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A B S T R A C T   

Objective: 5-Hydroxymethylfurfural (5-HMF) is an important component of air pollution, 
confirmed to be a risk factor for pulmonary inflammation. However, its association with general 
health is unknown. This article aimed to clarify the effect and mechanism of 5-HMF in the 
occurrence and aggravation of frailty in mice by investigating whether exposure to 5-HMF was 
linked to the occurrence and aggravation of mice frailty. 
Methods: Twelve male C57BL/6 mice (12-month-old, 38 ± 1 g) were randomly divided into the 
control group and the 5-HMF group. The 5-HMF group was treated with 5-HMF (1 mg/kg/day, 
respiratory exposure) for 12 months, whereas the control group was treated with equal amounts 
of sterile water. After the intervention, the ELISA method was used to detect the serum inflam-
mation level of the mice, and the physical performance and frail status were evaluated using a 
Fried physical phenotype-based assessment tool. The differences in the body compositions were 
calculated from their MRI images, and the pathological changes in their gastrocnemius muscle 
were revealed using the H&E staining. Furthermore, the senescence of skeletal muscle cells was 
evaluated by measuring the expression levels of senescence-related proteins by the western 
blotting. 
Results: In the 5-HMF group, serum inflammatory factors IL-6, TNF-α, and CRP levels were 
significantly raised (p < 0.01). Mice in this group had higher frailty scores and significantly 
reduced grip strength (p < 0.001), slower weight gains, less WVgastrocnemius muscle masses, and 
lower sarcopenia indices (SI). In addition, the cross-sectional areas of their skeletal muscles were 
reduced, and the levels of their cell senescence-related proteins (p53, p21, p16, SOD1, SOD2, 
SIRT1, SIRT3) were considerably altered (p < 0.01). 
Conclusion: 5-HMF may induce chronic and systemic inflammation, which in turn accelerates the 
progression of the frailty of mice through cell senescence.   
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1. Introduction 

According to the World Health Organization, the global population of older adults reached 1 billion in 2019 and is expected to 
double to 2.1 billion in the coming three decades by 2050 [1]. The ‘grim’ global aging situation has become a more severe problem 
accompanied by an increase in elderly adults with frailty [2]. Referring to unhealthy accelerated aging and increased vulnerability due 
to the cumulative damage of multiple systems [3], frailty has drawn great attention because it results in rising risk of adverse health 
events, such as falls, delirium, disability, hospitalization, and early mortality in the elderly [4]. The ratios of frailty and pre-frailty 
among the elderly population today have reached 4.9–27.3% and 34.6–50.9%, respectively. Despite the fact that frailty has been a 
common issue, the causes of frailty remain unclear, which hinders the development of detecting and preventing frailty-related 
healthcare issues among the elderly. Therefore, exploration of the causes of frailty is of great significance in promoting healthy 
aging [2,5]. 

Studies have shown that air pollution is an important and reversible factor [6] that is closely associated with the risk of frailty [7,8] 
and sarcopenia, while the exact component and mechanisms have not been described. 5-Hydroxymethylfurfural (5-HMF) is a crucial 
component of air pollution [9,10], a heterocyclic compound formed during heating carbohydrates through the Maillard reaction 
[11–13], commonly found in the production of processed foods or combustion of chemical products that contain sugar. Previous 
studies pointed out that pro-inflammatory effects, such as elevated interleukin-6 levels, may be associated with frailty. At the same 
time, 5-HMF has an inflammation-induction effect [9], which is known to be the core pathological basis of frailty by damaging the 
abilities of physical activities, and altering the muscle weight and strength [10]. Studies on 5-HMF are intriguing and need to be 
explored when accounting for air pollution-related frailty and other health deficiencies. 

It is reported that inflammation could result in cellular senescence, a permanent state of cell growth stagnation, and cell cycle 
disorder [14]. Meanwhile, strong evidence demonstrates that cell senescence is the promising mechanism of age-related frailty and 
other diseases [15–17] and is proposed to be a plausible link between inflammation [18]and sarcopenia [19,20] tissue degeneration 
[14], anabolic muscle resistance [21] under the control of senescence-related proteins, among which, p53 protein plays an essential 
role in the regulation of the innate immune system and cell response in aging and frailty [22]. It has been confirmed that 5-HMF could 
trigger cell damage by activating the death receptor and mitochondrial pathways [23], while whether 5-HMF could affect cell 
senescence remains unclear. Consequently, we assumed that chronic inflammation caused skeletal muscle cell senescence, aggravating 
the inflammation and dysfunction of muscle, thus leading to some frailty characteristics. To confirm our hypothesis, we also detected 
the p53 protein and some other proteins related to cellular senescence. In summary, we proposed that 5-HMF could lead to chronic and 
system inflammation, consequently playing an essential role in frailty. 

This study aimed to elucidate the effects of 5-HMF on the onset and exacerbation of frailty in mice and to determine its mechanism 
of action, which will help provide new theoretical support for the prevention and treatment of frailty. An animal model of long-term 
respiratory exposure to 5-HMF was established to study the effects of 5-HMF on the mice. This study was designed to provide novel 
insights into the relationship between 5-HMF and frailty and provide new theoretical support for the prevention and treatment of 
frailty. 

2. Materials and methods 

2.1. Animal treatment 

Twelve male C57BL/6 mice were acquired from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). The mice were 
housed in standard cages in a pathogen-free animal room at a temperature of 22 ± 2 ◦C and humidity of 55 ± 5% in the animal core 
facility of Nanjing Medical University. The mice were fed a regular diet for 12 months before the experiment. Twelve mice with the 
same body weight (38 ± 1 g) were selected and randomly divided into two groups for the further experiment: the control group (n = 6) 
and the intervention group (n = 6). The intervention group was given 5-HMF solution atomization inhalation (Sigma-Aldrich, St. Louis, 
MO, USA) 1mg/k/day for one year of chronic inhalation exposure. The dose was administered as described in our previous study [9]. 
The control mice were given an inhalation of distilled water, and a regular diet (food and drinking water) was given to both groups. 

The present study was approved by the Ethical Committee of Nanjing Medical University (approval No. IACUC-2109037). All 
procedures were conducted under the national standard of Laboratory animal -Guideline for ethical review of animal welfare (GB/T 
35892–2018) and Guide for the Care and Use of Laboratory Animals: Eighth Edition. All attempts were made to minimize animal 
suffering. 

2.2. Frailty criteria measurement 

The frailty assessment of mice consists of four functional tests, including grip strength, walking speed, endurance, and physical 
activity ability, following Liu et al. [24]. A mouse was assigned a positive frailty marker for each functional test if its score was one 
standard deviation below the average [25]. A mouse was identified as frail if having three or more markers and was identified as 
pre-frail if having two. 

2.2.1. Criterion 1: grip strength 
Grip strength was evaluated using a grip meter (P/N760483, Whitehall PA, Colombia). The mouse for evaluation was gently placed 

on the grip board with its front and hind paws gripped the grid. After gripping, the mouse would have its tail pulled back gradually and 
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steadily, keeping its torso in a horizontal position. Once either of the mouse’s paws was released, the software generated a process of 
unloading because of the contracting of paws, and the grip strength was recorded in Newton(N). Each mouse performed five trials with 
a 10-min rest period between every two consecutive trials. The average grip strength was calculated after removing the highest and 
lowest score and was recorded as the final score. 

2.2.2. Criterion 2: walking speed 
Walking speed was assessed using a rotarod (Model: 80820F, Lafayette Instruments, Lafayette, IN). Mice were allowed to have 

warmed-up tests for three days (3 trials per day) before having the real test on the fourth day. During testing, a mouse was placed on the 
rotarod with the piston rotating at an initial speed of 4 rpm and an acceleration of 7.2 rpm/minutes2 (accelerated to 40 rpm in 5 min). 
Rotational speed was recorded when the mice fell. Moreover, three measurements were averaged with 20-min intervals between each 
measurement. The best scores of these trials were recorded as results. 

2.2.3. Criterion 3: endurance 
Mice’s endurance was evaluated using a motorized treadmill (Exer 3/6 Treadmill; Columbus, OH), as described by Seldeen et al. 

[26]. Mice were allowed to practice on the equipment for three days (3 trials per day) before the actual test. On the fourth day, a mouse 
was first placed on the treadmill moving at a speed of 5 m/min for a 5-min warm-up. Afterward, the treadmill’s speed increased at an 
acceleration of 1 m/min2. The fatigue time was recorded when the mouse was unable to keep up with the treadmill for the third time 
(e.g., the mice stayed on the back of the treadmill for 3 s without trying to run again was recorded as one failure). Three trials were 
taken with 20-min intervals in between. The average fatigue time of a mouse was recorded as the final score of its endurance 
assessment. 

2.2.4. Criterion 4: physical activity 
Mice’s activity was assessed by recording their daily physical activity level using a voluntary running wheel [24] (Model: 80820F, 

Lafayette Instruments, Lafayette, IN). Each mouse was housed in cages with a running wheel for four days. The distance traveled in 
revolutions was measured and converted to kilometers. The average distance a mouse traveled per day was used as its physical activity 
assessment score. 

2.3. Body composition analysis 

MRI scans (Parallel T2WI scans) were performed using a small animal magnetic resonance apparatus (Bruker BioSpec USR 70/20, 
Paravision 6.0.1, Germany) in the animal core facility of Nanjing Medical University. 4% isoflurane was used for the first anaesthe-
tization, and 1.5% isoflurane was used for anesthesia maintenance. The same parameters were applied to both groups during scanning 
in each group. The threshold segmentation method was used to segment and process fat and muscle parts, and the threshold setting 
range of adipose tissue in different pictures was adjusted according to anatomical knowledge. MATLAB was used to obtain the pixel 
area of each tissue in the picture and calculate the volume to obtain fat mass according to the finite element method. 

2.4. Skeletal muscle processing and hematoxylin-eosin staining 

The following procedure was taken to measure the muscle weight. The skin and fascia at the back of each mouse calf were first cut 
with scissors, exposing the gastrocnemius muscle, which was detached from the mouse’s body by cutting from the middle of the 
achilles tendon. The proximal gastrocnemius muscle attachment was also cut and removed. The wet weight of muscles was measured. 
The sarcopenia index (SI) was calculated by the ratio of gastrocnemius muscle mass (g) to body mass (g). The gastrocnemius muscle 
was cut in the midline in the direction of the fiber of the dilutes and fixed in 10% formaldehyde for 48 h. Then, it is dehydrated and 
immersed in wax for H&E staining to analyze the pathological change of muscle tissues with a thickness of 5 μm. Finally, the cross- 
sectional muscle area and myofibroblasts’ morphological changes were analyzed by digital slides and Image J software. 

2.5. Western blot assay 

Following weight measurements and H&E staining, western blotting was performed to analyze the expression levels of proteins in 
muscles. The gastrocnemius muscle obtained previously was rapidly frozen in liquid nitrogen and then cut into pieces. The total 
protein of mice muscle tissue was extracted by RIPA with a proportion of 1 mg tissue: 200 μl RIPA. Western blot analysis was performed 
using SIRT1, SIRT3, p53, p21, p16, SOD1, SOD2, and β-actin primary antibody (Abcam, USA). Quantitative analysis was performed 
using corresponding secondary antibody incubation, chemiluminescence imaging, and Image J analysis. 

2.6. Serum inflammatory factors levels measurement 

Serum inflammatory level was measured because it is a strongly correlated indicator of frailty. The blood sample was collected from 
mice under carbon dioxide anesthesia (3000 g, 4 ◦C, 10 min) for pain alleviation. Next, the serum inflammatory factors IL-6, TNF-α, 
and CRP were measured using an ELISA kit (cat. No. PI326, Beyotime Biotechnology, Shanghai, China). 
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2.7. Statistical analysis 

Statistical results to be reported were generated from statistical analysis performed using SPSS version 20.0 (IBM Corp., Armonk, 
NY, USA). Body weight, gastrocnemius muscle mass, sarcopenia index, and fat content of mice were expressed as the mean ± standard 
deviation (S.D.) and were compared with Student-Newman-Keuls tests. The frailty scores were compared using the rank sum test, and 
p < 0.05 was considered statistically significant for differences. 

3. Results 

3.1. 5-HMF causes general chronic inflammation 

In this study, we tested serum systemic inflammatory factors IL-6, TNF-α, and CRP using ELISA kits. We found that the serum 
inflammatory factor levels were significantly increased in the 5-HMF group compared to the control group (Fig. 1A–C). The difference 
was statistically significant to prove the systemic inflammation induced by lung injury after long-time exposure to 5-HMF (p < 0.01). 

3.2. 5-HMF aggravates mice’s frail tendency by decreasing the grip strength, walking speed, and endurance 

Fried frailty phenotype criteria were used to assess the level of mice’s frailty (Fig. 2F). In the 5-HMF group, grip strength (control 
group: 1.85 ± 0.05627 N, 5-HMF group: 1.3 ± 0.07746 N, p = 0.0002), walking speed (maximum rotarod speed) (control group: 32.47 
± 1.654 m/s, 5-HMF group: 28.45 ± 1.202 m/s, p = 0.1186), endurance (total time running) (control group: 838.5 ± 134.6 s, 5-HMF 
group: 728.5 ± 112.9 s, p = 0.1186) and physical activity (daily distance traveled) (control group: 2.083 ± 0.09482 km/day, 5-HMF 
group: 1.685 ± 0.1026 km/day, p = 0.1286) were decreased by 13.7%, 4.8%, 7.3%, respectively (Fig. 2A–D). Mice in the 5-HMF group 
had higher overall frailty scores than mice in the control group (control group: 0, 5- HMF group: 1.333 ± 0.4216, p = 0.0101) (Fig. 2E). 

3.3. 5-HMF alters frailty-related body composition and significantly reduces mice gastrocnemius muscle mass 

Comparing the body weight and body composition of mice from the two groups, we found the 5-HMF group mice had a lower 
average body weight (control group: 42.94 ± 0.97 g, 5-HMF group 37.43 ± 0.99 g, p = 0.0026) (Fig. 3A), a lower average gastroc-
nemius muscle mass (control group: 372.6 ± 11.46 mg, 5-HMF group: 268 ± 15.64 mg, p = 0.0006) (Fig. 3B), and a lower average 
sarcopenia index (SI) (control group: 0.8693 ± 0.02897, 5-HMF group: 0.7169 ± 0.03931, p = 0.0109) (Fig. 3C) than the control 
group mice. 

Using MRI to analyze the whole-body composition of mice, we found a slight increase in whole-body fat mass of the mice from the 
5- HMF group and an increase in body fat percentage (control group: 18.63 ± 0.983; 5-HMF group: 25.65 ± 0.967, p = 0.0005) 
(Fig. 4A–C) compared to those from the control group. 

Fig. 1. The effect of 5-HMF on the expression of serum IL-6 (A), TNF-α (B) and CRP (C) after 12-month-5-HMF-exposure. The concentration of IL-6, 
TNF-α and CRP in the culture medium was analyzed using the respective ELISA kits, respectively. Data were expressed as means ± SDs (n = 6). ***p 
< 0.001. 
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3.4. Aerosol inhalation of 5-HMF can change the morphology of mice gastrocnemius muscle cells and reduce the cross-sectional area of 
fibroblasts 

Our experiments showed that 5-HMF significantly reduced mice gastrocnemius muscle mass (control group: 334.1 ± 11.87 mg, 5 - 
HMF group: 243.6 ± 14.22 mg, p = 0.0006). The effect of 5-HMF inhalation on fibroblast morphology (Fig. 5AB) showed that 5-HMF 
changed the gastrocnemius muscle structure and cell morphology and significantly reduced the cross-sectional area of the gastroc-
nemius muscle in mice (Fig. 5C) (control group: 883.3 ± 30.09 μm2, 5-HMF group: 729.2 ± 29.54 μm2, p = 0.0009). 

3.5. Respiratory exposure to 5-HMF induces muscle cell senescence and SASP 

To determine whether 5-HMF-induced frailty is related to skeletal muscle cell senescence and SASP, we investigated SASP-related 
parameters in this study. We detected the expression of senescence protein and measured the protein levels of SIRT1, SIRT3, p53, p21, 
p16, SOD1, and SOD2. Proteins p53, p21, p16, SOD1, and SOD2 were significantly higher when protein SIRT1 and SIRT3 were 
significantly lower in the 5-HMF group than in the control group (Fig. 6). These results suggest that frailty induced by 5-HMF may be 
associated with senescence of skeletal muscle cells and increased SASP. 

4. Discussion 

Air pollution is an essential and reversible factor [6] closely associated with the risk of frailty [8] and sarcopenia. A cross-sectional 

Fig. 2. Changes in frail status accessed by grip strength, endurance, walking speed, and physical activity of mice. (A) Assessment of grip strength of 
mice whereby mice were pulled away from a grid attached to a force meter and software until a release of paw. (B) Assessment of rotarod speed 
whereby mice were tested with a rotarod speed increase from 4 to 40 rpm/min over 5 min. (C) Assessment of Endurance by putting mice on 
treadmill belts with an initial speed of 5 m/min and an acceleration of 1 m/min 2; (D) Assessment of physical activity by using a voluntary running 
wheel to record the distance. € Changes in frailty scores in mice. Frail status was evaluated by 5 parameters, including unexpected weight loss, grip 
strength, rotarod speed, endurance, physical activities, mice exhibited three or more assessments below cohort-determined cutoff levels was frail 
and prefrail if below cutoff in 1 or 2 parameters. (F) Four frailty criteria including grip strength, walking speed, physical activity, and endurance are 
selected according to Liu [24].*p < 0.05, ***p < 0.001, ns p > 0.05. 
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study of 20,606 older adults by Taiwanese researchers confirmed a significant relationship between air pollution exposure and the 
prevalence of frailty [27]. Studies demonstrated that acting as the main air pollution components, cigarette smoke, wood, and some 
other solid fuel combustion products [28] were highly associated with the development and deterioration of frailty by doubling the risk 
of frailty [8]. 5-HMF is an organic substance that exists in cigarette smoke, food processing, and the combustion of sugar-containing 
chemical products [15], such as coffee (300–1900 mg/kg) [29], dried fruit (1600–3520 mg/kg) [30], honey (118.47–1139.95 mg/kg) 
[31], Lactose-free milk (642–2315 μg/kg) [32], cookies (167.4–1100.1 mg/kg) [33], sugar (12.3–23.3 mg/kg), vinegar (316–3250 
mg/kg) [34], cigarette smoke (14.1–364.3 μg/puff) [9]. Compared with oral supplementation, respiratory exposure to 5-HMF has been 
confirmed to have the effect of causing mice chronic inflammatory injury without absorption in the digestive tract and complex 
metabolic distribution processes [9]. Thus, we hypothesized that the inflammation caused by 5-HMF was one of the significant 
mechanisms of frailty, which may have beneficial consequences in clarifying and preventing air pollution-related frailty. 

Serum IL-6, TNF-α, and CRP [35,36] can lead to unhealthy outcomes such as muscle weakness and decreased activity [10]. 
Physiological characteristics of frailty can be explained by increased inflammatory factors [37,38]. In our study, we found chronic 
exposure to 5-HMF could lead to inflammation, altering the frailty features, such as muscle weakness, fatigue, decreased exercise 
capacity, decreased physical activity, and involuntary weight loss. 

The C57BL/6 mice were used for modeling human frailty-related outcomes, and an evaluation of mice frailty developed by frailty 
phenotype, which has a five-point scale including grip strength, walking speed, endurance, and physical activity, were assessed in this 
study according to Liu [24] According to the frailty phenotype, mice that match at least three defined criteria are regarded as frail 
mice, while pre-frailty mice meet two criteria. Our results showed significant differences in mice grip strength (p < 0.001), and further 

Fig. 3. Changes in body composition of mice were measured after a 12-month-intervention. (A) Body weight measured by an electronic analytical 
balance, (B) Gastrocnemius muscle were measured after tissue separation, (C) Sarcopenia index was calculated by percentage of gastrocnemius 
weight in body weight (%). *p < 0.05, **p < 0.01, ***p < 0.001, ns p > 0.05. 

Fig. 4. Extract image fat information MRI-based segmentation in mice treated with 5-HMF. (A) Representative example for axial slice of abdomen 
segmentation of control (left) mice and 5-HMF intervention mice (right). Delineated segments of visceral adipose tissue (VAT, indicated in red), 
subcutaneous adipose tissue (SCAT, indicated in green) and muscle tissue (are shown indicated in purple). (B) Fat/body mass ratio calculated by 
MMRI.*p < 0.05. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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analysis of body composition results showed that 5-HMF significantly reduced mice’s body weight (p = 0.0026). At the same time, 
gastrocnemius muscle mass decreased significantly (p = 0.0006), which suggested that the effect of 5-HMF on the frailty level of mice 
was mainly related to the reduction of muscle mass and muscle strength, and further attention needs to be paid to the effect of 5-HMF 
on body composition, especially on the muscle strength. 

Skeletal muscles are critical to controlling movement. Muscle strength and muscle mass partially determine the health status 
(frailty) and quality of life of the elderly. Progressive decline in muscle mass, strength, and function is characteristic of sarcopenia, a 
crucial diagnostic condition for frailty and one of the main driving factors. Researchers [39] xenografted senescent cells into skeletal 
muscles of mice, finding aging muscle cells lead to low muscle fiber cross-sectional area through direct or SASP effect. At the same 
time, they found a positive correlation and feedback between senescent cell phenotype and sarcopenia cellular markers by measuring 
the primary aging markers P16 protein and a variety of SASP proteins. In this study, we also found that levels of senescent cell 
phenotype proteins in mice muscle tissues increased, which may be related to the reduction of fiber cross-sectional areas, and then 
caused the reduction of muscle strength and muscle mass in the 5-HMF intervention group. 

Sarcopenia can lead to a reduction in physical activity and an increase in the risk of obesity, while adipose tissue can enhance 
systemic and chronic inflammatory responses due to its active endocrine cytokine function. Obesity and sarcopenia are two vehicles for 
the change in body composition and the loss of physical function [40,41]. Therefore, the relationship between frailty and ‘sarcopenic 
obesity’ has also been studied in our research. We used MATLAB to calculate the body composition by obtaining the pixel area of each 
tissue by MRI and calculating the volume according to the finite element method. MRI is one of the most effective and objective 
methods for calculating body composition [38]. Our results showed a significant increase in the whole-body fat mass of the mice in the 
5-HMF group, especially in the fat/body mass ratio when the body weight had decreased. It is reported that obesity and frailty/-
sarcopenia correlate with each other concerning inflammatory pathways. Therefore, these results remind us to explore further the role 
of inflammatory disorders in obesity and sarcopenia. 

As with the majority of studies, there are potential limitations in this study. Firstly, the small sample size is relatively small, and it is 
necessary to expand the sample size appropriately further to validate the effect of 5-HMF on frailty characteristics and further improve 
this study’s scientific validity. Secondly, we treated mice with only one concentration (1 mg/k/day) of 5-HMF, so we did not obtain the 
dose-response relationship between 5-HMF and frailty. It is necessary to explore further the exact relationship between the dose of 5- 
HMF and frailty in future research. 

5. Conclusion 

In summary, our results revealed that 5- HMF could cause changes in indicators such as body weight, muscle mass, muscle strength, 
and fat percentage in mice for the potential reason that the increased secretion of inflammatory factors caused by cell senescence- 
accelerated the catabolism of skeletal muscle, resulting in skeletal muscle atrophy and physical strength. Adverse frailty outcomes 
such as decreased activity and weight loss confirmed that 5-HMF affected physical activity ability through inflammation, which could 
be one of the critical mechanisms for air pollution-associated frailty. 
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