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Abstract

Aim—Hormonal and nutritional disorders are the main causes of obesity and nonalcoholic fatty 

liver disease, especially in the elderly and postmenopausal women. Although physical activity may 

alleviate these disorders, the elderly may often have difficulty in conducting physical exercise. The 

purpose of this study was to investigate the therapeutic effect of knee loading, a new form of 

physical stimulation, on the symptom of obesity and fatty liver.

Methods—Using ovariectomized mice with high fat diet, we evaluated the effect of knee loading 

that applies gentle cyclic loads to the knee. Female C57BL/6 mice were divided into five groups: 

control (SCD), high fat diet (HF), HF with loading (HF+L), HF with ovariectomy (HF+OVX), and 

HF+OVX with loading (HF+OVX+L). Except for SCD, mice underwent sham operation or 

ovariectomy and maintained on high fat diet. After 6 weeks, the mice in HF+L and HF+OVX+L 

were treated with 6-week knee loading.

Results—Compared to the obesity groups (HF and HF+OVX), knee loading significantly 

decreased a gain in body weight, liver weight, and white adipose tissue (all P<0.01). It also 

reduced the lipid level in the serum (P<0.01) and histological severity of hepatic steatosis 
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(P<0.01). Furthermore, knee loading downregulated biomarkers related to the endoplasmic 

reticulum stress (GRP78, p-eIF2α and ATF4) and altered biomarkers in autophagy (LC3 and p62).

Conclusions—Knee loading suppressed obesity-associated metabolic alterations and hepatic 

steatosis, the effect with knee loading might be associated with suppression of the ER stress and 

promotion of autophagy.
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INTRODUCTION

According to the World Health Organization, obesity is a leading, preventable cause of death 

worldwide, with ~ 2 billion overweight adults and ~ 600 million adults suffering from 

obesity.1 It is generally accompanied by a series of systemic diseases, such as coronary heart 

disease, hypertension, type 2 diabetes, hyperlipidemia, and nonalcoholic fatty liver disease 

(NAFLD).2 In particular, hepatic steatosis, the early symptom of NAFLD,3 is characterized 

by excess accumulation of lipids in the liver and is the most common chronic liver disease.
4, 5 Postmenopausal women are more susceptible than premenopausal women, especially in 

the intra-abdominal depot, and they are sensitive to obesity-related metabolic disorder.6 

Estrogen is a crucial hormone in resistance to obesity and progression of NAFLD in women.
7, 8 Animal experiments have also shown that ovariectomized (OVX) animals have high 

body weight and adipose tissue mass.9 In this study, we employed high fat diet (HFD)-

induced obese model with and without estrogen depletion and investigated the role of 

physical stimulation in relieving pathological symptoms associated with obesity.

Physical activities are recognized as an adjuvant therapy to reduce body weight,10 improve 

the fitness of the heart, lung, and overall quality of life.11 It is important to note that the 

elderly or physically handicapped individuals may have difficulty in fully receiving benefits 

from physical activities, and excessive activities may lead to a risk of muscle damage and 

bone fracture. In this study, we examined the effect of knee loading, a joint loading modality, 

which applies dynamic lateral loads to the knee as a supportive substitute for physical 

activities.12, 13 In our previous studies, we have shown that knee loading is effective in 

preventing tissue degeneration in osteoarthritis, bone loss in femoral head necrosis, and 

enhancing healing of bone fracture.14, 15 We have also shown that knee loading is able to 

reduce the number of adipocytes in the bone marrow cavity in skeletal diseases. Hence, we 

addressed a question in this study whether gentle loads dynamically applied to the knee can 

ameliorate obesity and hepatic steatosis.

Skeletal muscle is one of the largest organs in the body and it has been recognized as an 

endocrine organ. Its contraction stimulates the production and secretion of cytokines, which 

are collectively known as myokines.16 Existing studies show that myokine is induced by 

physical activity,17, 18 and the most well-known exercise-induced myokine is interleukin 

(IL)-6 that was identified in the serum in response to muscle contraction.19 Contraction of 

skeletal muscle may stimulate molecular signaling, and it may directly or indirectly regulate 

whole-body glucose metabolism and lipolysis.20, 21 Herein, we hypothesized that the 
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therapeutic effect of knee loading on obesity and fatty liver is induced by contraction of 

skeletal muscle that promotes IL-6 secretion and improves lipid metabolism.

It is reported that HFD provokes stress to the endoplasmic reticulum (ER).22 The ER is an 

organelle that plays an important role in protein folding, calcium homeostasis, and cell 

survival. Accumulation of lipids in the liver deteriorates ER’s actions, resulting in the 

chronic ER stress that interferes with a normal hepatocyte function.23 Particularly, an excess 

amount of free fatty acids in the liver contributes to the pathogenesis of NAFLD.24, 25 

Furthermore, evidences suggest that autophagy is essential in regulating lipid metabolism in 

liver,26 and abnormal regulation of autophagy develops hepatic steatosis.27, 28 While HFD 

and OVX may induce obesity and NAFLD, the effect of physical stimulation on obesity and 

hepatic steatosis is largely unknown in connection with the ER stress and autophagy. In this 

study, we investigated whether application of knee loading to a mouse model of estrogen 

depletion and HFD-induced obesity improve fat metabolism, as well as cellular homeostasis 

involved in the ER stress and autophagy.

METHODS

Animals and study design

Fifty 8-week-old female C57BL/6 mice (body weight of ~18 g) were purchased from 

Animal Center of Academy of Military Medical Sciences (Beijing, China) and maintained in 

pathogen-free facilities. The room was maintained at 23–25°C, with 50–60% relative 

humidity and a 12-h light/dark cycle. Animals were given free access to water and food, and 

they were handled by one professional person. All procedures were approved by the Ethics 

Committee of Tianjin Medical University, and carried out according to the National 

Institutes of Health Guide for Care and Use of Laboratory Animals.

After 1 week of acclimation, mice were randomly assigned into five groups: age-matched 

control group fed with a standard chow diet (SCD; n=10), HFD group (HF; n=10, D12492, 

Beijing Huafu Kang Biological Co., Ltd. China), HFD with knee loading (HF+L; n=10), 

postmenopausal obesity group (HF+OVX; n=10), and postmenopausal obesity with knee 

loading group (HF+OVX+L; n=10). Two OVX groups (HF+OVX and HF+OVX+L) 

underwent bilateral ovariectomy, while three sham OVX groups (SCD, HF and HF+L) were 

subjected to sham surgery. All mice except for SCD were fed with HFD. After 6 weeks of 

HFD, two groups (HF+L and HF+OVX+L) received 6-week knee loading.

Knee loading

In the loaded groups, mice were mask-anesthetized using 1.5% isoflurane and received loads 

to both knees in the lateral-medial direction with a custom-made mechanical loader. Loads 

were 1N force at 10Hz and given for 6 min per day for 5 consecutive days every week (Fig. 

1A). The lateral and medial sides of the tibia and femur were in contact with the loading rod 

and the stator, respectively (Fig. 1B). Three non-loaded groups (SCD, HF and HF+OVX) 

were given the sham loading, in which mice were placed on the loading station and given 

anesthesia, but did not receive any loading stimulus. Animals were sacrificed after 6-week 

loading.
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Body weight and analysis of body fat composition

The body weight and food intakes of each mouse were measured weekly and daily, 

respectively, by a person blinded to each group. Body fat content was measured by a whole 

body composition analyzer (ImpediVet, Australia).

Histological analysis

Liver and periuterine fat specimens were fixed in 10% formaldehyde for 48h and embedded 

in paraffin or used for frozen slices. Gonadal adipose tissue (periuterine fat) sections were 

stained with hematoxylin-eosin (HE) for quantifying adipocyte size, adipocyte area, 

diameter, and perimeter. To analyze hepatic steatosis, the paraffin sections and frozen 

sections of the liver were stained with HE and Oil Red O staining, respectively, and the fat 

vacuole area and quantity were measured.29 Liver steatosis was examined by histopathology 

and was classified as grade 0 (1–5% coverage), grade 1 (6–33%), grade 2 (34–66%), and 

grade 3 (67–100%).30 For determination of the adipocyte area, images were randomly taken 

from the fat and liver sections (five high power fields per section at 200×magnification). To 

analyze liver fibrosis, liver sections were processed with Masson’s trichrome staining. All 

graphics were performed using Cellsense Standard software in a blinded fashion.

Biochemical analyses

Animals were fasted for 12h with free access to water and sacrificed. Blood samples were 

collected from the orbital vein. After fasting, the blood glucose, the serum levels of 

triglycerides (TG) and total cholesterol (TC) were determined with a colorimetric kit 

(CardioChek, USA). The concentrations of IL-6 and insulin were assessed by mouse IL-6 

and insulin enzyme-linked immuno sorbent assays (CCC, USA).

Western blot analysis

For Western blot analysis, liver tissues were lysed in an ice-cold RIPA lysis buffer with 

protease inhibitors and phosphatase inhibitors (Roche Diagnostics GmbH, Mannheim, 

Germany), and rolled into a homogenate with a glass homogenizer. Membranes were 

incubated with primary antibodies of GRP78 (Affinity BioReagents, Suwanee, GA, USA), 

eIF2α, phospho-eIF2α, ATF4 (Cell Signaling, Danvers, MA, USA), CHOP (CCAAT/

enhancer binding protein homologous protein) (Proteintech, Wuhan, China), p62 (MBL, 

Japan), LC3 (MBL, Japan) and β-actin (Sigma, St Louis, USA). After incubating with 

secondary IgG antibodies (1:20000) conjugated with horseradish peroxidase, blots were 

detected with enhanced chemiluminescence. Images were analyzed and quantified using 

Quantity One software.

Statistical analysis

Data were presented as mean±SEM. Unpaired two-tailed Student’s t test (GraphPad Prism 

7.0) was conducted to determine significant difference. The differences among multiple 

groups were performed using one-way ANOVA. Statistical significance was set at P<0.05.
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RESULTS

Knee loading reduced body weight

The body weight of the obese groups (HF and HF+OVX) was significantly higher than the 

control group in 6 weeks (Fig. 2A). Between the two obese groups, a significant weight 

increase was observed in HF+OVX. In response to knee loading, two loaded groups (HF+L 

and HF+OVX+L) exhibited a significant weight loss in comparison with two non-loaded 

groups (HF and HF+OVX), respectively (Fig. 2B). Of note, a food intake did not change 

significantly among all groups (Fig. 2C).

We then evaluated the breakdown of weight alterations among tissues. Compared to the non-

loaded groups (HF and HF+OVX), the loaded-groups (HF+L and HF+OVX+L) significantly 

reduced body fats. Because of OVX, fat content was higher in HF+OVX than HF (Fig. 2D). 

Compared to the non-loaded groups (HF and HF+OVX), knee loading reduced the rate of 

weight change by 5% in HF+L and 8% in HF+OVX+L, respectively (Fig. 2E).

Knee loading attenuated obesity by reducing mass of adipose tissue

To further evaluate the effect of knee loading on lipid metabolism, we evaluated the adipose 

tissue (AT: inguinal, perirenal, and mesenteric fats). Compared to SCD, the adipose tissue of 

HF was increased after 6 weeks. Furthermore, the adipose tissue of HF+OVX was higher 

than that of HF. In sharp contrast, the adipose tissue was significantly decreased in the 

loaded groups (HF+L and HF+OVX+L) (Fig. 2F–H). To determine the hypertrophic 

changes, the adipocyte area, diameter and perimeter were evaluated using HE stained 

periuterine adipose tissues (Fig.2I). Mice in HF and HF+OVX exhibited larger adipocytes 

(area, diameter, and perimeter) than those in SCD. In response to knee loading, however, the 

hypertrophic change in the two non-loaded groups (HF and HF+OVX) was suppressed in the 

two loaded groups (HF+L and HF+OVX+L) (Fig. 2J–L).

Knee loading attenuated hepatic steatosis and fibrosis

Since it has been known that lipids stored in the adipose tissue mostly originate from 

circulating triglycerides (TG), the serum levels of TG and total cholesterol (TC) were 

determined. While the levels of TG and TC in the serum were increased in HF, knee loading 

markedly reduced those levels in HF+L. The same loading effect was observed between HF

+OVX and HF+OVX+L (Fig. 3A and B). Compared to SCD, liver weight was significantly 

increased in HF and it was further increased in HF+OVX. The increase was suppressed, 

however, in response to knee loading (Fig. 3C).

We next evaluated the effect of knee loading on hepatic steatosis, using histological 

specimens with HE and Oil Red O staining. Compared to SCD, the marked degeneration of 

microvesicular and macrovesicular regions was observed in HE-stained sections in HF, 

revealing the presence of excessive lipid droplets by HFD. While the steatosis was even 

severer in HF+OVX than HF, knee loading nearly abolished accumulation of intrahepatic 

fats in the loaded groups (HF+L and HF+OVX+L) (Fig. 3D). Consistent with those 

observations, mice fed with HFD exhibited more and larger adipocytes than SCD, and knee 

loading reversed this increase. The same trends were observed in HF+OVX and HF+OVX
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+L (Fig. 3E–G). While accumulation of lipid droplets was increased in HF and HF+OVX 

(Fig. 3H), it was significantly decreased in the samples with Oil Red O staining in the loaded 

groups (Fig. 3I and J).

To further evaluate the effect of knee loading on liver fibrosis, we analyzed liver sections 

with Masson’s trichrome staining. We detected mild fibrosis in the non-loaded group (HF 

and HF+OVX), but no fibrosis was detected in HF+L and HF+OVX+L (Fig. 4A).

Knee loading improved insulin resistence

To investigate the effect of knee loading on insulin resistance, we determined the levels of 

plasma insulin and fasting blood glucose. The result showed that insulin and fasting blood 

glucose levels were markedly increased in the non-loaded groups (HF and HF+OVX), and 

insulin resistance occurred. After loading treatment, however, we observed that the insulin 

and blood glucose levels were restored to normal (Fig. 4B and C). Furthermore, the serum 

IL-6 level was decreased in the non-loaded groups but a significant increase was observed in 

the loading groups (Fig. 4D).

Knee loading inhibited hepatic ER stress and altered autophagy

To investigate the role of ER stress and autophagy in response to knee loading on hepatic 

steatosis, the levels of biomarkers involved in the ER stress and autophagy were evaluated 

(Fig. 4E). In the non-loaded groups (HF and HF+OVX), an increase in the levels of GRP78, 

p-eIF2α, ATF4 and CHOP was observed. These markers are linked to the stress to the 

hepatic ER. In contrast, the observed increase was significantly suppressed by knee loading 

(Fig. 4F–I). Furthermore, in obese mice the levels of two autophagy-linked proteins p62 and 

LC3II/I were increased and decreased, respectively. After 6 weeks of knee loading, however, 

those levels were reversed in which the level of p62 was decreased (Fig. 4J) and that of 

LC3II/I was increased (Fig. 4K).

Correlation analysis

To summarize the effect of knee loading on obesity and hepatic steatosis, correlational 

analysis was conducted. The body weight was positively correlated with body fat and liver 

weight (R2=0.61, P<0.001; and R2=0.76, P<0.001, respectively). The body fat was 

positively correlated with liver weight (R2=0.49, P<0.001), while the level of p-eIF2α was 

positively correlated with body weight (R2=0.27, P<0.05) (Fig. 5A–D).

DISCUSSION

The main causes of obesity in the elderly include high calorie intake, lack of physical 

activity, and postmenopausal hormonal changes. In this study, two obese groups (HF and 

OVX) presented varying degrees of symptoms associated with obesity and hepatic steatosis, 

and those pathological features were severer in HF+OVX (combined high fat diet and 

ovariectomy) than HF (high fat diet alone). While depletion of estrogen in postmenopausal 

women increases a risk of visceral obesity and metabolic disease, current pharmacological 

options are not sufficient.22 In this study, we demonstrated that knee loading markedly 

suppressed development of HF/OVX-induced obesity, with a significant reduction in body 
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weight, fat content, and adipocyte size. These results suggest that physical stimulation such 

as knee loading may provide an adjuvant therapy for alleviating obesity-associated 

metabolic disorders.

NAFLD is the most common liver disease worldwide and one of the most serious 

complications of obesity.31, 32 Although hepatic steatosis is generally considered benign, it 

can have serious consequences, such as fibrosis, which is likely to progress to cirrhosis and 

liver failure, or even hepatocellular carcinoma. As an important metabolic organ, the liver is 

sensitively responsive to and damaged by overweight. NAFLD is caused by an increase in de 
novo synthetic fatty acids, followed by esterification of fatty acids to TG.33, 34 A high 

concentration of TG generally leads to the accumulation of TC,35, 36 and this linkage is 

consistent with our result, showing that HF- and OVX-induced obesity increased liver 

weight as well as the serum levels of TG and TC. Histological analysis revealed that HF led 

to the accumulation of lipid droplets and OVX further aggravated the pathological 

manifestations. By contrast, knee loading significantly suppressed development of NAFLD 

and reduced deposition of intrahepatic fats. We observed that HF and HF+OVX led to 

hypertriglyceridemia, hepatic steatosis and mild fibrosis, and the pathological changes were 

pronounced in HF+OVX. Knee loading prevented hepatic steatosis from HFD and estrogen 

deficiency, suggesting that this physical stimulation may potentially provide a novel strategy 

to alleviate abnormal lipid metabolism in postmenopausal women.

Many lines of evidence have shown that the ER stress played a crucial role in obesity, as 

well as in NAFLD progression.37 Sustained induction of chronic stress in the fatty liver 

resulted in an increase in de novo lipogenesis and fat accumulation.22 To examine whether 

knee loading provided a curative effect via the ER stress pathway in the liver, we evaluated 

the levels of ER stress-linked biomarkers in a PERK (protein kinase RNA-like ER kinase)-

ATF4 axis. In the non-loaded groups (HF and OVX), the level of CHOP was significantly 

increased, together with GRP78, p-eIF2α, and ATF4, suggesting that a long-term high fat 

diet may result in chronic ER stress. However, the levels of these proteins were significantly 

reduced by knee loading. We also analyzed correlation among the body weight, body fat, 

liver weight, and the ER stress. The relationship presented a strong positive correlation 

among those values. These results indicate that ER stress is involved in the progression of 

obesity and hepatic steatosis as well as the suppression by knee loading. Our observation is 

consistent with the notion that knee loading suppresses the ER stress in liver and alleviates 

postmenopausal obesity and hepatic steatosis.

Prolonged ER stress induces autophagy, since the unfolded protein responses (UPR) with the 

ER stress may facilitate formation of an autophagosome by promoting the expression of 

autophagy-related proteins.38 Some studies have shown, however, that expression of an 

autophagy-associated protein, ATG7, is suppressed in the liver in the late stage of obesity.39 

It is thus worthwhile to examine whether autophagy is involved in the response to UPR 

caused by the ER stress. It is reported that inhibition of ER stress and promotion of 

autophagy may improve obesity and hepatic steatosis.26, 40, 41 We have shown that 

expression of autophagy markers was significantly altered in the non-loaded obese groups 

(HF and OVX), while knee loading partially reversed this obesity-induced alteration of 

autophagy. Autophagy is a dynamic process and depending on the timing of protein 
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detection its markers can be positively or negatively regulated. The result indicates that knee 

loading alleviates obesity and protects the liver from excessive lipids by suppression of the 

ER stress and alteration of autophagy (Fig. 5E). Further studies are needed to evaluate the 

molecular mechanism of knee loading’s action on lipid metabolism.

The therapeutic effects of knee loading on obesity and NAFLD might be caused by 

contraction of skeletal muscle followed by secretion of myokines such as IL-6.42 Liver is a 

main insulin-sensitive organ, which is responsible for glucose production, and an impaired 

insulin function may promote fat accumulation, leading to obesity.43 Muscle-derived IL-6 

might improve glucose and lipid metabolism as well as insulin signaling.20, 21 In fact, our 

data showed that knee loading elevated muscle-derived IL-6 levels and improved insulin 

resistance, suggesting that IL-6 acts as a mediator of communication between skeletal 

muscle and the liver.44, 45 Furthermore, the beneficial effects of IL-6 elevation might be 

linked to AMPK activity.46 Activation of AMPK enhances glucose uptake and fatty acid 

oxidation in skeletal muscle, and it inhibits glucose production in the liver.47 AMPK 

activation reportedly reduces ER stress and rescues beta cells.48 Further studies might clarify 

the crosstalk between bone/muscle and liver at the molecular level.

In summary, we demonstrated herein that knee loading suppressed the progression of obesity 

and hepatic steatosis in the obese mouse model, by reducing fat weight and inhibiting 

adipocyte hypertrophy. Furthermore, the present study indicates a possible mechanism with 

knee loading in which induction of hepatic steatosis from the HFD and estrogen deficiency 

can be suppressed by load-driven inhibition of the ER stress and alteration of autophagy in 

the liver.
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Figure 1. Experimental timeline and setting of knee loading
A) After 1-week adaption, ovariectomy was conducted and all mice except for the SCD 

control mice were fed with HFD for 6 weeks. Then, knee loading was performed for 6 

weeks (5 days per week). B) Knee loading apparatus.
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Figure 2. Reduction in body weight and fat mass in obese mice by knee loading
A) Whole body images. B) Changes in body weight. C) Food intake per day among the five 

groups. D) Whole body fat content. E) Rate of weight changes. F) Inguinal fat pat weight. 

G) Perirenal fat pat weight. H) Mesenteric fat weight. I) Representative HE stained 

periuterine adipose tissue (magnification 200×; and scale bar=100μm). J-K) Measurement of 

periuterine adipocyte area, diameter, and perimeter. All values were expressed as mean

±SEM (n=10 mice per group). Of note, #indicates P<0.05 compared with HF+L, *was used 

as comparison with HF+OVX+L. The asterisks (*, ** and ***) and pound signs (#, ##, and 
###) represent P<0.05, P<0.01, and P<0.001, respectively, and “ns” indicates P>0.05.
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Figure 3. Effects of knee loading on hepatic steatosis
A) Serum triglyceride levels. B) Serum cholesterol levels. C) Liver weight. D) 

Representative HE-stained sections of liver tissues (magnification 200×; and scale 

bar=100μm). E-G) Measurement of the hepatic adipocyte number, average area of a hepatic 

adipocyte, and area of hepatic fat vacuoles. H) Oil Red O stained sections of liver tissue 

(magnification 200×; and scale bar=100μm). I) Measurement of Oil Red O stained area. J) 

Grades of steatosis. All values were expressed as mean±SEM (n=10 mice per group). The 

asterisks (*, ** and ***) represent P<0.05, P<0.01, and P<0.001, respectively.
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Figure 4. Knee loading-driven inhibition of ER stress and regulation of autophagy in the livers
A) Masson trichrome stained sections of liver tissue (magnification 200×; and scale bar=100 

μm). B) Plasma fasting blood glucose levels. C) Plasma insulin levels. D) Plasma IL-6 

levels. E) Representative images of Western blotting in the five groups (n=3 mice per group), 

for the selected genes involved in the ER stress and autophagy. F-K) Quantified levels of 

GRP78, p-eIF2α, ATF4, CHOP, p62, LC3II/I. The asterisks (* and **) represent P<0.05, 

and P<0.01, respectively.
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Figure 5. Correlation analysis
A) Correlations between the body weight and body fat. B) Correlations between the body 

weight and liver weight. C) Correlations between the body fat and liver weight. D) 

Correlations between the level of p-eIF2α and body weight. E) Proposed mechanism of knee 

loading for obesity and NAFLD.
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