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Long-term intake of high-energy diet can lead to decreased insulin sensitivity and even

insulin resistance, eventually leading to diabetes. Diabetes often occurs in middle-aged

and elderly people. However, there is growing evidence that the incidence rate of young

body is increasing over the years. This means that insulin resistance can be caused

by excessive energy intake in both young and old people. In this study, high-fat diet

(HFD) and normal diet were fed to rats of elderly experimental group (EE), elderly control

group (EC), young experimental group (YE), and young control group (YC), respectively,

for 8 weeks, by which insulin resistance model was obtained. Insulin sensitivity was

measured, histopathology changes in liver and skeletal muscle tissues were observed,

and mitochondrial fusion and division and cell senescence were detected in four groups

of rats. The results showed that both young and elderly rats developed significant

insulin resistance, fat deposition, decline of mitochondrial function and mitochondrial

biosynthesis in liver and skeletal muscle, and cell aging after HFD feeding. In addition, the

degree of mitochondrial dysfunction and aging in young rats was similar to that of aged

rats fed a normal diet after HFD. This experiment provides a reference for an in-depth

study of the regulatory mechanisms of cellular energy metabolism in this state.

Keywords: insulin resistance, high-fat diet, diabetes, young, elderly, rats

INTRODUCTION

With the improvement of living standards, the incidence of diabetes has also increased, and it
has gradually become one of the most important non-communicable diseases threatening global
human health. Insulin resistance diseases caused by obesity and overnutrition are increasingly
common in humans and animals (1–3). Currently, there are also increasing rates of obesity and
insulin resistance in animals around the world. Insulin resistance is the cause of obesity, type 2
diabetes mellitus (T2DM), and other metabolic diseases (4, 5). Insulin plays an important role in
glucose homeostasis and is the main regulator of carbohydrate, fat, and protein metabolism (6, 7).
In vivo, insulin acts in liver, skeletal muscle, and fat by binding to insulin receptors therein (8).
When a high-fat diet is fed for a long time, in order to promote the uptake of this glucose by
cells, the body compensatory secretes too much insulin, which reduces the sensitivity of liver and
skeletal muscle cells to insulin, leading to the occurrence of insulin resistance, which in turn leads
to diabetes.
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The prevalence of obesity and type 2 diabetes in animals will
increase significantly with age, due to which aging will lead to a
progressive decline in most endocrine functions and meanwhile
result in severe metabolic disorder (9). Previous studies have
shown that the prevalence of diabetes in the elderly is high,
but at present, many studies show significantly lower insulin
sensitivity in obese young adults (10). Young people with T2DM
or abnormal glucose tolerance have lower βcell sensitivity than
healthy old people, which may be related to the great demand for
a role of β cells in regulating blood glucose in young people (11).
It is worth noting that the incidence of diabetes in puppies and
kittens has been increasing in recent years (12–14). At present,
there is no report on young animals.

Growing evidence suggests that insulin resistance caused by
high-energy diet can occur in middle-aged and elderly or even
young animal individuals, by disturbing a variety of metabolic
pathways in the body, which in turn leads to the occurrence of
metabolic diseases such as obesity and T2DM. However, several
reports have raised the question of whether young and old IR
mechanisms are the same (15–17). Therefore, in this experiment,
rats will be used as experimental animals to establish a high-
energy diet-induced insulin resistance model for youth and old
rats, based on which the effects of high-energy diet on the
occurrence of insulin resistance, liver, and skeletal muscle as
well as mitochondrial function in young and elderly rats will be
elucidated, which will have a positive effect on the prevention of
energy excess metabolic diseases.

MATERIALS AND METHODS

Animals
The in vivo experiment was performed in accordance with The
Tab of Laboratory Animal Welfare and Ethics Committee of
Northeast Agricultural University. Twenty 3-month-old (300 ±

20 g) and twenty 15-month-old (500 ± 40 g) Sprague-Dawley
(SD) male rats were purchased from Liaoning Changsheng
Biotechnology Co., Ltd. (China) and housed under 12-h light/
dark cycle, controlled humidity (40 ± 10%), and constant
temperature (24± 1◦C).

After 1wk of acclimatization, rats of two ages were randomly
assigned into four groups (n = 10, 5 rats per 549 × 395 × 200
mm cage).

Experimental Design
After a week adaptation period, rats were allocated into four
groups (n = 10 per group) as follows: (1) elderly experimental
group (EE), with high-fat diet; (2) elderly control group (EC),
with low-fat diet; (3) young experimental group (YE), with high-
fat diet; (4) young control group (YC), with low-fat diet. All
animals received water ad libitum, and all rats were maintained
for 8 weeks. Glucose tolerance test (IGTT) was performed at the
end of week 8, followed by insulin tolerance test (ITT) on day 3,
that is, at week 9, rats were euthanized and blood samples were
collected by cardiac puncture. Tissues were then harvested. Sera
were separated and stored at −20◦C for measuring biochemical

parameters. Body weight of all rats was measured weekly between
8:00 and 9:00h (Figure 1).

Rats were divided into four groups: The 45% high-fat
diet (D12451) was purchased from Research Diets Inc (New
Brunswick, NJ, USA). The 4% fat rat-chow diet (CS101) was
purchased from Liaoning Changsheng Biotechnology Co., Ltd.
(Liaoning, China). The composition of the diets is shown
in Table 1.

Establishment of Insulin Resistance Model
Intraperitoneal Glucose Tolerance Test (IGTT)
Intraperitoneal glucose tolerance test was conducted at the end
of the 8th week. Rats fasted overnight, and the baseline blood
glucose level was measured using a blood glucose monitor
(Sinocare, Hunan, China) via tail nick. Animals were injected
intraperitoneally with 50% glucose (2 g/kg). Blood glucose levels
were then measured at 0, 15, 30, 60, and 120min after injection.
The incremental area under the curve (AUC) of glucose response
was calculated using GraphPad Prism 7.0 Software. The blood
glucose concentration at 0min was the fasting blood glucose
(FBG, mmol/L) of rats.

Insulin Tolerance Tests (ITT)
After the glucose tolerance experiment, the rats recovered for 3
days. Rats in each group were fasted but not prohibited water for
12 h. Short-acting insulin (0.4 ml/kg body weight; Novo Nordisk,
Gentofte) was administered intraperitoneally (i.p.) to rats, and
blood samples were taken from the tail vein of the conscious rats
before and 15, 30, 60, and 120min after insulin administration
(18–20). Blood glucose levels were immediately measured with a
blood glucose monitor (Sinocare, Hunan, China). Total AUCwas
calculated by the GraphPad Prism 7.0 Software for 120min after
glucose injection.

Homeostatic Model Assessment of Insulin

Resistance
The fasting insulin was measured using the ultrasensitive
rat insulin enzyme-linked immunosorbent assay kit, and
homeostatic model assessment of insulin resistance (HOMA-IR)
was calculated as follows:

[fasting glucose (mmol/L)× fasting insulin level (µIU/mL)]/22.5

The homeostasis model assessment (HOMA) uses the product
of basal insulin and glucose concentrations divided by a
constant (21).

Hematology Analysis
Blood Collection
After the ITT, the animals were killed. Blood samples were
collected from the animals using cardiac puncture and put into
different precooled EDTA containers. The blood samples were
centrifuged at 4◦C, 2,500 rpm for 15min to obtain plasma. Each
of the plasma was aspirated into plain sample bottles and stored
at−80◦C freezer until ready for biochemical analysis.
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FIGURE 1 | Workflow for hematology, histopathological, and proteomic analysis of tissues from insulin resistance rats. YC, young control group; YE, young

experimental group; EC, elderly control group; EE, elderly experimental group.

Biochemical Analysis
Liver enzymes (AST, ALT, CHOL, and TC) in the plasma were
analyzed with Mindray BS-280 automatic biochemistry analyzer
(BS-280) (Nanjing Baden Medical, Jiangsu, China).

Histopathological Examinations
Tissue Preparation and Histological Analysis
A portion of liver and skeletal muscle tissues were dissected
and fixed with 4% paraformaldehyde for 72 h. The specimens
were dehydrated in ascending grade of alcohols and paraffin
embedding using standard methods. Then, the specimens
were then sectioned in sagittal plane with 4-µm thickness
and were stained with hematoxylin–eosin (H&E) staining
analyzed to elucidate the status of tissue architecture and
pathological analysis. Microscopic images were acquired using
light microscopy.

The other part was kept frozen in a −80◦C freezer for
immunoblotting analysis and for making cryosections for Oil
Red O staining. Liver and skeletal samples were fixed in 4%
buffered formalin. Liver samples were embedded in optimal
cutting temperature (OCT) medium and stored at −80◦C. OCT
embedded, 7µm sections were stained with ORO for fat content

examination. Randomly chosen areas of tissue sections were
photographed using a light microscope.

Muscle Triglyceride Analysis
After dissecting any visible adipose tissue, 50mg of tissue of
each animal was weighed and homogenized in a handheld tissue
homogenizer, using a volume of distilled water equal to eight
times the tissue weight in mg. The protocol for triglyceride
extraction was as follows: 5M NaCl, methanol, and chloroform
were added to the homogenate and mixed, and the ternary
phase was broken with water and chloroform after 5min of
incubation. The three-phase system was then separated by
centrifugation at top speed. The aqueous and protein phases were
re-extracted with a 9: 1 chloroform: methanol wash solvent and
separated by centrifugation. The organic solvent was dried using
a stream of nitrogen gas with an N-EVAP, and the triglyceride
was resuspended in isopropanol containing 2% Triton X-100.
Glycerol concentration was measured relative to a glycerol
standard curve. Standards and samples were loaded on a 96-well-
plate, and free glycerol reagent was added to each well. The plate
was incubated at 37◦C and read on a Kinetic Microplate Reader
at 540 nm. Triglyceride reagent was added to each well and
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TABLE 1 | Ingredient composition of the diets fed to rats (g/kg).

Ingredient 4% fat Ingredient 45% fat

g/kg diet g/kg diet

Crude ash 80 Casein, 80 Mesh 200

Fiber 50 L-Cystine 3

Mineral mixture 30.215 Corn starch 72.8

Vitamin mixture 318.04 Maltodextrin 10 100

Lysine 8.2 Sucrose 172.8

Methionine + Cystine 5.3 Cellulose, BW200 50

Arginine 9.9 Soybean oil 25

Histidine 4 Lard* 177.5

Mineral mix S10026 10

DiCalcium Phosphate 13

Calcium Carbonate 5.5

Potassium Citratr, 1 H2O 16.5

Vitamin Mix V10001 10

Choline Bitartrate 2

FD&C Red Dye #40 0.05

Protein kcal (%) 18 Protein kcal (%) 20

Fat kcal (%) 4 Fat kcal (%) 45

Carbohydrate kcal (%) 35

*Typical analysis of cholesterol in lard = 0.95 mg/gram.

incubated at 37◦C. The plate was read again on the microplate
reader at 540 nm, and the background glycerol was subtracted.

Muscle Glycogen Test
Using anthronemethod (the kit is provided by Nanjing Jiancheng
biology Co., Ltd. Article No.: A043), the test is carried out with
method 721 spectrophotometer. Then, take 100mg fresh muscle,
and after treatment, mix the tissue with 300 µL alkali liquor (i.e.,
sample weight: alkali liquor volume= 1:3) into the test tube, boil
with boiling water for 20min, cool with running water, operate in
strict accordance with the instructions of the kit, and substitute it
into the formula to calculate the value.

Liver ATP Content Test
All reagents for ATP determination were prepared with
redistilled distilled water. The solutions were as follows: (1)
adenylate extract (Tris-HCL 20 mmol/L, MgSO4 2 mmol/l); (2)
luciferase buffer: each powder was used to dissolve in 50mL of
redistilled water, containing 50 mmol/L glycylglycine (PH=7.6),
10 mmol/L MgSO4, and 1 mmol/L EDTA buffer.

Standard curve of ATP: ATP was prepared into six
tubes of application solution of 1×10−10-5×10−5 mol/L for
determination, and the standard curve was drawn by the log value
of relative luminescence intensity and ATP concentration.

ATP determination by luciferase-luciferin method: Take 0.1–
0.15 g of liver tissue, add it to 1mL of adenylate extract,
homogenize and heat in boiling water for 3min, then centrifuge
at 4,000 rcf/min for 3min, and take 0.4mL of supernatant.
During detection, add 0.1mL of liver homogenate to 0.1mL
of double distilled water to dilute, put it into a 2mL cuvette,
put it into the darkroom of FG-200 luminometer, and quickly

inject 0.8mL of luciferase-based buffer into the small hole of
the dark chamber cover, and the initial peak of the recorded
luminescence curve is the light intensity of the detected sample.
The measurement temperature is 25◦C, the measurement voltage
is 0.5mV, and the ATP value is detected on the standard curve
according to the obtained light intensity (the number of small
cells occupied on the measurement curve).

Observation of Mitochondrial Ultrastructure
The ultrastructure of liver mitochondria was observed with
transmission electron microscopy (TEM). Pieces of liver tissue
(1 mm2) were picked out within 1min of death and fixed with
4% glutaraldehyde. Then, the samples were post-fixed in 2%
osmium tetroxide, dehydrated in an ascending series of ethanols,
and embedded in araldite. Ultrathin sections were cut with an
LKB-8800 ultramicrotome (LKB, Sweden) and collected on grids.
Sections were stained with uranyl acetate and lead citrate and
evaluated with an H-500TEM (Japan) operated at 75 kV.

Western Blot
Samples containing 50 µg proteins were subjected to 10% SDS–
PAGE and transferred to a nitrocellulose membrane. Membranes
were blocked at room temperature for 2 h in blocking buffer
containing 5% non-fat dry milk to prevent non-specific binding
and then incubated with primary antibodies overnight at 4◦C.
The primary antibodies used in this study were GAPDH
(1:750), anti-AMPK (1:3,000), anti-Mfn2 (1:5,000), anti-Opa1
(1:3,000), anti-Drp1 (1:1,500), anti-PGCα (1:1,500), anti-p53
(1:750), anti-p21 (1:1,000), and anti-p16 (1:5,000) antibodies.
The membranes were washed in 50 mmol/L Tris–HCl, pH
7.6, 150 mmol/L NaCl, and 0.1% Tween 20 for 30min and
incubated with appropriate secondary antibody (1:3,000) for
2 h at room temperature. The nitrocellulose membrane was
visualized using an ECL luminescent solution, and the film was
exposed and visualized and photographed by a fully automated
WB chemiluminescence imaging system (Tanon 5200, Shanghai
Tanon Technology, China).

Immunostaining
The postfixed specimens of the liver were embedded in paraffin
according to standard protocols. Paraffin-embedded sections (4
um) were preheated at 37◦C for 10min. followed by incubation
in xylene and stepwise rehydration in 100, 95, 70, and 50%
ethanol. After slides were washed in TBS, the sections were
blocked by the addition of normal goat serum diluted in TBS
for 1 h at room temperature. Affinity-purified antibody to Opa1,
Mfn2, Drp1, AMPK, PGC-1a, p53, p21, and p16 diluted in
blocking solution was added at concentration of 2 ug/ml for 1h
at room temperature followed by three 3-min washes with TBS
at RT. Antirabbit IgG was added to the sections for 1 h at room
temperature followed by three 3-min washes in TBS at room
temperature and kept at 4◦C until visualized.

Statistical Analysis
The statistics and analysis of all data in this experiment were
plotted using GraphPad Prism 8 statistical analysis, and the
values were expressed as mean ± standard deviation (Mean
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TABLE 2 | Changes in body weight (g) of rats in each group (n = 10, ± s).

Group

Time

(week)

YC YE EC EE

1W 470.8 ± 14.8 472.0 ± 15.0 548.0 ± 43.3 549.8 ± 37.9

2W 496 ± 14.3 506.5 ± 9.6 551.5 ± 46.6 569.5 ± 44.0

3W 516 ± 18.2 533.0 ± 12.0 556.3 ± 55.7 585.8 ± 45.9

4W 534.3 ± 15.2 553.3 ± 9.9 558.8 ± 44.8 593.3 ± 51.1

5W 549.8 ± 11 570.3 ± 14.1 564.3 ± 49.7 606.5 ± 53.2

6W 559.8 ± 10.5 584.0 ± 18.9 566.8 ± 42.0 618.3 ± 50.4

7W 565.8 ± 7.9 597.0 ± 24.5 572.5 ± 33.3 626.5 ± 53.1

8W 571.3 ± 8.2 607.8 ± 19.4 578.8 ± 36.0 634.0 ± 48.5

YC, young control group; YE, young experimental group; EC, elderly control group; EE,

elderly experimental group.

± SD). One-way analysis of variance was used to analyze the
differences, P < 0.05 indicated significant differences, and ∗

indicated differences. P < 0.01 indicated extremely significant
difference, which was expressed as ∗∗. P > 0.05 indicates no
significant difference, denoted as ns.

RESULTS

Basic Characteristics of the Experimental
Animals
Appearance and Body Weight
During the feeding process of 8 weeks, the weight of rats in YE
and EE groups increased significantly, and the growth rate of
YE group was the fastest, with a weight increase of about 32%
(Table 2 and Figure 3A). In addition, in terms of appearance, the
rats in YE and EE groups fed HFD have rough fur, yellow hair
color, depressed spirit, unwilling to exercise, and like to lie down
(Figures 2A–D).

HFD Feeding Induces Significant Dyslipidemia,

Insulin Resistance, and Hepatic Injury
When compared with YE group, the content of AST was
significantly increased in EE (P < 0.01) (Figure 3G), but there
was no significant change in ALT (P > 0.05) (Figure 3H). Serum
triglyceride content was not significantly changed between the
YE and EE groups (P > 0.05) (Figure 3I). The content of total
cholesterol content (TC) in YE group was significantly higher
than that in EE group (P < 0.05) (Figure 3J).

Intraperitoneal glucose tolerance test (IGTT) showed that
compared with the YC and EC groups, the YE and EE groups
developed severe glucose intolerance (Figure 3C) and the area
under the blood glucose concentration curve was significantly
increased (P < 0.05) (Figure 3F). Insulin tolerance test (ITT)
results showed that compared with the YC group and the EC
group, the YE group and the EE group were less sensitive
to exogenous insulin (Figure 3B) and the area under the
blood glucose concentration curve was significantly different
(Figure 3E).

Based on these measurements, we calculated the insulin
resistance index using the homeostatic model assessment
(HOMA) index (Figure 3D andTable 3). The results showed that
compared with the YC and EC groups, the HOMA-IR index of
the YE and EE groups increased significantly, and there was no
significant difference between the YE and EE groups (p > 0.05).

According to these results, it is shown that the 8-week HFD
diet successfully induced insulin resistance in the rats of the YE
and EE groups.

Liver
The rats in YE (Figure 2J) and EE (Figure 2L) groups with HFD-
fed developed larger livers that were significantly heavier than
those of the YC (Figure 2I) and EC (Figure 2K) group rats.
Visually, the livers from the HFD-fed animals were distinguished
from those of the control groups rats as yellowing in color,
especially YE (Figure 2J). Compared with YC (Figure 2E) and
EC (Figure 2G) groups, The presence of more fat around the
liver can be observed in rats of the YE group (Figure 2F) and
EE group (Figure 2H). Microscopic examination of tissue slides
revealed higher hepatocyte lipid droplet accumulation in the
livers from the YE and EE, compared to those from the YC and
EC groups (Figures 5A–D). Post-hoc analysis showed that the
degree of liver lipid droplet infiltration in YE group was higher
than that in EE group (P < 0.05) (Figure 5A). TEM showed that
there were relatively more liver mitochondria in YE group and
EE group than in the control group, and the YE group had more
mitochondria in fission state (Figures 4N,P).

Skeletal Muscle
The H&E staining results of skeletal muscle in rats are shown
in Figures 4A–D (Crosscutting) and Figures 4E–H (Slitting).
In the YC (Figures 4A,E) and EC groups (Figures 4C,G), the
skeletal muscle structure was intact, the muscle fibers were
neatly arranged, and there were no fractures, increase in size
or migration of nuclei, or inflammatory cell infiltration between
muscle fibers. In the YE and EE groups, the muscle fibers
were disordered and broken, and displayed inflammatory cell
infiltration, non-uniform nuclei, and abnormal locations among
the local muscle fibers. YE group was more severe than EE group.

The content of muscle glycogen in YE group was significantly
lower than that in YC group (P < 0.05) and that in EE group
was significantly lower than that in EC group (P < 0.01). There
was no significant difference between YE group and EE group
(P> 0.05) (Figure 3K). The content of IMTG in the experimental
group was higher than that in the corresponding control group.
There was a significant difference between YE group and EE
group (P < 0.05), and the content of IMTG in YE group was the
highest (Figure 3L).

HFD Diet Promotes Mitochondrial Fission
in Liver and Skeletal Muscle of Young Rats
We sought to identify the effect by hypercaloric diet exposure
on rats’ liver and skeletal muscle mitochondrial dynamics
evidenced by changes in the expression of proteins involved in
mitochondrial fusion (Mfn 2, Opa 1) and/ or fission (Drp 1).

Frontiers in Nutrition | www.frontiersin.org 5 June 2022 | Volume 9 | Article 892719

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Wang et al. Linking Mitochondrial Function to Insulin Resistance

FIGURE 2 | Effect of HFD on behavior and liver of rats. Comparisons among YC, YE, EC, and EE rats in appearance (A–D), liver in vivo (E–H), and liver in vitro (I–L).

We found that Opa 1 protein in liver of YE group was
significantly higher than that in EE group (P< 0.01) (Figure 6A),
and there was no significant difference in skeletal muscle
(P > 0.05) (Figure 6B). Mfn2 protein had no significant
difference between YE group and EE group in liver (P > 0.05)
(Figure 6C), but the difference is significant in skeletal muscle
(P < 0.01) (Figure 6D). There was no significant difference in
the expression of Drp 1 protein between the YE and EE groups in
liver and skeletal muscle (P > 0.05) (Figures 6E,F).

These data suggest that hypercaloric diet exposure promoted
mitochondrial fission in rats, especially young rats. Next, based
on the results of protein expression found in the groups of YC,
YE, EC, and EE, we quantified their immunofluorescence of
Mfn 2, Opa 1, and Drp 1 genes in liver. We identified that the
expression of Opa 1 in YE group was higher than that in EE group
(P < 0.01) (Figures 5E–H and 5b), and there was no significant
difference in the expression of Mfn2 and Drp1 between YE group
and EE group (P > 0.05) (Figures 5C,D).
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FIGURE 3 | Effect of HFD on weight, insulin sensitivity, and blood biochemistry in EE, EC, YE, and YC rats. (A) The change in body weight every week. (B) ITTs. (C)

GTTs. (D) HOMA-IR. (E) ITTs-AUC. (F) GTTs-AUC. (G) Effects of HFD by intervention on the plasma AST, (H) ALT, (I) TC, and (J) CHOL in rats. (K) Muscle glycogen.

(L) IMTG. (M) Liver ATP content. *p < 0.05, **p < 0.01, nsp > 0.05.

High-Fat Diet Hinders Mitochondrial
Biogenesis
We measured two proteins representative of mitochondrial
biosynthesis and energy metabolism, AMPK (Figures 7A–D and
7a) and PGC-1α (Figures 7E–H and 7b), in liver and skeletal
muscle, as well as ATP content in liver (Figure 3M).

The results show, in liver and skeletal muscle, that the
expression of AMPK protein in YE group was significantly higher
than that in EE group (P < 0.01), but there was no significant
change in YE group and EC group (P > 0.05) (Figures 6G,H);
the expression of PGC-1α protein in liver (Figure 6I) and skeletal
muscle (Figure 6J) of YE group was not significantly different
from that of EE group (P > 0.05). In addition, the results of
detecting the ATP content in the liver showed that the YE

group was significantly higher than the EE group (P < 0.01)
(Figure 3M).

Senescence in Hepatic and Skeletal
Muscle Tissue
Hepatic and skeletal muscle senescence was investigated via
Western blot by measuring the protein expression of p53, p21,
and p16, which are considered senescence markers.

After 8 weeks of HFD feeding, in the liver, the protein
expressions of p53 and p21 in the EE group were significantly
higher than those in the YE group (P < 0.01) (Figures 6K,M),
and the p16 protein of EE group was also significantly
upregulated compared with YE group (P < 0.05) (Figure 6O).
In the skeletal muscle, the expression of p53 and p21 proteins of
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EE was significantly upregulated compared with the YE group
(P < 0.05 and P < 0.01) (Figures 6L,N), but there was no
significant difference in the expression of p16 protein in two
groups (P > 0.05) (Figure 6P).

Next, we performed immunofluorescence quantitative
analysis of p53 (Figures 7I–L and 7c), p21 (Figures 7M–P),
and p16 (Figures 7Q–T and 7e) in liver. There was a significant
difference in p53 protein expression between YE and EE groups
(P < 0.05), but no significant difference between YE and EC
groups (P > 0.05) (Figure 7C). There was a significant increase
in p21 protein expression in the EE group compared to the YE
group (P < 0.01) and in the EC group (P < 0.05) (Figure 7D).
There was also a significant difference in p16 protein expression
between the YE and EE groups (P < 0.05), but no significant
difference between the YE and EC groups (P > 0.05) (Figure 7E).

Overall, the EE group had the most severe aging degree, but
the YE group had almost the same degree of aging as the EC
group. It is clear from the above results that the high-energy
diet induces insulin resistance in rats, which also simultaneously
promotes aging of the organism.

DISCUSSION

Insulin resistance is the common basis of a variety of metabolic
diseases, such as obesity, T2DM, and cardiovascular diseases (22–
25). Insulin resistance caused by excess energy mostly occurs
in elderly animals. However, more and more evidence shows
that the incidence rate of diabetes and insulin resistance is
also increasing in young individuals (26, 27). Therefore, insulin
resistance in young individuals also needs to be paid attention.
In vivo, insulin resistance not only disturbs the metabolic process
of sugar and fat, but also affects the productivity function of the
body, especially the energy biogenesis ability of mitochondria
(28, 29). At the same time, insulin resistance will also lead
to a large amount of fat deposition in the liver and skeletal
muscle and may even aggravate the process of aging (30).
Young individuals have stronger cellular metabolic capacity and
stronger mitochondrial compensation than older individuals
(31). But since insulin resistance and diabetes have occurred,
whether similar changes have taken place with older individuals,
whether mitochondrial function of young individuals has been
severely affected, and whether there has been significant aging in
cells has not been reported. Therefore, this study focuses on the
changes in mitochondrial function and the degree of cell aging in
young insulin-resistant individuals.

To study the effect of HFD-induced insulin resistance on
mitochondrial function of liver and skeletal muscle in young
and old rats, we used a kind of commercialized high-fat diet to
construct the insulin resistance model, which is a representative
model of diabetes with related metabolic complications in young
and old body (32–34). Clinically, glucose tolerance test, insulin
tolerance test, and HOMA-IR are often used to detect insulin
resistance (21, 35). Because when insulin resistance occurs,
the sensitivity of cells to insulin decreases significantly, which
resulted in the elevation of the body’s fasting plasma glucose
level ultimately (36). This phenomenon was also found in

TABLE 3 | Descriptive statistics of serum concentrations of FINs and FBG, and

HOMA-IR in 40 rats.

Group FINs (µIU/mL) FBG (mmol/L) HOMA-IR

YC 9.865 ± 0.382 4.975 ± 0.206 2.181 ± 0.094

YE 11.736 ± 1.741 5.175 ± 0.171 2.699 ± 0.426

EC 7.678 ± 0.768 4.500 ± 0.392 1.536 ± 0.161

EE 11.241 ± 1.218 4.875 ± 0.250 2.436 ± 0.157

YC, young control group; YE, young experimental group; EC, elderly control group;

EE, elderly experimental group; FINs, fasting serum insulin content; FBG, fasting blood

glucose concentration.

our experiment, even though the blood glucose concentration
decreased after prolonged starvation, and the blood glucose in
the YE and EC groups was still higher than that in the YC and
EC groups. In the glucose tolerance test and insulin tolerance
test, it was also found that the blood glucose concentration of the
experimental group was higher than that of the control group.
In our experiment, the fasting blood glucose concentration and
fasting insulin content of rats in each group were incorporated
into the HOMA-IR formula to calculate the insulin resistance
index. The results showed that the insulin resistance index of
the experimental group was significantly higher than that of
the control group, indicating that a significant insulin resistance
phenomenon occurred after feeding a high-energy diet, which
shows that the insulin resistance rat model established in this
experiment was successful. In addition, we also found that
the YE group had the highest HOMA-IR index, which would
normally define the most severe insulin resistance in the YE
group, but this is not true, because the HOMA-IR formula is
based on multiplying the fasting blood glucose concentration
and the serum insulin concentration. However, with the senility
of the body tissue in the elderly, the metabolism of pancreatic
cells decreases, which causes the gradual aging of the pancreas,
which in turn affects the secretion of insulin. Therefore,
compared with young rats, the serum insulin concentration of
aged rats must be lower, so the HOMA-IR formula cannot
fully reflect the degree of insulin resistance in young and
old rats. Therefore, this experiment combines mitochondrial
dynamics and histopathology to analyze various aspects, and
the focus was on differences in liver and skeletal muscle
impaired from high-fat diets in young rats compared to older
healthy rats.

When carbohydrates and other nutrients are ingested into the
body, the body will timely convert them into energy available
for cells through various metabolic reactions. When too much
energy is continuously ingested, this energy will be transported
to liver, skeletal muscle, and other tissues in time for storage
(37, 38). In the body, energy storage and utilization will maintain
a relative balance and have a certain upper limit of regulation.
When the rats in the experimental group ingest too much energy,
the balance between energy storage and energy utilization in the
body is broken, even exceeding the upper limit of the body. The
phenomenon of the high insulin resistance index in the YE and
EE groups found in this experiment should also be the result
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FIGURE 4 | Hematoxylin–eosin staining of transverse (A–D) and longitudinal (E–H) sections of skeletal muscle. (I–L) Hematoxylin–eosin staining of liver tissue. (Green

arrow: inflammatory cell infiltration; red arrow: vacuolar degeneration; black arrow: bleeding point). Original magnification: × 200. (M–P) Hepatic mitochondrial

changes in each group’s rats. Bar = 5.0um. (Yellow arrow: white fat droplet). Mitochondrial fission and fusion were evaluated with an inverted fluorescence

microscope (Eclipse Ts2, Nikon, China).

that the continuous intake of energy leads to the premature
reaching of the upper limit of energy storage and utilization.
This result may also be related to the relatively small intake of
food in the elderly rats. On the contrary, it also shows that even
young individuals will have significant insulin resistance after
eating a large amount of high-energy feed, which is not what
we usually think of as “young individuals have strong energy
processing ability.” Young individuals also have an upper limit
on energy utilization and storage. If they exceed this upper limit,
they will lead to insulin resistance. When animals become obese
and insulin-resistant, blood glucose becomes more difficult to
be controlled due to the combination of excess hepatic glucagon
action and multi-tissue insulin resistance (39, 40).

Studies of liver function in diabetic organisms showed that
28.0 to 36.8% of patients had liver dysfunction (41, 42).
Prolonged fatty infiltration of the liver in the diabetic has been
shown to lead to hepatic cirrhosis (43). As a result, liver injury
is more severe in young rats than in older rats who eat the same

high-calorie diet. We thought that this is related to the strong
metabolic ability of the rats in the YE group, which can deliver
excess energy to the liver for storage timely. In this experiment,
compared with other groups of rats, the weight of the rats in the
YE group was the heaviest, and the results of Oil Red O staining
also indicated that the liver lipid droplet infiltration in the YE
group was significantly more extensive than that in the EE group.
Meanwhile, it can be seen from the results of ALT and AST that
the degree of liver injury in YE group is significantly lower than
that in EE group, which explained the strong self-metabolism and
repairability of young rats, which can repair or remove damaged
hepatocytes in time. In addition, due to the more aging state of
EE group, the self-repairability and clearing ability of body tissues
are relatively weak.

Mitochondria are always in the process of dynamic regulation
including fission and fusion to meet the different energy
needs of cells and then maintain mitochondrial and cellular
functions (44, 45). In obesity and type 2 diabetes, reduced
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FIGURE 5 | (A–D) Oil Red O staining of the liver. Original magnification: ×200. Opa1 (E–H), Mfn2 (I–L), and Drp1 (M–P) in liver mitochondria were labeled with red

fluorescence in the cytoplasm and blue fluorescence in the nucleus. Effect of diet on hepatocytes of mice in each group. (a) Data analysis of liver lipid droplet area

observed by Oil Red O staining. Opa1(b), Mfn2 (c), and Drp1 (d) protein fluorescence assay. *p < 0.05, **p < 0.01, nsp > 0.05.

mitochondrial contents have been reported (44, 46). Under a
transmission electron microscope, the mitochondria in the livers
of experimental and control rats were observed, and the fusion
process of liver mitochondria was more pronounced in the
control group fed with normal feed, while in the experimental
group fed with high-energy feed, it was the division process
that was more pronounced. Mitochondrial fusion is promoted
by mitofusin 1 (Mfn1), mitofusin 2 (Mfn2), and optic atrophy
1 (Opa 1), while fission is controlled by proteins such as Drp1

(44, 47). It was found that the expression of two kinds of
fusion protein (Mfn 2 and Opa 1) in the control group was
significantly higher than that in the experimental group. This
is because the rats in the control group were only fed with
ordinary feed, which would have a greater demand for energy.
Therefore, the mitochondria in the liver of the rats in the control
group were fused to generate more energy for cell utilization.
There are more fusion phenomena in liver mitochondria of
young control group rats, which may be related to the fact
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FIGURE 6 | High-fat diet-induced mitochondrial fusion and division, energy stress, and aging in diabetic rats. Protein level of Opa1(A,B), Mfn2 (C,D), Drp1 (E,F),

AMPK (G,H), PGC-1α (I,J), p53(K,L), p21 (M,N), and p16 (O,P). (Liver: A,C,E,G,I,K,M,O; Skeletal Muscle: B,D,F,H,J,L,N,P). *p < 0.05, **p < 0.01, nsp > 0.05.

that young control group rats are in the youth stage and
their own metabolism and functions are relatively vigorous,
so they will produce more ATP through mitochondria for cell
utilization. In addition, endoplasmic reticulum stress can inhibit
mitochondrial fusion caused by fusion proteins Mfn 1 and Mfn
2 and upregulate mitochondrial division proteins to increase
mitochondrial division. Drp 1 is an important protein that
regulates mitochondrial fission and clears damaged parts of the
cell by regulating autophagy (48). By detecting the expression of
Drp 1, it was found that the expression of division protein in
the experimental group was also higher than that in the control
group. This indicates that continuous high-energy diet will

reduce the body’s demand for energy. Therefore, mitochondrial
division will occur in the liver tissue of rats in the experimental
group, which is also the repair of mitochondria after injury.
There was no significant difference in the expression of Drp 1
protein between the YE and EE groups, which indicated that the
liver and skeletal muscle of the two groups suffered the same
degree of injury. However, due to the stronger metabolism and
reparability of the young body, the damaged components can
be treated faster than the old body. Therefore, according to the
results, it can be known that the reparability of the liver and
skeletal muscle of the YE group is stronger than that of the
EE group.
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FIGURE 7 | AMPK (A–D), PGC-1α (E–H), p53 (I–L), p21 (M–P), and p16 (Q–T) in liver mitochondria were observed via fluorescence microscopy.

Magnification:200×. AMPK (a), PGC-1α (b), p53 (c), p21 (d), and p16 (e) proteins fluorescence assay. *p < 0.05, **p < 0.01, nsp > 0.05.

The study found that skeletal muscle mainly provides energy
by oxidizing FFA at rest (49, 50). When high-fat diet and obesity
will cause the increase in fatty acids in blood exceeding the
oxidation capacity of skeletal muscle, excessive esterified fatty
acids are deposited in skeletal muscle, which will affect insulin-
mediated signal transduction and lead to insulin resistance (51).
The results of this experiment showed that the level of IMTG
in the YE group was significantly lower than that in the EE
group. This may be because the skeletal muscle of young rats still
has a strong oxidative capacity and a relatively high therapeutic
level of fatty acid deposition compared to old rats. However,
the IMTG levels in the YE group were higher than those in the
EC group, suggesting that long-term consumption of a high-fat
diet in young people would impair the oxidative capacity of
skeletal muscle to fatty acids, even lower than the oxidative level
of healthy older bodies, resulting in muscle “premature aging.”

At the same time, muscle mitochondrial volume was reduced
in subjects with insulin resistance or type 2 diabetes (52), and
this confirms that the muscle fatty acid oxidation ability of YE
rats is stronger than that of EE group. Given that the ability to
store glucose in the form of glycogen is a hallmark of insulin
sensitivity (53), wemeasured glycogen content in skeletal muscle.
Compared with YC group, the content of muscle glycogen in
EC group decreased significantly, indicating that the content of
muscle glycogen decreased with the increase in age. This may be
because the skeletal muscle in aged rats has an impaired ability
to upregulate glycogen synthesis and the insulin function of the
elderly body is more defective than that of the young body. But
there was no significant difference in muscle glycogen content
between YE group and EE group, and it shows that the decrease
in insulin sensitivity of skeletal muscle in two groups is similar,
which all leads to the decrease in glucose absorption by skeletal
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muscle. This maybe because the impairment occurs early in
intracellular glucose metabolism concomitantly with an initial,
rapid, and disproportionate increase in fat mass, and compared
with the old rats, the young rats have stronger glycogen synthesis
ability (54).

There is growing evidence support that mitochondrial
dysfunction links to diabetes (55), while it has been known
for a long time that AMPK and PGC-1α act as two major
regulators of mitochondrial function (56). AMPK is activated
in response to an increase in the cellular AMP/ATP ratio,
indicative of an energy deficit, and acts to switch the cellular
metabolic program from ATP consumption to ATP production
(57). We therefore measured AMPK and PGC-1α expression
in the liver and skeletal muscle of the rats, as well as liver
ATP content. The results showed that the protein expression of
AMPK and PGC-1α was lower in the YE and EE groups and
higher in the YC and EC groups. In addition, the ATP content
was lower in the YE and EE groups compared to the YC and
EC groups. It indicates that rats in the experimental groups
fed high-energy diets have lower energy requirements; at this
time, the reserve capacity of ATP is reduced, the expression of
AMPK and PGC-1α is downregulated, and the biosynthesis of
mitochondria is reduced. Rats in the control group fed a normal
diet would not have excess energy, have a higher ATP reserve
capacity, and increase mitochondrial biosynthesis by regulating
the activation of AMPK and PGC-1a to produce more ATP for
cellular use. AMPK protein expression in the YE group was
significantly higher than that in the EE group. This suggests that
although both the EE and YE groups were fed high-fat diets
and both developed insulin resistance, the rats of the YE group
may have a greater energy requirement. Therefore, young rats
may increase mitochondrial biosynthesis by activating AMPK
and PGC-1α. In conclusion, compared with old rats, youth
have a high metabolic ability and stronger energy utilization
and storage capacity, and when the body requires energy, it
immediately mobilizes energy-regulating factors to meet the
body’s energy needs. This tight regulation of energy also serves
as a protection for the body itself against continuous high-energy
diet-induced metabolic diseases, such as diabetes. However, due
to poor metabolism and self-regulation, aged rats are unable to
use or store excessive energy in a timely manner, thus greatly
increasing the risk of developing metabolic diseases such as
diabetes mellitus.

Numerous studies have shown diabetes affects endothelial cell
fate by increasing the expression of p53, p21, and p16 (58). p21
belongs to the cyclin-dependent kinase (CDK) inhibitors that,
in concert with various tumor suppressor proteins, such as p53
and p16, induce inhibition of DNA replication and control anti-
proliferative programs (59, 60). However, p21 together with the
tumor suppressor proteins p53 and p16 is not only an important
mediator of quiescence-like growth arrest but also of senescence
(61, 62). Remarkably, conditional overexpression of p21 has been
reported to be associated with growth arrest and phenotypic
features of senescence (63). In this experiment, compared with
YC group, the expressions of aging proteins p53, p21, and p16
in liver and skeletal muscle increased in YE group. It shows that
the insulin resistance model of rats induced by high-energy feed

will increase the aging degree of young rats. Compared with
the YE group, the aging phenotype and the expression of aging
protein in the EE group were significant increase. During aging,
ATM or ATR kinase will activate p53, which inhibits the activity
of CDK and blocks the process of cell cycle by upregulating
the downstream target gene p21. In addition, p16 can also
increase its expression caused by the production of ROS and
mitochondrial dysfunction, arrest the cell cycle through p16-pRb
pathway, and promote cell aging. Some studies have shown that
cell senescence is often beneficial in clinic.When cells accumulate
a lot of injury, they will rely on cell cycle points and stress
relief mechanism to maintain the stability of cell cycle. However,
with the gradual accumulation of injury, the stability of cells
will become worse and worse, which will start aging, apoptosis,
and other procedures to prevent the malignant development of
cells (64). Therefore, the aging of rats in the old experimental
group and the young experimental group is more serious. The EE
group showed the most severe aging according to the expression
levels of p53, p21, and p16 proteins. From the results, the high-
fat diet caused the most severe injury to the EE rats. Compared
with the YC group, the degree of aging was significantly worse in
the YE group, suggesting that a high-fat diet-induced diabetes in
young leads to premature aging of the body. Notably, it is possible
that the degree of injury was similar in the YE and EE groups,
but because the young can clear the broken components of the
cells to divide faster and repair the injury better, it resulted in a
slightly lower degree of senescence in the YE group compared
with the EC.

In summary, our results show that young rats fed a high-
fat, high-energy diet have decreased mitochondrial biogenesis,
mitochondrial injury, and cellular aging in liver and skeletal
muscle close to those of older rats fed an ordinary diet. This
suggests that even if young people are stronger than older people,
if they suffer from diabetes due to chronic feeding of high-fat,
high-energy foods, they will have more severe mitochondrial
dysfunction than healthy older people and will cause premature
aging of young body cells.
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