, preoperative fasting of 
solid food took place for at 
least 14 h, while water was 
allowed. Before the surgery, 
the operation area was steril-
ized with 70% alcohol mean-
while the rat was anaesthe-
tized using 3% pentobarbital 
sodium. The abdomen was 

accumulation had greater risks for cardiovas-
cular and renal function than subcutaneous 
fat, which was the precursor of the metabolic 
syndrome and insulin resistance. In this study, 
we preformed SG on ZDF rats and demonstrat-
ed that the SG effectively improved the weight 
loss, food intake, fasting plasma glucose and 
glucose tolerance from histology and gene 
expression data. Furthermore, our data also 
showed that SG changed the metabolism per-
formance though PI3K/Akt pathway. These evi-
dences confirmed that SG is an effective meth-
od for losing weight and improving glucose 
metabolism in type 2 diabetes patients.

Materials and methods

Animals

16 male Zucker diabetic fatty rats and 6 male 
lean Zucker rats with 300±15 g mean body 
weight at 8-10 weeks were purchased from 
Shanghai Slyke Laboratory Animal Corp. All ani-
mals were housed in individual caging in spe-
cific pathogen free (SPF) condition with 12 h 

opened through a 3 cm midline epigastric inci-
sion. About 80% of the glandular stomach was 
removed by resecting the organ from both sides 
using haemostaticforceps, the gastric remnant 
was sutured with 5/0 swaged needle. After 
abdominal flush using 0.9% NaCl at least three 
times, which is necessary, the open abdomen 
was subsequently closed by continuous run-
ning suture. Sham-operated animals under-
went the same abdominal incisions and tran-
sections of the small bowel followed by 
resuturing. As a result, the anatomic structure 
was not changed. 

Postsurgical manipulations

At the end of the surgery, all rats received 1 ml 
0.9% NaCl with subcutaneous injection in order 
to maintain hydration during keeping warm. The 
vital postoperative care was injections of peni-
cillin during the next three days. The rats were 
allowed to drink purified water for 24 h after 
surgery, and food was provided for 48 h after 
surgery. Thereafter, the rats received HFD until 
8 weeks after surgery.

Figure 1. SG improved weight loss, decrease of fasting plasma glucose and 
food intake in ZDF rats (A), the body weight changes before and after surgery 
in all groups (B), fasting plasma glucose changes before and after surgery in 
all groups (C), food intake changes in all groups at 2 weeks before and 2,4 
and 8 weeks after surgery. Date were expressed as mean ± standard error 
of mean (SEM) with N as the number of experiments. The statistical signifi-
cance of differences among groups was compared by analysis using one-
way ANOVA and the paired t-test. Differences were considered significant at 
P<0.05. Statistical analysis was conducted using GraphPad Prism version 
6.0 (San Diego, CA, USA).
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Figure 2. OGTT was measured at 10, 30, 60, 120 and 180 time points after surgery. The OGTT of ZDF rats in all 
groups (n=8). (A) 2 weeks preoperative and (B) 2, (C) 4, (D) 8 weeks postoperative. (E) The area under the curve 
(AUC) of OGTT glucose excursion. Date were expressed as mean ± standard error of mean (SEM) with N as the 
number of experiments. The statistical significance of differences among groups was compared by analysis using 
one-way ANOVA and the paired t-test. Differences were considered significant at P<0.05. Statistical analysis was 
conducted using GraphPad Prism version 6.0 (San Diego, CA, USA).

Weight, food intake, fasting plasma glucose, 
oral glucose tolerance test (OGTT)

All animals were fasted for 6 h and then weight 
was measured by an electronic scale, and fast-
ing plasma glucose was detected by handheld 
glucometer (Accu-Chek Performa, Roche Diag- 
nostics, Indianapolis, Indiana, USA) 0, 2, 4 and 
8 weeks after the surgery. Food intake was 
measured at pre-operation (2 weeks) and post-
operation (2, 4 and 8 weeks). An average of 3 
days’ food intake was employed in our study, 
and litter was removed during this time frame. 
At 2, 4 and 8 weeks after the surgery, 12-h-fast-
ed rats received a bolus of D-glucose (2 g/kg) 
and plasma glucose levels were measured at 0, 
10, 30, 60, 120 and 180 minutes after by tail 
bleeding.

Serum lipid and renal function

Serum lipid including cholesterol (CHOL), tri-
glycerides (TG), high density lipoprotein-choles-
terol (HDL-C) and low density lipoprotein-cho-
lesterol (LDL-C) and renal function including 
blood urea nitrogen (BUN) and creatinine 
(CREA) were measured using rats serum after 

fasting. An approximately 800 uL blood sample 
was collected from all the rats tail veins into the 
tubes containing EDTA. Then the samples were 
separated by centrifugation (3000 rpm) at 4°C 
for 10 min and stored at -80°C for ready.

Body metabolic parameters

Free cumulative activities, respiratory exchange 
ratio (RER=VCO2/VO2) and energy expenditure 
were measured towards ZDF rats. RER was the 
ratio of VCO2 to VO2 and RER reading of 0.7 indi-
cated that fat was a predominant fuel source, 
0.85 suggested a mix of fat and carbohydrates, 
and value of 1.00 or above demonstrating that 
carbohydrate was predominant fuel source. All 
animals were monitored indirect calorimetry, 
food intake, and free activity using system  
(TSE LabMaster, TSE Systems, Bad Homburg, 
Germany). Rats were accommodated in the 
metabolic cages for 24 hours and then moni-
tored for an additional 24 hours. Data was col-
lected from the last 24 hours in order to calcu-
late free activity, average RER, and energy 
expenditure during a daily cycle of 12 hours 
light/darkness.
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Figure 3. The body metabolic parameters measured by TSE LabMaster after SG surgery in all groups (n=8). (A) 
Daytime RER compared with that of at night. (B) RER change followed by time (C). Daytime energy expenditure com-
pared with that of at night (D). Energy expenditure change (E), daytime free activity compared with that of at night. 
(F) Activity change followed by time. Date were expressed as mean ± standard error of mean (SEM) with N as the 
number of experiments. The statistical significance of differences among groups was compared by analysis using 
one-way ANOVA and the paired t-test. Differences were considered significant at P<0.05. Statistical analysis was 
conducted using GraphPad Prism version 6.0 (San Diego, CA, USA).

RNA extraction and expression analysis by 
real-time RT-PCR

Total RNAs were extracted from kidney tissue 
using TRIzol (Invitrogen), and synthesis of cDNA 
was by reverse-transcribed the RNA using 
reverse-transcribed kit (QIAGEN). Real-Time 
PCR amplification was performed using ViiA 7 
Software (Applied Biosystems) with the follow-

ing conditions: 95°C for 30 sec and 40 cycles 
of amplification (95°C for 5 secs, 60°C for 30 
sec). 

The primer sequences were as follows: 

ATGL, 5’-AGTTCAACCTTCGCAATCTC-3’ and 5’- 
GTCACCCAATTTCCTCTTGG-3’; PPARγ, 5’-ACT- 
GCCTATGAGCACTTCAC-3’ and 5’-GATGGCATTG- 
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TGAGACATCC-3’; HSL, 5’-GCGCCTATTCAGGGAC- 
AGAG-3’ and 5’-CCAGGAAGGAGTTGAG-CCAT-3’; 
PGC-1a, 5’-GTCGAGATTCAGTGTCACC-3’ and 5’- 
GACCTTGATCTTGACCTGG-3’; SREBP-1C, 5’-TG- 
CCCTAAGGGTCAAAACCA-3’ and 5’-TGGCGGG- 
CACTACTTAGGAA-3’; ACC, 5’-ACAGAGATGGTGG- 
CTGATGT-3’ and 5’-GATCCCCATGGCAATCTGGA- 
3’.

The 2-ΔΔCT method was used to calculate the 
relative gene expression level.

Western blotting

Kidney tissues were homogenized and total 
proteins were extracted using RIPA buffer with 
phosphatase inhibitors cocktail. The concen-
tration of proteins was measured by BCA assay, 
equivalent amount of protein from each sample 
was loaded onto 8% and 10% SDS-PAGE. The 
gels were transferred to PVDF membranes, and 
incubated with primary antibodies against anti-
phospho-AKT (1:1000), anti-AKT (1:1000), anti-
Phospho-PI3K (1:1000), anti-PI3K (1:1000) 
and anti-β-actin (1:4000) at 4°C overnight, 
then incubated with secondary anti-rabbit or 
anti-mouse HRP-conjugated IgG antibodies 

(1:4000) for 2 h at room temperature. Finally, 
the membranes were detected through ECL 
plus Western blotting detection system. To 
quantify the protein signal, background was 
subtracted and normalized according to β-actin 
value. As for the phospho-specific protein, nor-
malized signals were total target protein and 
β-actin amount. 

Histology

After extraction, epididymal white adipose tis-
sue (eWAT) and kidney white adipose tissue 
(kWAT) were fixed in 4% paraformaldehyde at 
4°C overnight. All tissues were subsequently 
dehydrated, embedded in paraffin and 4 μm 
thick sections were cut using a microtome. For 
general histology, HE staining was performed 
referring to the standard methods. Adipose 
cells were collected randomly from photos and 
the area were calculated by Image J (Image J 
1.51e).

Statistical analysis

Date were expressed as mean ± standard error 
of mean (SEM) with N as the number of experi-
ments. The statistical significance of differenc-
es among groups was compared by analysis 
using one-way ANOVA and the paired t-test. 
Differences were considered significant at 
P<0.05. Statistical analysis was conducted 
using GraphPad Prism version 6.0 (San Diego, 
CA, USA).

Results

Sleeve gastrectomy improves ZDF rats weight, 
fasting plasma glucose and food intake

After sleeve gastrectomy surgery, the rats 
weight significantly decreased during 2, 4 and 
8 weeks compared to sham group (Figure 1A, 
P<0.05 at 2 and 4 weeks, 8 weeks with no sta-
tistical significance but trends comparable to 
the controls). After 6 hours fasting, FPG in 
Sham group was obviously higher than that in 
SG group at postoperative measuring time 
(P<0.001 at 2 weeks, P<0.05 at 4 weeks and 
P<0.01 at 8 weeks). After SG, food consump-
tion of ZFD rats significantly decreased com-
pare to sham and control groups at 2 and 8 
weeks (P<0.05 at 2 and 4 weeks), and there 
was no difference between sham and control 
groups. These data demonstrated that SG can 
efficiently improve weight, food intake and 
decreased fasting plasma glucose in ZDF rats.

Table 1. Sleeve Gastrectomy changed CHOL, TG, 
BUN and CREA
CHOL Control (n=6) Sham (n=8) SG (n=8)
    Week -2 2.19±0.04 3.75±0.15 3.72±0.15
    Week 2 2.45±0.05 4.39±0.20 3.44±0.21**

    Week 4 2.49±0.04 4.53±0.25 3.63±0.14**

    Week 8 2.52±0.05 6.25±0.36 3.60±0.20***

TG
    Week -2 0.63±0.01 1.02±0.03 1.06±0.03
    Week 2 0.77±0.03 1.14±0.06 0.74±0.04****

    Week 4 0.71±0.01 1.36±0.14 0.86±0.04*

    Week 8 0.63±0.01 1.32±0.08 0.84±0.04
BUN
    Week -2 6.16±0.15 6.91±0.23 6.44±0.33
    Week 2 5.72±0.21 5.86±0.17 6.10±0.23
    Week 4 5.54±0.11 6.53±0.26 7.63±0.40*

    Week 8 6.34±0.19 10.39±0.32 9.06±0.44
CREA
    Week -2 26.33±1.12 16.38±1.60 15.43±0.92
    Week 2 29.17±1.30 14.50±1.10 18.50±0.82*

    Week 4 27.67±0.67 15.38±0.96 18.29±0.57*

    Week 8 38.00±2.60 19.00±1.05 24.50±1.94*

*P<0.05, **P<0.01, ***P < 0.001, ****P<0.0001 between the 
Sham group and SG group.
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LabMaster. Rats were moni-
tored continuously during one 
week. RER in SG group was 
significantly lower than that in 
sham group at night (Figure 
3A, 3B, P<0.05). Energy 
expenditure at night was dif-
ferent between SG group and 
sham group, with statistical 
significance (Figure 3C, 3D, 
P<0.05). Moreover, ZDF rats 
after SG was more active at 
day time than that in sham 
group (Figure 3E, 3F, P<0.05), 
and night activity distance of 
rats was longer than daytime 
activity. These data demon-
strated that SG can change 
metabolic parameters includ-
ing RER, EE and free activity 
and effect fat and calories 
consumption in ZDF rats.

Sleeve gastrectomy changed 
the level of serum lipid and 
renal function

CHOL and TG are main index-
es of serum lipid. AS shown in 
Table 1, CHOL and TG in 
serum lipid (SL) of ZDF rats 
after SG significantly de- 
creased. BUN and CREA are 
main indexes of renal func-
tion, CREA in SG group 

Figure 4. The adipocytes of eWAT and kWAT measured by HE staining in 
ZDF rats. (A), Representative images of HE staining of epididymis and kidney 
adipose tissue in SG group, Sham group and Control group. Representative 
images were presented. Scale bar:100 um (B, C) the mean adipocytes area 
of random 25 adipose cell in SG group, Sham group and Control group. Date 
were expressed as mean ± standard error of mean (SEM) with N as the 
number of experiments. The statistical significance of differences among 
groups was compared by analysis using one-way ANOVA and the paired t-
test. Differences were considered significant at P<0.05. Statistical analysis 
was conducted using GraphPad Prism version 6.0 (San Diego, CA, USA).

Sleeve gastrectomy improved glucose metabo-
lism through oral glucose tolerance test (OGTT)

All date were measured after rats with 12 hours 
fasted. The absorption of glucose improved 
after surgery, but glucose homeostasis was sig-
nificantly improved at 2, 4 and 8 weeks after 
SG compared to sham groups according to AUC 
in Figure 2E. P<0.05 at 2, 4 and 8 weeks. These 
data demonstrated that SG can improve glu-
cose metabolism through oral glucose toler-
ance test in ZDF rats.

Sleeve gastrectomy changed fat and calories 
consumption according to body metabolic 
parameters

Body metabolic parameters including respira-
tory exchange ratio (RER), energy expenditure 
(EE) and free activity were measured by TSE 

enhanced compared to sham group in postop-
eration, which was possibly due to less muscle 
metabolism while BUN had no significantly dif-
ference for two groups. These data demon-
strated that SG can decrease the level of serum 
lipid and improve renal function in ZDF rats. 

Sleeve gastrectomy changed adipocyte size of 
eWAT, kWAT

Previous study proved that SG can improve 
renal function. We explored the volume change 
of visceral fat including Epididymis (eWAT) and 
kidney adipose tissue (kWAT) of ZDF rats 
through HE staining. Figure 4B showed that 
there was obvious difference between SG and 
sham group in kWAT, however with no obvious 
difference in eWAT. These data demonstrated 
that SG can decrease the adipocyte size of 
eWAT and kWAT of ZDF rats.
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Figure 5. PI3K/AKT levels after SG surgery in rat kidneys. Western blot quantitative analysis of (A) Real-time RT-PCR 
quantitative analysis of lipogenesis and adipogenesis about SREBP1C, C/EBPA, PPARg, ACC, ATGL and HSL mRNA 
levels in SG group, Sham group and Control group (n=8). (B, C) Western blot quantification of AKT and PI3K kidney 
protein expression in SG group, Sham group and Control group. Data were obtained by densitometry and were 
normalized using β-actin as loading control. Date were expressed as mean ± standard error of mean (SEM) with N 
as the number of experiments. The statistical significance of differences among groups was compared by analysis 
using one-way ANOVA and the paired t-test. Differences were considered significant at P<0.05. Statistical analysis 
was conducted using GraphPad Prism version 6.0 (San Diego, CA, USA).

Sleeve gastrectomy changed lipogenesis and 
adipogenesisby PI3K/AKT signaling pathwayin 
renal

Sleeve Gastrectomy changed renal function 
and kWAT in ZDF rats. Further, lipogenesis and 
adipogensis markers expression in kidney were 
detected. The results showed that ACC expres-
sion significantly decreased, HSL significantly 
increased in SG group compared to sham 
group, but lipogenesis genes, including SR- 
EBP1C, C/EBPA, PPARg and ATGL were no dif-

ference in Figure 5A. Western blot analysis 
revealed that p-PI3K and p-AKT were down-
regulated in Figure 5B and 5C. These data 
demonstrated that SG can change the mRNA 
expression associated with lipogenesis and 
adipogenesis by PI3K/AKT signaling pathway in 
renal.

Discussion

Sleeve gastrectomy, which was contributed to 
lose weight through decreasing the stomach 
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cubage, consists in a partial gastrectomy of the 
fundus to create a tubular gastric conduit con-
structed along the lesser curve of stomach [18-
20]. SG, a popular and effective bariatric proce-
dure, has widely applied on clinics compared to 
other therapy methods, such as diet and medi-
cation [21]. It was speculated that weight loss 
after gastric bypass was associated with 
mechanical restriction and malabsorption [20] 
including intake glucose and calorie [22]. In 
order to eliminate its mechanism for fat loss 
after surgery, metabolic parameters of SG, 
sham and control rats were monitored using 
TSE LabMaster. Analysis of RER showed that 
ZDF rats food intake and calories normally with 
less activity distance after SG and taking the 
same high-fat diet. These results revealed that 
energy restriction after SG was not the main 
reason for greatly improve body weight and glu-
cose homeostasis. Therefore these results 
confirmed that bariatric surgery is an effective 
mean to sustain long-term weight loss.

DKD was etiology and pathogenesis due to lack 
of insulin with causing metabolism disorder of 
glucose, protein and fat [23-25]. Several meta-
bolic factors such as advanced glycation, 
increased polyols synthesis, and enzyme acti-
vation including protein kinase C, and haemo-
dynamic factors include systemic hypertension, 
intraglomerular hypertension mainly resulted in 
obesity-induced nephropathy [26, 27]. However, 
lipid accumulation and metabolism have rarely 
taken into consideration. Recent studies have 
showed that obesity was strongly associated 
with diabetes complications, however fat accu-
mulation site was an evident risk factor for DKD 
[28, 29]. Moreover, excess visceral adipose tis-
sue leaded to greater obesity-related metabolic 
disturbances, including adipocytokine-related 
inflammation and insulin resistance compared 
to subcutaneous adipose tissue [30]. In addi-
tion, lipid accumulation obviously destroyed 
renal function, therefore it being one indication 
for predicting renal dysfunction [31, 32]. Hence, 
the recovery of diabetes nephropathy is closely 
related to lipid degradation. In this study, the 
adipocytes in perinephric fat tissue after SG 
were smaller than that in the epididymis fat tis-
sue, and lipogenic genes expression was up-
regulated, while adipogenic genes expression 
was down-regulated. It suggested that SG 
enhanced ZDF rats fat degradation [33-36]. 

taas activa-PI3K/PI3K,Ctes, and t studies on 
To investigate furtherly how SG surgery changed 
perirenal adipose size, we explored that SG sur-
gery increased ratios of p-PI3K/PI3K and 
p-Akt/Akt, indicating that PI3K/Akt signal- 
ing pathway was activated in this process. 
Therefore, our data provided novel proof that 
SG surgery could decrease perirenal fat or vis-
ceral fat tissue accumulation through activat-
ing AKT/PI3K pathway, remitting DKD. This  
provided new therapeutic approaches for pre-
venting and curing diabetes nephropathy. 
Compared with conventional therapy such as 
medication, complementary therapies, physi-
cal therapy and inserting a catheter into the 
bladder to release urine [37], SG surgery is 
valid for people in body mass index (BMI) ≥35 
(kg/m2) with diabetic nephropathy, which can 
effectively relieve the pain of patients.

In conclusion, our study demonstrated that 
DKD was associated with lipid metabolism and 
sleeve gastrectomy could relieve renal function 
owing to increasing lipid degradation.
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