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Abstract 16 

The radical-pair recombination change will affect the generation of free radicals, 17 

which can be regulated by static magnetic fields (SMFs) in a SMF setting dependent 18 

way. It is well known that alcohol consumption leads to significantly increased free 19 

radical levels and health risks, which lacks effective treatment method besides alcohol 20 

abstinence. Here we compared different SMF settings and found that a downward 21 

SMF of ~0.1 T with magnetic flux of ~4.5x10
-3 

Wb could effectively alleviate 22 

alcohol-induced liver damage and lipid accumulation, and improve liver function. The 23 

inflammation, reactive oxygen species (ROS) level and oxidative stress were 24 

significantly reduced. EPR (electron paramagnetic resonance) experiments also 25 

confirmed the reduced amount of free radical by SMF treatment. Moreover, the 26 

lifespan of heavy alcohol drinking mice was also significantly changed due to the 27 

SMF effects on liver cell ROS level, DNA synthesis and liver cell regeneration. Our 28 

study shows that moderate SMFs with specific parameters have great promises to be 29 

developed into a physical method to reduce alcohol-induced liver damage in the 30 
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future.  31 

Introduction 32 

Alcoholic liver disease (ALD) caused by excessive drinking is one of the most 33 

common chronic liver diseases, including steatosis, steatohepatitis, fibrosis, cirrhosis 34 

and hepatocellular carcinoma. ALD with a high short-term mortality has become a 35 

severe health threat and global burden(Bhandari et al., 2020; Liang et al., 2015; Rehm 36 

et al., 2013; Witkiewitz et al., 2019; Xiao et al., 2020), especially in current COVID-37 

19 pandemic situation(Sy-Janairo and Cua, 2020; Williams et al., 2021). A recent 38 

survey in about 7528 alcoholics reveals that 27% of them have liver steatosis, 20% 39 

have steatohepatitis and 26% have cirrhosis(Parker et al., 2019). In fact, around 2 40 

million people die from liver disease worldwide each year and 50% of them have 41 

advanced liver cirrhosis(Szabo et al., 2019). However, although corticosteroids 42 

(prednisolone and prednisone) and pentoxifylline can be used to increase short-term 43 

survival of severe alcoholic hepatitis(Singal et al., 2018), there is no US Food and 44 

Drug Administration (FDA) approved drugs for ALD prevention or treatment besides 45 

abstinence from alcohol and subsequently nutritional supplements. Therefore, people 46 

are still actively seeking effective and safe therapies for the large number of ALD 47 

patients. 48 

Increased free radical level and oxidative stress in liver cells play a central role in 49 

the development of alcoholic liver disease(Albano, 2006; Das and Vasudevan, 2007; 50 

Wu and Cederbaum, 2003). Magnetic field can control the movement and transfer of 51 

electrons, providing a non-invasive physical method to manipulate the unpaired 52 

electrons in free radicals, which provides a theoretical basis for cellular ROS 53 

regulation by externally applied magnetic field(Ikeya and Woodward, 2021; Timmel 54 

et al., 1998). In fact, it has been shown in multiple studies that static magnetic fields 55 

(SMFs) can affect ROS levels in many cells and animals, but the effects are 56 

variable(Wang and Zhang, 2017). Van Huizen et al. showed that the ROS levels can 57 

be affected by SMFs in a field intensity dependent way(Van Huizen  et al., 2019) and 58 

Gurhan et al. confirmed that different directions had various effects on ROS change, 59 
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mitochondrial calcium and cell growth in fibrosarcoma cell HT-1080(Gurhan et al., 60 

2021). Moreover, our previous study shows that SMFs can affect ROS levels in cell 61 

type dependent manner (Wang and Zhang, 2019). Therefore, the effects of SMFs on 62 

ROS levels are closely associated with magnetic field intensity, direction and 63 

biological samples examined. 64 

In recent years, multiple types of electromagnetic fields have been developed as 65 

non-invasive physical tool to treat cancer, depression and diabetes, including tumor 66 

treating field (TTF), transcranial magnetic stimulation (TMS) as well as 67 

static magnetic and electric fields. For example, recently, Carter et al. show that a 3 68 

mT static magnetic field in combination of a static electric field can treat type 2 69 

diabetes (T2D) through ROS and redox state regulation(Carter et al., 2020). Our 70 

previous study shows that a downward SMF of ~0.1 T can reduce ROS levels in 71 

pancreatic cells and alleviate T2D(Yu et al., 2021). Van Huizen et al. show that the 72 

ROS level in Planaria regeneration can also be decreased by 200 mT SMF to alter 73 

stem cell–mediated growth(Van Huizen et al., 2019). In addition, Yu et al. found that 74 

static magnetic field combined with vesicles could promote ferroptosis-like cancer 75 

cell death(Yu et al., 2020). Therefore, modulating ROS and oxidative stress by 76 

electromagnetic field could potentially provide a non-invasive physical tool to 77 

regulate physiological and pathological processes. 78 

In this study, we sought to examine the effects of SMFs in alcohol-induced liver 79 

damage by using different mice models and SMF settings. We found that for both 80 

shorter-term lighter drinking mice and longer-term heavier drinking mice, the alcohol-81 

induced liver damage can both be significantly relieved by a downward SMF of ~0.1 82 

T with magnetic flux of ~4.5x10
-3 

Wb. The lifespan of the heavy drinking mice was 83 

significantly prolonged by this magnetic field exposure. In contrast, a different SMF 84 

setting did not have such effects, and even be detrimental to heavy drinking mice.  85 

Results 86 

The downward SMF alleviates alcohol-induced mice liver damage 87 

To assess the effects of SMF on alcohol-induced ALD, we used magnetic plates 88 
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with different settings. The magnet plates were composed of twelve closely connected 89 

N38 Neodymium (NdFeB) magnet cubes, with either the North or South pole facing 90 

up, which provided a relatively uniform magnetic flux density at a given horizontal 91 

plane (Figure 1A). We measured the magnetic field intensity at 2 cm above the 92 

magnet plate, which corresponds to the position of the mice bodies when they stand. 93 

The average magnetic field intensity of the three groups at this horizontal level are 94 

2.95 mT, 109.0
 
mT, and 111.8 mT, respectively. And the magnetic flux is ~1.18×10

-4 
95 

Wb, 4.36×10
-3 

Wb and 4.47×10
-3 

Wb, respectively (Figure 1A). To reduce any 96 

potential placebo effects, we used un-magnetized NdFeB as sham control. The whole 97 

mice cages were placed on the top of these magnetic plates (Figure 1B). For the mice 98 

that were exposed to the magnetized plates, the magnetic flux density on their bodies 99 

were ~0.08-0.19 T (Figure 1B). We fed mice with the Lieber-DeCarli alcohol liquid 100 

diet(Lieber et al., 1989) containing either ethanol (EtOH-fed) or maltodextrin diet as a 101 

control (pair-fed) with unlimited access (Figure 1C). For the EtOH-fed group, we 102 

gradually increased the concentration of EtOH, from 1% (week 1), 2% (week 2) to 103 

3% (week 3). We started the alcohol feeding and SMF exposure simultaneously from 104 

the beginning and continued for 3 weeks (SMF exposure was 12 h/d, 7 d/week) 105 

(Figure 1C).  106 

To get comprehensive information about the effect of SMFs on these mice, we 107 

monitored their body weight, food consumption and their vital signs. No significant 108 

differences in body weight or food consumption were observed among EtOH-fed 109 

groups (Figure 1D). For their vital signs, it seems that three-weeks of alcohol 110 

consumption reduced both the heart rate (from 178.2 to 160.7, P < 0.05) and the 111 

arterial O2 (from 97.6% to 93.96%, P < 0.05). However, it is interesting that both the 112 

SMFs can increase the mice arterial O2 (Figure 1-figure supplement 1).  113 

Next, H&E staining were used to analyze the mice tissue. No significant 114 

difference was observed in spleen, lung, kidney or heart (Figure 1-figure supplement 115 

2). However, all EtOH-fed mice had obvious liver damage, which appear as a large 116 

number of vacuoles on the liver sections. It is interesting that although both the 117 
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upward and downward SMFs reduced the vacuoles, the downward SMF had a much 118 

more obvious alleviation effect (Figure 1E). Similarly, although both the upward and 119 

downward SMFs reduced the ethanol-induced liver cell apoptosis, the downward 120 

SMF had a much more significant alleviation effects as shown by the TUNEL assay 121 

(Figure 1F). Consistently, Western Blot analysis also shows that the alcohol-induced 122 

cleaved-caspase 3 was reduced by SMF treatment, especially by the downward SMF. 123 

The alcohol induced BCL2 reduction was also reversed by SMF treatment, especially 124 

by the downward SMF (Figure 1G).  125 
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 126 

Figure 1. The downward static magnetic field alleviates alcohol-induced mice 127 

liver damage. 128 

(A) Unmagnetized or magnetized NdFeB plates were used to provide sham, upward 129 

or downward SMFs. Magnetic flux densities were scanned at 2 cm above the plates 130 
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with a magnet analyzer. (B) The whole mice cage was place on the magnetic plate and 131 

the SMF on mice was ~0.08-0.19 T. (C) The mice were fed with unlimited access of 132 

the Lieber-DeCarli alcohol liquid diet containing either ethanol (EtOH-fed) or 133 

maltodextrin diet (pair-fed) with exposure to sham, upward or downward SMFs for 3 134 

weeks. (D) Food consumption and body weight were recorded every week. (E) Liver 135 

sections were subjected to H&E staining. (F) Liver section TUNEL assay and its 136 

quantification. Arrows indicate positively stained cells. n=3-5 per group. (G) The 137 

protein levels of cleaved-caspase 3, caspase 3, BCL2 and tubulin were detected by 138 

Western blot. All values represent means  SEM. *, P < 0.05 by Student’s t-test or 139 

two-way analysis of variance (ANOVA) with Bonferroni correction for comparisons.  140 

The downward SMF significantly alleviates alcoholic fatty liver 141 

 Fatty liver is a common symptom for ALD patient. To evaluate the effects of 142 

SMFs on alcohol-induced fatty liver, we used oil red O staining to stain fat deposition 143 

in liver tissue. It was obvious that the downward SMF significantly reduced lipid 144 

accumulation in liver of the EtOH-fed mice, while the upward SMF had no obvious 145 

effects (Figure 2A). Moreover, the alcohol-induced serum alanine aminotransferase 146 

(ALT), aspartate aminotransferase (AST), Triglycerides (TG) elevation, as well as 147 

high density lipoprotein cholesterol (HDL-c) reduction, were all significantly 148 

alleviated by the downward SMF treatment but not the upward SMF (Figure 2B, C). 149 

These observations suggest that the downward SMF can improve lipid metabolism 150 

and reduce fatty liver in EtOH-fed mice. 151 
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 152 

Figure 2. The downward static magnetic field significantly alleviates alcoholic 153 

fatty liver. 154 

(A) Paraffin-embedded liver sections were used to assess lipid accumulation by oil 155 

red O staining. Scale bar: 200 µm. (B) Serum ALT, AST and triglyceride (TG) were 156 

measured. (C) Serum HDL-c, LDL-c and T-CHO were measured. Values represent 157 

means  SEM, n=6 per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Student’s 158 

t-test. 159 

The downward SMF alleviates alcohol-induced inflammation and oxidative 160 

stress in liver 161 

To examine liver inflammation, one of the main characters of ALD, we first used 162 

F4/80 immunohistochemistry staining to identify Kupffer cells, the liver resident 163 
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macrophages that play important role in liver inflammatory responses. Consistent 164 

with previous study(Wang et al., 2020), the Kupffer cells were increased in EtOH-fed 165 

mice (Figure 3A, B). Moreover, the downward SMF significantly reduced the Kupffer 166 

cell numbers in EtOH-fed mice (Figure 3A, B). Furthermore, we used 167 

myeloperoxidase (MPO) antibody to identify neutrophils that were recruited to the 168 

liver in response to ethanol consumption (Figure 3C, D). It was obvious that the 169 

downward SMF could also reduce the MPO positive neutrophils in EtOH-fed mice 170 

(Figure 3C, D). We also examined the mRNA levels of pro-inflammatory cytokines in 171 

mice liver, including IL-1β, IL-6, MCP and TNFα-1. Significant cytokine mRNA 172 

level reductions were observed in EtOH-fed mice exposed to the downward SMF 173 

compared to sham group (Figure 3E). These results show that the downward SMF can 174 

alleviate alcohol-induced liver inflammation. 175 
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 176 

Figure 3. The downward SMF alleviates alcohol-induced inflammation and 177 

oxidative stress in liver. 178 

(A, B) Liver section immunohistochemical analysis of F4/80 positive cells and their 179 

quantification. (C, D) Liver section immunohistochemical analysis of MPO positive 180 
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cells and their quantification. (E) The mRNA expressions of pro-inflammation factors 181 

were detected by real-time fluorescence quantitative PCR, including IL-1β, IL-6, 182 

MCP and TNFα-1. (F, G) Liver section immunohistochemical analysis of NRF2 and 183 

their quantification.  (H) Malondialdehyde (MDA) in liver tissues were detected by 184 

the lipid peroxidation MDA assay kit. All values were expressed as means  SEM. 185 

n=3-5 per group. *, P < 0.05 by Student’s t-test.  186 

Since oxidative stress plays a central role in the development of alcoholic liver 187 

disease and magnetic field can affect the ROS levels in multiple studies, we next 188 

examined the oxidative stress state by using two oxidative stress indicators, NRF2 and 189 

malondialdehyde (MDA). As expected, both NRF2 and MDA levels were increased in 190 

EtOH-fed mice (Figure 3F-H). Moreover, the upregulated NRF2 and MDA in EtOH-191 

fed mice were obviously reduced by the downward SMF treatment (Figure 3F-H). 192 

These results indicate that EtOH-induced oxidative stress can be reduced by the 193 

downward SMF treatment. 194 

The downward SMF protects hepatocyte through suppressing oxidative stress 195 

To investigate the effects of SMFs on the oxidative stress in hepatocyte, we 196 

exposed HL7702 cells to NdFeB magnets that can be placed in the regular cell 197 

incubator and their magnetic field flux density is similar to the mice SMF exposure 198 

system (Figure 4A). For cells on the magnet, the SMFs are in the range of 0.1~0.4 T.  199 

We first confirmed that the ROS levels of the hepatocyte HL7702 cells were 200 

dose-dependently increased by EtOH treatment (P < 0.05, F= 9.76) (Figure 4B, C). 201 

Moreover, the cell numbers were dose-dependently decreased by EtOH treatment ((P 202 

< 0.05, F= 20.63), confirming the toxicity of EtOH treatment (Figure 4D). To 203 

examine the role of cellular ROS on EtOH-induced cell number reduction, we used 204 

both the ROS scavenger, N-Acetyl-L-cysteine (NAC), and H2O2 to decrease or 205 

increase the ROS levels, respectively (Figure 4E). Our results show that NAC could 206 

reduce the toxicity of EtOH while H2O2 further increased the HL7702 hepatocyte cell 207 

number reduction effects of alcohol (Figure 4E). 208 

In order to analyze the effect of SMF on EtOH-induced cellular ROS elevation, 209 
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we treated HL7702 hepatocytes that were exposed to SMFs with 340 mM ethanol for 210 

24 h. The downward SMF significantly reduced EtOH-induced cellular ROS while 211 

the upward SMFs were less effective (Figure 4F). Since NRF2 is an oxidative stress 212 

marker, which may active antioxidant enzyme to reduce intracellular ROS caused by 213 

alcohol-induced oxidative stress(Wang et al., 2014), we next examined the effect of 214 

SMF on cellular NRF2 level. Consistent with the liver tissue results, Western blot 215 

results and their quantifications confirmed that EtOH-increased cellular NRF2 protein 216 

level was significantly decreased by the SMFs, especially by the downward SMF 217 

(Figure 4G). Furthermore, the EtOH-induced hepatocyte cell number reduction 218 

(Figure 4H) and apoptosis (Figure 4I) can both be inhibited by SMFs, especially the 219 

downward SMF. These data suggested that the downward SMF could reduce 220 

cytotoxicity by reducing EtOH-induced cellular ROS and oxidative stress. 221 
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 222 

Figure 4. The downward static magnetic field protects hepatocyte through 223 

suppressing oxidative stress. 224 

(A) Experimental setup and magnetic field distribution for cells exposed to upward 225 

and downward SMFs. (B) Representative fluorescent images of cellular ROS levels in 226 

24 h EtOH-treated hepatocyte HL7702 cells using a DCFH-DA probe. (C) Flow 227 

cytometry measurement of ROS levels in 24 h EtOH-treated hepatocyte HL7702 cells 228 

using a DCFH-DA probe. (D) Cell number of HL7702 cells after 24 h EtOH-229 

treatment. (E) HL7702 cells (4 ×10
4
 cells/mL) exposed to 340 mM ethanol were 230 
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treated with NAC (“+”, 2.8 mM; “++”, 5.6 mM; “+++”, 11.2 mM) or H2O2 (“+”, 20 231 

µM; “++”, 30 µM; “+++”, 40 µM) for 24 h before their cell numbers were counted by 232 

flow cytometer. (F) Flow cytometry measurement of cellular ROS of HL7702 cells 233 

exposed to 340 mM ethanol treated with sham, upward or downward SMFs for 24 h. 234 

(G) Western blot analysis and quantifications of NRF2 in HL7702 cells exposed to 235 

ethanol and SMFs. (H) Cell number quantification by flow cytometer of HL7702 cells 236 

(4 ×10
4
 cells/mL) exposed to 340 mM ethanol and sham, upward or downward SMFs 237 

for 24 h. (I) Apoptosis analysis by flow cytometer using the annexin V-FITC / PI 238 

stain of HL7702 cells exposed to 340 mM ethanol and sham, upward or downward 239 

SMFs for 24 h. All data were normalized, and values were expressed as means  240 

SEM, n=3-5 per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Student’s t-test or 241 

one-way analysis of variance (ANOVA) with Bonferroni correction for comparisons. 242 

. 243 

The downward SMF effectively reverses the alcohol- and H2O2-induced lipid 244 

accumulation 245 

To examine the effect of SMF on liver cell lipid accumulation, we used oil red O 246 

to stain HL7702 cells. Consistent with the mice liver tissue results, the oil red O 247 

staining shows that alcohol could dose-dependently increase cellular lipid 248 

accumulation (P < 0.05, F= 10.59) (Figure 5A, B). Moreover, the lipid accumulation 249 

could be significantly reversed by NAC, or aggravated by H2O2, which demonstrated 250 

the correlation between ROS levels and lipid accumulation (Figure 5C, D). In 251 

addition, the downward SMF not only obviously reduced lipid accumulation in cells 252 

that were treated by alcohol, but also by H2O2 (Figure 5E, F). This suggests that the 253 

downward SMF could reduce ROS levels and prevent alcohol or other oxidative 254 

stress-induced fat deposition in hepatocyte.  255 

 256 
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 257 

Figure 5. The downward static magnetic field effectively reverses the alcohol-and 258 

H2O2-induced lipid accumulation. 259 

(A, B) Representative images of oil red O staining and quantifications of HL7702 260 

cells (4 ×10
4
 cells/mL) treated with different concentrations of ethanol for 24 h. (C, 261 

D) Representative images of oil red O staining and quantifications of HL7702 cells (4 262 

×10
4
 cells/mL) treated with 340 mM ethanol and different concentrations of NAC or 263 

H2O2 for 24 h. (E) Quantifications of lipid accumulation in HL7702 cells (4 ×10
4
 264 

cells/mL) treated with 340 mM ethanol and upward or downward SMFs for 24 h. (F) 265 

Mechanism illustration of the effect of downward SMF on hepatocyte oxidative stress 266 

and lipid accumulation. Values were expressed as means   SEM, n=3-5 per group. *, 267 

P < 0.05; **, P < 0.01 by Student’s t-test or one-way analysis of variance (ANOVA) 268 

with Bonferroni correction for comparisons. 269 

 270 

The downward SMF obviously reduces free radicals in EPR (electron 271 
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paramagnetic resonance) experiment 272 

To further confirm the effect of SMF on oxidative stress and ROS, we detected the 273 

changes of free radicals in H2O2 solution when exposed to different SMF conditions 274 

(Figure 6A, B). 0.2 M H2O2 solution was placed at different positions on the surface 275 

of the magnet for 24 h, which have different magnetic field distributions. The magnets 276 

are the same as in Figure 4A.  It is obvious that the SMF at position #a is uniform 277 

while the SMF at position #b is gradient. The commonly used spin trap, 5,5-dimethyl-278 

1-pyrroline N-oxide (DMPO), were employed for EPR free radical detection. The 279 

results showed that the free radical levels were decreased by the SMF treatment 280 

(Figure 6C, E). In particular, we identified an obvious reduction in the hydroxyl 281 

radical (OH·) level after SMF treatment, especially the downward SMFs(Figure 6D, 282 

F). This is consistent with the more efficient ROS level reduction by downward SMFs 283 

in cellular studies (Figure 4F).  284 
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 285 

Figure 6. The SMFs obviously reduced free radicals in EPR experiment, 286 

especially the downward SMFs and homogeneous SMFs. 287 

(A, B) 0.2 M H2O2 solution were placed at different positions on the surface of two 288 

magnets. The gradient at position #b is higher than position #a. (C, D) EPR 289 

experiments were used to detect and analyze the level of free radicals in H2O2 solution 290 

exposed to the upward SMFs. (E, F) EPR experiments were used to detect and 291 

analyze the level of free radicals in H2O2 solution exposed to the downward SMFs. 292 

The black arrows indicate the spectrum of hydroxyl radical (OH·).  293 

 294 
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The downward SMF improves the survival rate of heavy drinking mice 295 

It is well known that excessive amount of alcohol consumption, heavy drinking 296 

or binge drinking, can cause detrimental effects and lead to high death rate(Labry et 297 

al., 1992; Esser et al., 2020; Marmot et al., 1981; Shaper et al., 1988). Our 298 

experiments above clearly show that moderate SMFs, especially the downward SMF, 299 

can reduce the oxidative stress and have obvious beneficial effects on alcohol-induced 300 

mice liver lipid accumulation and toxicity. Here, we wanted to address whether SMFs 301 

can reduce the mortality of heavy drinking mice by using an acute EtOH mice model 302 

(Wang et al., 2020) (Figure 7A). Thirty-six mice were randomly divided into six 303 

groups with either EtOH-fed or pair-fed free access Lieber DeCarli diet, with sham, 304 

upward or downward SMF treatment. The lifespan of the EtOH-fed mice in the sham 305 

group is 312.88 days while the pair-fed mice lived normally until the end of the 306 

experiment (Figure 7B), which confirms the detrimental effects of excessive alcohol 307 

consumption.  308 

Consistent with our previous results showing the beneficial effects of downward 309 

SMF on light drinking mice, the lifespan of excessive EtOH-fed mice (binge alcohol 310 

drinking) was prolonged from 312.88 to 34.831.57 days (P< 0.05) (Figure 7B). But 311 

unexpectedly, the upward direction SMF exposure generated obvious detrimental 312 

effects on these alcohol-intoxicated mice (Figure 7B), which is different from the 313 

subtle beneficial effects of the upward direction SMF exposure on light drinking 314 

mice. The lifespan is sharply reduced to 17.831.34 days, which is 42.5% shorter than 315 

the sham control, after upward SMF exposure (Figure 7B). All EtOH-fed mice in the 316 

upward SMF group died before day 20
th

. SMFs had no significant effects on food 317 

consumption or body weight (Figure 7C, D), which excluded the possibility that 318 

SMF-induced effects were due to increased EtOH intake. 319 
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 320 

Figure 7. The downward static magnetic field improves the survival rate of mice 321 

exposed to alcohol. 322 

(A) The mice were exposed to a long-term EtOH-fed diet or pair-fed diet. (B) The 323 

survival rate of mice exposed to long-term diets. (C, D) Food consumption and body 324 

weight were recorded every week in sham, upward and downward SMFs groups. (E) 325 

After EtOH-fed mice died, paraffin-embedded liver sections were stained with 326 

hematoxylin-eosin (H&E). Scale bar: 100 µm and 65 µm. (F) The expression of 327 
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Top2A were detected in liver sections. Scale bar: 100 µm. (G, H) Liver sections were 328 

subjected to immunohistochemistry analysis by using antibody Ki67. Quantified 329 

analysis of images by ImageJ software. Representative images are shown. **, P < 330 

0.01 by Student’s t-test or two-way analysis of variance (ANOVA) with Bonferroni 331 

correction for comparisons. 332 

To investigate the death reason of these heavy drinking mice, we performed H&E 333 

staining for the heart, liver, spleen, lung, and kidney of the remaining mice on day 37 334 

(Figure 7-figure supplement 5). Consistent with previous results in light drinking 335 

mice, the serious pathological damages induced by EtOH were obviously alleviated 336 

by the downward SMF treatment (Figure 7E). Interestingly, the 337 

immunohistochemistry results of topoisomerase 2A (Top2A) (Figure 7F) and Ki67 338 

(Figure 7G) in the liver sections show that the heavy drinking mice have significantly 339 

increased Top2A and Ki67 levels. This indicates that there were active cell 340 

proliferation and liver regeneration after alcohol-induced liver cell damage. Moreover 341 

importantly, both Top2A and Ki67 were significantly downregulated by the upward 342 

SMF (Figure 7F, G), showing that the liver cell proliferation and liver regeneration 343 

were inhibited by the upward SMF. This is consistent with our previous findings that 344 

the upward SMF can inhibit DNA synthesis by Lorentz forces exerted on the 345 

negatively charged DNA(Yang et al., 2020). We also examined the liver sections of 346 

acute heavy drinking and chronic light drinking mice for Ki67 immunohistochemistry 347 

to evaluate the liver regeneration (Figure 7-figure supplement 6). It is obvious that the 348 

Ki67 staining level in chronic light drinking mice is much lower than the acute heavy 349 

drinking mice. Consequently, the Ki67 level was not significantly affected by the 350 

upward SMF in light drinking mice, but an obvious reduction was observed in heavy 351 

drinking mice (Figure 7G, H), indicating liver regeneration was inhibited by the 352 

upward SMF, but not the downward SMF (Figure 8). This is consistent with our 353 

previous findings that the upward and downward SMFs have differential effects on 354 

the DNA supercoil and movement, which resulted in differential effects on DNA 355 

synthesis(Yang et al., 2020). Consistently, our results show that the DNA synthesis in 356 
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hepatocytes was inhibited by the upward SMF (Figure 8-figure supplement 7). 357 

 358 

 359 

Figure 8. Mechanism of the upward and downward SMF treatment on light 360 

drinking vs. heavy drinking mice.  361 

Discussion 362 

Although alcoholic metabolism could cause multiple organs injury(Cederbaum et 363 

al., 2012; Osna and Kharbanda, 2016), liver is still the major target for the alcohol-364 

induced detrimental effects since the alcoholic substance is mainly metabolized by 365 

hepatocytes. However, there is no effective treatment for ALD(Liang et al., 2015), 366 

which has become a global burden on public health and economics. We found that 367 

although moderate SMFs of both upward and downward directions could reduce the 368 

liver oxidative stress and inflammation to alleviate ALD, their overall effects on the 369 

alcohol-consuming mice are different (Figure 8). The exact effects depend on the 370 

alcohol consuming amount and magnetic field direction, and likely through the radical 371 

pair mechanism.  372 

First of all, the livers are in very different conditions in light drinking vs. heavy 373 

drinking mice. Alcohol induced cellular ROS elevation and cell number reduction in a 374 

concentration dependent way. From our cellular analysis, EtOH of 85 mM did not 375 
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have significant effect on cellular ROS or cell number. However, for EtOH of 340 376 

mM and above, the ROS elevation and cell number reduction was dramatic. In mice 377 

experiments, it was also evident that the liver of the heavy drinking mice, but not the 378 

light drinking mice, underwent obvious liver cell proliferation. This is consistent with 379 

the previous finding that the expression of Ki67 in liver was upregulated by 380 

alcohol(Alarcon-Sanchez et al., 2020).This is because the liver needs to go through 381 

liver regeneration for recovery after heavy alcohol consumption.  382 

Secondly, the upward SMFs have more significantly inhibition effects on DNA 383 

synthesis and cell proliferation. We have previously shown that the upward SMFs 384 

could affect the DNA rotation and supercoil tightness by aligning DNA chain and 385 

generating Lorentz forces on negatively charged DNA, which inhibited DNA 386 

synthesis, but not downward SMF(Yang et al., 2020; Yang et al., 2021). This effect 387 

will lead to inhibited cell proliferation, tumor growth inhibition, as well as liver cell 388 

regeneration. Our results showed that the upward SMF decreased the expression of 389 

Ki67 and Top2A in EtOH-fed mice. We speculated that the hepatocytes regeneration 390 

was inhibited by the upward SMF in EtOH-fed mice. Therefore, the EtOH-fed mice 391 

had a low survival rate when exposed to the upward SMF. 392 

Thirdly, although the moderate SMFs of both upward and downward directions 393 

can reduce the liver oxidative stress and inflammation, the downward SMF had much 394 

more significant effects. The oxidative metabolism of alcohol generates an obvious 395 

increase of ROS(Sha'fie et al., 2020), and ROS-induced oxidative stress is a major 396 

factor that causes liver injury(Mansouri et al., 2018). It is known that change of the 397 

radical-pair recombination will affect the generation of free radicals(Barnes and 398 

Greenebaum, 2018; Grissom et al., 1995), which can be affected by SMFs in a field 399 

intensity dependent way(Van Huizen  et al., 2019). However, the exact effects of 400 

SMFs on ROS levels in cells are very complicated. For example, a given moderate 401 

SMF could affect the ROS levels in MCF7, RPE1, C6, U251, HepG2, GIST-T1, EJ1 402 

cells, but not CHO, 293T, PC12 cells(Wang and Zhang, 2019). In fact, there are many 403 

studies that have found the influence of magnetic fields on ROS(Wang and Zhang, 404 
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2017), but people still do not have an unambiguous conclusion about the exact 405 

consequences on ROS level or the mechanisms that caused the differential effects. 406 

The ROS reduction of the upward SMFs is not as significant as the downward SMF, 407 

which is probably due to the tightened supercoil of the DNA caused by upward SMF, 408 

which induces extra stress to the cells. Furthermore, the in vitro study of H2O2 409 

solution showed that the free radical level was significantly reduced by moderate 410 

SMFs, especially for the downward SMF. Interestingly, these reductions of free 411 

radicals seem to be related to the magnetic field parameters. For example, in Figure 6, 412 

both downward SMF positions #a and #b could effectively reduce the free radical 413 

levels, while the upward gradient SMF did not have obvious effect.  414 

Fourthly, the alleviated oxidative stress and inflammation, as well as reduced 415 

lipid levels in serum and improved ALD in our study are likely to be the 416 

consequences of reducing ROS. Alcohol and its metabolites have severe 417 

hepatotoxicity, cause oxidative stress and inflammation, which significantly increased 418 

serum ALT, AST and TG in mice. It is known that the oxidative stress is mediated by 419 

cellular ROS in alcohol associated liver disease(Mansouri et al., 2018). Our results 420 

show that the downward SMF can reduce lipid accumulation and increase cell number 421 

by suppressing oxidative stress in liver, which improves ALD. 422 

Lastly, the SMF direction dependent effects exist, but the mechanism is still 423 

elusive. We found that the downward SMF had significantly beneficial effects, 424 

including reduced liver cell apoptosis and lipid accumulation, serum ALT, AST and 425 

TG, as well as increased life span. However, the upward SMFs did not affect the light 426 

drinking mice, but surprisingly shortened the lifespan of heavy drinking mice, which 427 

is likely due to the impaired liver regeneration of the heavy drinking mice. This shares 428 

the similar mechanism with the tumor cell proliferation inhibition effects by SMFs. 429 

Moreover, we have also previously reported that the blood sugar regulation effects are 430 

also SMF direction dependent. Although the Lorenz forces exerted on negatively 431 

charged moving DNA can explain some of the phenotypes, we believe there must be 432 

other unraveled mechanisms underlying the SMF direction dependent bioeffects. 433 
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In summary, our study revealed that a moderate SMF with a downward direction 434 

could alleviate ALD through reduced ROS, oxidative stress, and inflammation. 435 

Unexpectedly, the upward SMF setting in our study may be a taboo for heavy 436 

drinkers, which might be a potential precaution to some open MRI operations, which 437 

usually have upright magnetic field of ~0.5 T. Whether other magnetic settings, for 438 

example, different magnetic field flux density and distribution, will provide improved 439 

beneficial effects or more detrimental effects, still need further investigations. 440 

However, we found that a relatively simple magnetic setting could bring obvious 441 

benefits for both light and heavy drinking mice by reducing the oxidative stress. Our 442 

study illustrates the potential to develop magnetic field as a physical tool for 443 

preventive and/or clinical therapeutic treatment strategy of ALD, as well as other 444 

oxidative stress-related health applications in the future. 445 

 446 

Methods 447 

Mice model 448 

Eight-week-old male BALB/c mice purchased from Nanjing biomedical Research 449 

Institute of Nanjing University (Nanjing, China) were used in this study. All mice 450 

were randomly divided into EtOH-fed groups (sham, upward and downward SMF; 451 

ethanol diet) and pair-fed groups (sham, upward and downward SMFs; maltodextrin 452 

diet). Lieber-DeCarli diets (product L10015 and product L10016) were prepared fresh 453 

daily and fed ad libitum to mice using a short-term (chronic EtOH-fed mice model 454 

with light drinking) and long-term (acute EtOH-fed mice model with heavy drinking) 455 

ethanol feeding protocol of ALD according to the previous report (Wang et al., 2020). 456 

The formulas of diets were formulated by Research Diets. The mice were exposed to 457 

sham, upward and downward SMFs for 3 weeks (chronic model) or 6 weeks (acute 458 

model). Acute EtOH-fed mice model: the diet containing ethanol were designed as 459 

1% ethanol for 1 week, 3% ethanol for 1 week, 5% ethanol for 1 week, 6% ethanol for 460 

3 weeks. Chronic EtOH-fed mice model: the diet containing ethanol were designed as 461 

1%, 2% and 3% ethanol for 1 week, respectively. The diet consumption and body 462 
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weight were recorded during the whole experiment. After the mice were executed, 463 

serum and organs were collected and stored at -80°C.  464 

All animal experiments were conducted according to the Guide for the Care and Use o465 

f Laboratory Animals of the National Institutes of Health and carried out strictly in ac466 

cordance with the approved institutional animal care and use committee (IACUC) of 467 

Hefei Institutes of Physical Science, Chinese Academy of Science (Hefei, China). The468 

 protocol was approved by the Committee on the Ethics of Animal Experiments of He469 

fei Institutes of Physical Science, Chinese Academy of Science (Permit Number: SW470 

YX-DW-2021-54). 471 

Magnetic field setup 472 

The upward and downward magnetic fields were provided by permanent magnet 473 

plates (length × width × height = 250 mm ×160 mm × 45 mm). Each magnetic plate 474 

was composed of 12 Neodymium magnet cubes (length × width × height = 60 mm × 475 

50 mm × 30 mm) that were purchased from Sans (Nanjing, China). These magnet 476 

plates can produce a relatively uniform static magnetic field at each horizontal plane. 477 

Experimental groups mice were continuously espoused to SMFs for 12 h per day 478 

during the light and dark cycle. To measure the distributions of magnetic field at the 479 

mice location, a magnet analyzer (FE-2100RD, Forever Elegance, China) was used to 480 

scan the planes at 2 cm above the magnets. The average magnetic flux density of the 481 

magnets at this horizontal plane is approximately 0.1 T. Additionally, cultured cells 482 

were also exposed to Neodymium magnets (N38, length × width × height = 60 mm × 483 

50 mm × 30 mm) with the surface magnetic flux density of 0.4 T.  484 

Physiological index detection 485 

The physiological condition of mice was monitored by the small animal vital signs 486 

monitor (STARR Life Science, USA). The signal sensor was placed on the necks of 487 

the mice, their hair can affect signal reception. Therefore, BALB/c mice with white 488 

hair were selected to perform the experiment. Mice were placed in the cage and 489 

monitored for 6 min. The breath rate, pulse distention, heart rate and arterial O2 were 490 

calculated using Mouse-ox plus software (STARR Life Science, USA). 491 
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Hematoxylin–eosin (H&E) staining 492 

At the end of the experiment, all mice were dissected to collect organs including 493 

heart, liver, spleen, lung, kidney. Then organs were fixed and processed with formalin 494 

to obtain 5-μm-thick sections and stained with H&E. Five random areas were 495 

examined in each section. 496 

TUNEL assay 497 

Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) detection kit 498 

(C1098, Beyotime, China) was used to detect apoptotic cells in liver tissue. 3,3’-499 

diaminobenzidine (DAB) reagent stained and incubated at room temperature for 5-30 500 

min. Liver sections of TUNEL staining were quantitatively analyzed by counting 501 

TUNEL positive cells from at least 5 microscopic areas. 502 

Oil red O staining 503 

Oil red O staining solution (R23104, Baso, China) was used to detect lipid 504 

accumulation in liver sections and human hepatocyte HL7702 cells. HL7702 cells 505 

were seeded in 35 mm cultured dishes, treated with ethanol (0 mM, 85 mM, 170 mM, 506 

340 mM) or magnetic fields (sham, upward or downward SMFs) for 24 h. Oil red O 507 

mixed with ddH2O at the ratio of 3:2 and was left at room temperature for 10 min. Oil 508 

red O staining solution and 70% propylene glycol were added with agitation for 5-10 509 

min, followed by washing in running water for 30 s. Hematoxylin solution was used 510 

for staining for 2 min, and then washed off with running water for 5 min. At last, 511 

stained sections and cells were examined by microscopy. 512 

Blood chemistry and tissue MDA tests 513 

The blood samples were collected in 1.5 mL centrifuge tube at 4℃, 3500×g for 15 514 

min to collect serum, which were analyzed by an automated biochemical analyzer 515 

(HITACHI 7020, Japan). Lipid peroxidation MDA assay kit (S0131S, Beyotime, 516 

China) were used to detect the MDA concentration in liver tissues according to the 517 

manufacturer’s instructions. 518 

Immunohistochemistry 519 

Liver section immunohistochemistry was performed using the antibodies for NRF2 520 
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(abs130481, ABSIN), MPO (79623S, CST), Ki67 (27309-1-AP, Proteintech), Top2A 521 

(202331-1-AP, Proteintech) and F4/80 (70076S, CST). All the steps were performed 522 

according to the manufacturer’s instructions. Quantitation of staining was evaluated 523 

by ImageJ analysis of at least 5 microscopic areas. 524 

Cell number counting and apoptosis analysis by Flow cytometry 525 

Human hepatocyte HL7702 cells (ATCC) were exposed to alcohol and magnetic 526 

fields before they were collected in 1.5 mL centrifuge tube by 0.25% trypsin 527 

digestion. Cell number were counted by flow cytometry. Additionally, cultured cells 528 

were exposed to alcohol and SMFs for 24 h. Annexin V-FITC apoptosis detection kit 529 

(BD Biosciences, 0076884, USA) was used to analyze hepatocyte apoptosis according 530 

to manufacturer’s protocol. Cell apoptosis was detected by flow cytometry.  531 

Western blot analysis 532 

The protein isolations were collected with protease inhibitors from liver tissues and 533 

cultured cells, and western blotting were performed as previously described. The 534 

proteins transferred to nitrocellulose membranes were incubated with primary 535 

antibodies NRF2 (12721S, CST), BCL2 (26295S, CST), cleaved-caspase3 (9664S, 536 

CST), caspase3 (9662S, CST), anti-tubulin (2128S, CST) and anti-GAPDH (5174S, 537 

CST). ImageJ software was used to quantitatively analyze the expression of proteins. 538 

RT-PCR and QPCR 539 

Mice exposed to the short-term alcoholic diet were executed to collect liver tissues. 540 

And then liver tissues were polished on ice and were used to extract RNA by a 541 

RNAeasy
TM 

animal RNA isolation kit with spin column (R0027, Beyotime). 542 

Novoscript
R 

plus all-in-one 1
st
 strand cDNA synthesis supermix (E047-01A, 543 

Novoprotein) was used to RNA reverse transcription, and Novostart
R
SYBR qPCR 544 

supermix plus (E096-01A, Novoprotein) were used to amplify target gene under the 545 

action of specific primers. The detailed primers sequences were shown in table S1. 546 

Cellular Reactive Oxygen Species (ROS) detection 547 

HL7702 cells (4 ×10
4
 cells/mL) were seeded in 35 mm culture dish and supplied with 548 

complete medium. After attachment, the medium was supplemented with different 549 
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concentrations of ethanol (0 mM, 85 mM, 170 mM, 340 mM) and/or exposed to 550 

sham, upward or downward SMFs for 24 h. ROS detection kit (D6883, Sigma) 551 

containing 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) was used to detect 552 

cellular ROS. DCFH-DA can freely penetrate the cell membrane and is hydrolyzed by 553 

esterase in the cell to produce DCFH that cannot pass through the cell membrane, 554 

while ROS can oxidize non-fluorescent DCFH to produce fluorescent DCF. Cultured 555 

cells were incubated with 10 µM DCFH-DA at 37°C for 30 min. Green fluorescence 556 

can be observed by a fluorescence microscope, and the intensity of green fluorescence 557 

is directly proportional to the level of cellular ROS. Meanwhile, flow cytometry and 558 

confocal fluorescence microscope were used to evaluate the intensity of fluorescent 559 

DCF.  560 

EPR (Electron Paramagnetic Resonance) experiment 561 

500 μL 0.2 M H2O2 solution was made by mixing 10 μL H2O2 (10 M, AR≥30%) and 562 

490 μL PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 563 

KH2PO4), and was then exposed to the SMFs for 24 h. 5,5-dimethyl-1-pyrroline N-564 

oxide (DMPO) (92688, Sigma) was added to the solution 5 min before EPR 565 

experiments. The free radical levels from equal amount solutions from each condition 566 

were tested by the EPR device (Bruker EMX plus 10/12, Switzerland) equipped with 567 

Oxford ESR910 Liquid Helium cryostat. 568 

DNA synthesis assay 569 

HL7702 cells (4 ×10
4
 cells/mL) were seeded in 35 mm dish and synchronized with 570 

2.5 mM thymidine for 16 h, and then treated with 10 μM BrdU for 8 h when they 571 

were exposed to SMF or sham at indicated time point. Then, all cells were fixed by 572 

70 % ethanol for 12 h and washed by PBS, resuspended by 2 M HCl and incubated on 573 

the rotator for 30 min at room temperature, centrifuged and resuspended by 0.1 M 574 

Na2B4O7 (Ph 8.5) at room temperature for 10 min before they were washed by PBS. 575 

Finally, the cells were incubated with anti-BrdU antibody for 2.5 h and the secondary 576 

Alexa Fluor 488 conjugated antibody for 1.5 h. All cells were analyzed by flow 577 

cytometry. 578 
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Statistical analysis  579 

All statistical analysis was performed using GraphPad Prism version 8. Date from the 580 

experiments were showed as the means ± SEM. The P-values were calculated using 581 

the one-way or two-way analysis of variance (ANOVA) with Bonferroni correction or 582 

two-tailed unpaired t-test for comparisons. P < 0.05 was considered statistically 583 

significant. 584 
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Source data 608 

Figure 1-source data 1: Dataset values for Figure 1D. 609 

Figure 1-source data 2: Dataset values for Figure 1F. 610 

Figure 1-source data 3: Raw western blot images for Figure 1G. 611 

Figure 1-figure supplement 1-source data 1: Dataset values for Figure 1-figure 612 

supplement 1A. 613 

Figure 1-figure supplement 1-source data 2: Dataset values for Figure 1-figure 614 

supplement 1B. 615 

Figure 2-source data 1: Dataset values for Figure 2B. 616 

Figure 2-source data 2: Dataset values for Figure 2C. 617 

Figure 3-source data 1: Dataset values for Figure 3B. 618 

Figure 3-source data 2: Dataset values for Figure 3D. 619 

Figure 3-source data 3: Dataset values for Figure 3E. 620 

Figure 3-source data 4: Dataset values for Figure 3G. 621 

Figure 3-source data 5: Dataset values for Figure 3H. 622 

Figure 4-source data 1: Dataset values for Figure 4C. 623 

Figure 4-source data 2: Dataset values for Figure 4D. 624 

Figure 4-source data 3: Dataset values for Figure 4E. 625 

Figure 4-source data 4: Dataset values for Figure 4F. 626 

Figure 4-source data 5: Raw western blot images for Figure 4G. 627 

Figure 4-source data 6: Dataset values for Figure 4H. 628 

Figure 4-source data 7: Dataset values for Figure 4I. 629 

Figure 5-source data 1: Dataset values for Figure 5B. 630 

Figure 5-source data 2: Dataset values for Figure 5D. 631 

Figure 5-source data 3: Dataset values for Figure 5E. 632 

Figure 6-source data 1: Dataset values for Figure 6C and 6E. 633 

Figure 7-source data 1: Dataset values for Figure 7C. 634 

Figure 7-source data 2: Dataset values for Figure 7D. 635 

Figure 7-source data 3: Dataset values for Figure 7H. 636 

Figure 8-figure supplement 7-source data 1: Dataset values for Figure 8-figure 637 

supplement 7. 638 
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