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Abstract  
 
Acetaminophen (APAP) is one of the most widely consumed and prescribed drugs. 

APAP overdose is one of the leading causes of intrinsic drug-induced liver injury (DILI), 

acute liver failure (ALF), and liver transplantation in the Western world.  

Mg2+, essential for health, plays a role in virtually every process within the human cell. 

The cellular transporter family cyclin M, also known as CNNM, plays a key role in Mg2+ 

transport across the cell membranes in different organs. Here, we identified that the 

expression of CNNM4 is elevated in the liver of patients with APAP-induced liver injury 

(AILI), with a concomitant disturbance in serum Mg2+ levels. We demonstrated that, in 

the liver, APAP interferes with the Mg2+ mitochondrial reservoir via CNNM4, which affects 

ATP production and ROS generation, further boosting endoplasmic reticulum (ER) stress 

of the hepatocytes. Importantly, the CNNM4 mutant T495I showed no effect. Finally, a 

shift in localization of CNNM4 from membrane to ER was shown under APAP toxicity. 

Therapeutic targeting of Cnnm4 in the liver with nanoparticles and GalNAc-formulated 

siRNA provides efficient protection from AILI by restoring hepatocyte Mg2+ homeostasis 

and by inducing hepatocyte restoration. Our results suggest that inhibition of Cnnm4 may 

represent an alternative route for the treatment of DILI.. 

 

 
 
 
 

  



Introduction 
Magnesium, or Mg2+ in its ionized form, is one of the most abundant divalent cations in 

the cell and acts as a cofactor in hundreds of enzymatic reactions within the cell1. In 

mammals, the total cellular Mg2+ concentration is maintained in the mid-millimolar range2. 

The essential role that Mg2+ plays in mediating biochemical reactions at a cellular level 

explains why alterations in Mg2+ homeostasis in the body lead to various disorders, such 

as the development of inflammatory responses in diabetes and asthma, preeclampsia, 

atherosclerosis or heart damage3. Particularly in the liver, Mg2+ deficiency has been 

associated with the risk of developing NASH4, cirrhosis, alcoholic-derived liver damage 

and hepatocellular carcinoma5. Restoring the correct balance of hepatic Mg2+ thus 

emerges as an attractive strategy for treating liver pathology. However, no effective 

approaches for adjusting intracellular Mg2+ concentrations are currently available6. 

At present, the contribution of dysregulated Mg2+ homeostasis to the development of 

drug-induced liver injury (DILI) remains unknown. Due to the unpredictable nature and 

poorly understood pathogenesis of DILI, it has become a significant health problem, 

estimated to affect 19 out of 100,000 citizens worldwide7. In this context, the abuse of 

acetaminophen (N-acetyl-p-aminophenol, paracetamol, APAP), the most commonly 

used drug in the USA, is responsible for almost 500 deaths annually from DILI, 100,000 

calls to the US Poison Center, 50,000 emergency room visits, and 10,000 

hospitalizations8. APAP overdoses account for 46% of all acute liver failures (ALF) in the 

USA and 40-70% of the cases in Europe9. 

To date, the only approved pharmacological treatment for APAP overdose and early 

stages of idiosyncratic DILI is N-acetylcysteine (NAC)10,11. However, NAC treatment is 

only effective within 20 hours of the overdose12 and standard doses of NAC in patients 

with advanced liver injury may not be sufficient13. Therefore, new therapeutic approaches 

are needed in this field14. 

N-acetyl-p-benzoquinone imine (NAPQI) represents the most harmful molecule derived 

from APAP metabolism. Its overproduction depletes hepatic reduced glutathione and 

enhances oxidative stress, which can lead to liver necrosis12. In this context, perturbation 

of the cross-talk between mitochondria and endoplasmic reticulum (ER) plays a major 

role in the development of hepatocellular death. Both organelles share cellular events 

such as c-Jun N-terminal kinase (JNK) pathway activation, essential in ER, and 

mitochondrial oxidative stress. Alterations in JNK activity modify the permeability of 

mitochondrial membrane associated with alterations in calcium (Ca2+) metabolism, 

perturbations in mitochondrial membrane potential, and loss of the ability to synthesize 

ATP15. Mitochondria-associated ER membranes (MAMs) are common specific domains 

that play a critical role in the local transfer of Ca2+ to maintain cellular functions16. APAP 



intoxication leads to calcium depletion and the accumulation of misfolded proteins that 

activate an adaptive cellular response in this organelle17. In this context, protein 

homeostasis is maintained through the activation of two cellular processes, the so-called 

unfolded protein response (UPR) and autophagy- and proteasome-dependent 

proteolysis18. UPR activation involves three distinct pathways: inositol requiring 1α 

(IRE1α), PKR-like ER kinase (PERK), and activating transcription factor-6α (ATF6α)19. 

Importantly, the initial steps are characterized by increased gene expression of ER 

chaperones such as calreticulin, which binds Ca2+ in the ER, and the Ca2+ ATPase 2 

(SERCA2), which pumps Ca2+ from cytosol into the ER20. Some authors suggest that ER 

stress is a late event after APAP overdose21,22, whereas mitochondrial alterations, ATP 

depletion, JNK activation, oxidative stress, and miss-regulation of Ca2+ homeostasis are 

earlier events21,23,24.  

Previous studies25 showed that mitochondria represent major intracellular reservoirs of 

Mg2+. Mitochondrial Mg2+ release in whole cells occurs upon mitochondrial 

depolarization25. Perturbation of this mitochondrial Mg2+ levels then interferes with 

cellular energy metabolism and ATP production, sensitizing the cell to stress response12.  

Considering the protective properties of Mg2+ and the key role of mitochondria and ER 

in acute liver failure caused by APAP overdose, we evaluated the homeostasis of this 

cation under these conditions. The flux of Mg2+ across cell membranes is controlled by 

the activity and interplay of several Mg2+ transporters, such as mitochondrial RNA 

splicing 2 (MRS2)26, cyclin M 1-4 (CNNM1-4)27, transient receptor potential melastatin 6-

7 (TRPM6-7)28, membrane magnesium transporter (MMgT)29 and magnesium 

transporter subtype 1 (MagT1)29. 

Our results show that in primary hepatocytes and in preclinical rodent models challenged 

with APAP, only the cyclin M4 (CNNM4) appears to be upregulated among all of these 

Mg2+ transporters. Importantly, patients who underwent APAP DILI also displayed high 

levels of hepatic CNNM4 expression and perturbation of Mg2+ serum levels.  Although it 

is well established that CNNM4 plays a role in Mg2+ transport across cell membranes, its 

specific role in the liver and possible contribution to hepatic pathology remain largely 

unknown30. In the present work, we have investigated the contribution of CNNM4 to the 

pathology of AILI in in vitro and in vivo models. Suppression of Cnnm4 expression in the 

liver restores hepatic Mg2+ content in mitochondria and ensures proper calcium influx 

into the ER, resulting in downregulated activation of the JNK pathway shared by both 

organelles. Conversely, overexpression of Cnnm4 increases susceptibility to liver injury, 

whereas the T495I mutant of CNNM431, unable to efflux Mg2+, lacks this capability. APAP 

toxicity boosts the  CNNM4 in the ER cellular localization. Thus, regulation of Mg2+ 

homeostasis by attenuating Cnnm4 expression protects mitochondria and ER stress, 



avoids necrosis, and consequently preserves liver function and protects against ALF. 

These results point to a new mechanism that has been underestimated in liver pathology, 

focusing on Mg2+ transport and the consequences of its modulation during DILI.  



 

Methods 
 
Human samples. 
Serum biological samples from 4 control individuals with no liver diseases and tolerant 

to commonly used drugs attending routine work monitoring were used to measure 

magnesium levels (Hospital Virgen de la Victoria, Málaga, Spain). Twenty-four serum 

samples from patients with acute liver disease after a single acute APAP overdose with 

known time of drug ingestion were used to determine magnesium levels. A detailed 

characterization of the patients is summarized in Supplementary Table I (The Queen's 

Medical Research Institute). A total of 13 samples from explants of patients undergoing 

urgent liver transplantation for ALF resulting from acetaminophen overdose were 

evaluated for CNNM4 expression. The diagnosis was established by the Newcastle 

Hospitals NHS Foundation Trust (Newcastle, England) based on clinical data. Detailed 

descriptions of the patients are given in Supplementary Table II. The timing between 

overdose and the explant for the patients with hyper-acute liver failure (from 

paracetamol)  was usually 3 days. 

Finally 3 samples from healthy, non-obese organ transplant donors without liver lesions 

(Marqués de Valdecilla University Hospital, Santander, Spain), were used as controls for 

immunostaining analyses. The study was approved by the Research Ethics Committee 

of IDIVAL Cantabria 2017.052. Newcastle patient tissues were shared from the 

Newcastle biomedicine biobank (12/HE/0395), approved by the Newcastle Research 

Ethics Committee of North East Newcastle and North Tyneside.  This study, EudraCT 

number 2017-000246-21 and ClinicalTrials.gov identifier NCT03177395, was approved 

by the UK medicines regulator, MHRA (25th April 2017) and West of Scotland Research 

Ethics Committee 1, Glasgow, UK (11th April 2017). 

Animal model for acetaminophen-induced liver damage: Mice were starved for 12 

hours and then given acetaminophen (APAP, Sigma Aldrich) by intraperitoneal injection 

in a single dose of 360 mg/kg. Animals were sacrificed at 24 and 48 hours after APAP 

overdose.  

GalNAc siRNAs: GalNAc#1 and #2 comprise double stranded 19mer RNAs with 2’-O-

methyl, 2’-fluoro-2’deoxy modifications and phrophorothioate bonds targeting Cnnm4 

linked to triantennary GalNAc unit. Non-targeting control siRNA conjugate represents a 

siRNA for Luciferase (Photinus pyralis) linked to the same GalNAc unit. Cnnm4 

molecules were designed, synthesized and purified by Silence Therapeutics GmbH, 

Berlin32 



Results 
 
Disturbance of Mg2+ homeostasis and hepatic overexpression of CNNM4 are observed 

in patients with DILI and in pre-clinical models of APAP-induced DILI. 

Mg2+ homeostasis has been linked to liver function5,33. To investigate whether Mg2+ 

homeostasis could be dysregulated in patients with acetaminophen DILI, we evaluated 

Mg2+ serum levels in a cohort of these patients, characterized in Supplementary Table I. 

Mg2+ levels were significantly increased in patients with DILI (n = 24) versus controls (n 

= 4) (Figure 1A), suggesting that the flux of this cation may be aberrant in this 

pathological condition.  

Preclinical animal models of APAP overdose have been developed that recapitulate 

many important aspects of human pathology. Evaluation of Mg2+ also shows increased 

serum levels in animals treated with a single dose of APAP 360 mg/kg for 48 hours 

compared with healthy animals (Figure 1B). These results support the original 

hypothesis that there is a link between DILI and disturbances in Mg2+ homeostasis. 

Despite significant progress in our knowledge of Mg2+ transport and homeostasis, more 

research is required to characterize the specific transporters implicated in Mg2+ flux in 

different physiological conditions. Several proteins have been identified as regulators of 

Mg2+ homeostasis in vertebrates, including magnesium transporter 1 (MagT1), 

mitochondrial RNA splicing 2 (MRS2), and transient potential receptor melastatin 6-7 

(TRPM6-7), as well as the ancient cation divalent protein/cyclin M 1-4 (CNNM1-4) family. 

A full characterization of the liver profile of these transports was performed in mouse 

primary hepatocytes and human hepatocyte THLE-2 cells exposed to APAP for different 

time periods, as well as in a mouse model of APAP-induced liver injury. We found that 

Cnnm4 at the mRNA level was remarkably increased in APAP overdose in both in vitro 

and in vivo models (Figure 1C-E). CNNM4 protein and mRNA expression levels were 

also significantly elevated in the livers of mice after APAP-induced liver injury (Figure 1F-

H and Supplementary Figure 2A). To demonstrate the specificity of CNNM4 staining in 

liver sections, competitive analyses were performed with the pure protein. The results 

shown in Supplementary Figure 2B confirm the findings. 

Given that the CNMMs were previously reported to be involved in maintaining Mg2+ 

homeostasis34,27, we investigated whether CNNM4 could also be associated with 

susceptibility to hepatic toxicity in humans. We measured its expression in liver biopsies 

from control individuals and patients diagnosed with DILI as characterized in 

Supplementary Table II. Quantitative histological analysis demonstrated increased 

hepatic CNNM4 in patients with DILI relative to healthy controls (Figure 1I).  

 



Overall, we provide strong evidence that hepatic CNNM4 expression is increased in DILI, 

which is also correlated with serum Mg2+ levels. 

 

Targeting Cnnm4 resolves APAP toxicity in mouse and human hepatocytes. 

Cell death is a main characteristic of DILI. APAP overdose triggers cell inflammation and 

cell death in the liver35. We observed that Cnnm4 silencing reduced the extent of APAP-

induced cell death, as assessed by TUNEL assay, while the remaining Cnnms failed to 

provide protection against the hepatocyte injury (Figure 2A, Supplementary Figure 3A-

B). Importantly, the silencing of Cnnm4 does not affect the other Cnnms (Supplementary 

Figure. 3C). Moreover, the protective role of CNNM4 silencing was also supported by 

trypan blue viability assay at 3 and 6 hours of APAP overdose (Supplementary Figure 

3D). To support these initial findings a de novo in silico design and screen for highly 

active and specific Cnnm4 siRNA molecules was performed. The best candidates were 

further characterized in vitro and in vivo. 

Silencing of Cnnm4 with two different siRNAs in human hepatocyte THLE-2 cells also 

reduced cell death assessed 3 hours after APAP treatment, evaluated by TUNEL and 

annexin V apoptosis and necrosis assays (Figure 2B), and 6 hours after treatment by 

TUNEL (Supplementary Figure 4A). 

In addition, we employed GalNAc siRNA technology developed for gene silencing, in 

hepatocytes. Cnnm4 siRNAs conjugated to triantennary N-acetylgalactosamine 

(GalNAc) are readily targeted to hepatocytes in vitro or in vivo by binding to the 

asialoglycoprotein receptor (ASGPR), which promotes specific and functional siRNA 

delivery by receptor mediated uptake36. 

Of relevance, the two GalNAc-conjugated Cnnm4 siRNAs employed completely 

attenuated the induction of Cnnm4 expression at two different concentrations by APAP, 

which led to a significant reduction of cell death at 3 hours, as evaluated by TUNEL and 

annexin V apoptosis and necrosis assays (Figure 2C) and at 6 hours after APAP 

overdose evaluated by trypan blue (Supplementary Figure 4B) and TUNEL 

(Supplementary Figure 4C). Importantly, the complementary approach, inducing CNNM4 

expression by transfection of Cnnm4 cDNA (pDEST-26 expression plasmid), boosted 

the sensitivity of primary hepatocytes to APAP overdose, leading to higher values of 

TUNEL and annexin V apoptosis and necrosis assays (Figure 2D and Supplementary 

Figure 4D).  

Considering the previous role described by CNNM4 as an extruder of Mg2+ in non-hepatic 

cells and the beneficial effect of this cation in liver disease37,38, primary hepatocytes with 

and without Cnnm4 overexpression were supplemented with Mg2+ to mimic the potential 

therapeutic effect of this cation (Figure 2D). Mg2+ supplementation at different 



concentrations was not able to counteract the damage caused by APAP (Supplementary 

Figure 4E) or Cnnm4 overexpression, measured by TUNEL and annexin V apoptosis 

and necrosis assays (Figure 2D).  

Previous data showed that amino acid substitution of CNNM4-T495I in the CBS domains 

of CNNM4 completely abrogates Mg2+ efflux31. In order to understand its effect in primary 

hepatocytes under APAP treatment, the Cnnm4-T495I mutant was overexpressed. 

Importantly, Cnnm4-T495I overexpression did not induce any apoptotic response, based 

on the lack of  inhibition in efflux activity (Figure 2E and Supplementary Figure 4F-G). 

Finally, to evaluate APAP metabolism and bioactivation after Cnnm4 knockdown, the 

activity of CYP2E1 was evaluated in primary hepatocytes after 3 hours of treatment. 

APAP significantly reduced CYP2E1 activity, as described previously39, and high levels 

of Cnnm4 showed the same tendency (Supplementary Figure 4H). However, CYP2E1 

activity was recovered in the absence of Cnnm4, while no type of modulation was 

observed with Cnnm4-T495I (Supplementary Figure 4H).  

Together, these data indicate that silencing of Cnnm4 confers resistance to APAP-

mediated necrosis, whereas overexpression of Cnnm4 confers sensitization to liver 

injury. Mg2+ supplementation failed to counteract APAP-mediated toxicity in the presence 

of Cnnm4. The death mutant Cnnm4-T495I showed no effect on cell death. 

 

 Targeting Cnnm4 restores Mg2+ flux and reduces mitochondrial dysfunction in primary 

hepatocytes. 

Mitochondrial dysfunction triggered by APAP is one of the mechanisms that causes cell 

death in the liver40. First, we observed that the mitochondrial potential membrane in 

primary hepatocytes was restored in the absence of Cnnm4 (Figure 3A). Mitochondrial 

OXPHOS41 monitored by seahorse analysis of hepatocytes under APAP exposure and 

Cnnm4 silencing showed a higher oxygen consumption rate (OCR) in these conditions 

and reestablished the reservoir of ATP linked to respiration, avoiding  the liver necrosis 

mediated by APAP overuse (Figure 3B-C). Moreover the absence of Cnnm4 also 

resulted in a marked reduction in ROS production, assessed by MitoSOX, in APAP-

treated primary hepatocytes (Figure 3D). However, Cnnm4 overexpression induced 

mitochondrial ROS (Figure 3E), while Cnnm4-T495I reduced ROS cellular content in 

comparison with APAP (Figure 3E). 

The function of CNNM4 in the liver under metabolic disturbances has been addressed30. 

Some authors have described CNNM4 in the intestinal epithelium as an extruder that 

exchanges intracellular Mg2+ with extracellular Na+, while others have pointed to its role 

as a Mg2+ mediator of other transcellular transporters37,42. In order to further assess the 

relevance of the Mg2+ flux in hepatocytes under Cnnm4 silencing conditions, relative 



intracellular Mg2+ levels were analyzed by mitochondrial-specific (Mg-S-TTP-AM)30 and 

cytosolic-specific (Mg-S-AM)30,43 labelling in primary hepatocytes after APAP 

administration (Figure 3F). As expected, Mg2+ content was decreased under hepatotoxic 

exposure, mainly in the mitochondria (Figure 3F). On the other hand, Cnnm4 silencing 

promoted restoration of normal Mg2+ levels in these organelles and in the cytoplasm, 

indicating that in the liver CNNM4 functions as a Mg2+ extruder (Figure 3F). Mg2+ content 

was also measured in the presence of 5 and 20 mM of this cation under APAP treatment. 

Mg2+ mitochondrial content was not reestablished under these conditions (Figure 3G). 

Finally, Cnnm4 overexpressed in primary hepatocytes significantly reduced the levels of 

mitochondrial-specific Mg2+ (Mg-S-TTP-AM)30 and cytosolic-specific Mg2+ (Mg-S-AM) 

(Figure 3H). In the case of Cnnm4-T495I mutant, increased cytosolic and mitochondrial 

Mg2+ levels were observed in the hepatocytes(Figure 3H).  

Thus silencing of Cnnm4 reduces mitochondrial ROS and restores Mg2+ mitochondrial 

levels under APAP toxicity. 

 

Cnnm4 reduces endoplasmic reticulum stress in primary hepatocytes. 

Cell death is an extremely coordinated phenomenon involving multiple signaling 

pathways with interplays and crosstalk between ER and mitochondria44. To evaluate ER 

activity19 in primary hepatocytes under APAP treatment, we examined Ca2+ release 

capacity in the ER by using the Grynkiewicz45 method and a specific FURA-2 labelling. 

A lack of Cnnm4 led to a more functional hepatic ER with a higher release of Ca2+ under 

the different stimuli, including thapsigargin (a specific inhibitor of the ER SERCA 

pump)46,47 and ATP (which triggers Ca2+ release through P2Y receptor)48 (Figure 4A) 

(Supplementary Figure 5A).  

Regarding the kinases involved in the stress response mediated by APAP treatment, 

JNK activation has emerged as a crucial event in acute liver injury. A decreasing 

tendency of activated JNK levels was observed 1 hour after APAP administration in 

siCnnm4-treated hepatocytes compared to controls (Figure 4B).  

Therefore, to investigate whether Cnnm4 siRNA treatment could reduce ER stress by 

APAP-induced damage, primary hepatocytes were treated with APAP for a 6 hours-time 

course. The development of ER stress was observed in control cells under APAP 

treatment, while hepatocytes treated with siCnnm4 were significantly protected, as 

assessed by the mRNA of Atf6, Chop, Xbp1, and Grp78 (Figure 4C). In contrast, the 

overexpression of Cnnm4 affected the levels of genes related to ER stress in the 

hepatocytes, whereas Cnnm4 T495I did not have the same effect as the WT Cnnm4 

(Figure 4C). 



To further identify perturbations in ER function modulated by CNNM4 in the presence of 

APAP, primary hepatocytes were also labeled with an ER-tracker that binds to the ATP-

sensitive K+ channels. Previously data have shown that the ER K+ channel activity is 

induced under stress49. Fluorescence images confirmed the beneficial effect of Cnnm4 

knockdown and revealed decreased numbers of red-stained cells under APAP exposure 

(Figure 4D). However, Cnnm4 overexpression significantly modulated ER activity, while 

Cnnm4 T495I did not exert the same effect as the WT Cnnm4 (Figure 4F).  

Finally, hepatocytes treated with a well-known inducer of ER stress, tunicamycin18, 

showed a decrease in tunel assay when Cnnm4 was knocked down. These results 

highlight the important role of CNNM4 in hepatocytes under ER stress (Supplementary 

Figure 5B). 

Thus, we found that Cnnm4 deficiency alleviates the APAP-mediated ER stress through 

its Mg2+effluxer activity in primary hepatocytes. 

 

Cnnm4 silencing overcomes APAP toxicity in preclinical animal models.  

Silencing the expression of specific genes by RNA interference has been employed as 

a therapeutic tool for liver diseases in a number of clinical trials50. To determine the 

protective effect of silencing Cnnm4 expression, WT mice were treated with a toxic dose 

of APAP, and 24 hours later siRNA Cnnm4 or an unrelated control (siCtrl) was formulated 

with Invivofectamine 3.0 and administered by tail vein injection (i.v.). Mice were sacrificed 

24 hours later and tested for gene expression levels of Cnnm1-4. The gene profile 

performed in the liver of these animals showed that, first of all, Cnnm4 was the only 

transporter elevated after APAP-induced injury, and only Cnnm4 was specifically 

silenced, although not completely, upon treatment (Figure 5A and Supplementary Figure 

6A-C). Silencing of Cnnm4 at the basal level showed no effects, as indicated by 

hematoxylin and eosin (H&E), alanine transaminase (ALT) and aspartate transaminase 

(AST) levels, and inflammatory responses (Supplementary Figure 6D-F), with the 

exception of serum Mg2+ levels (Supplementary Figure 6G). However, following APAP 

overdose, H&E staining and TUNEL assay revealed the presence of necrotic areas in 

the siCtrl-treated cohort caused by the APAP overdose, whereas in the siCnnm4-treated 

cohort, the liver parenchyma was significantly less disturbed by necrotic areas (Figure 

5B-C). Importantly, the analysis of serum transaminases revealed that siCnnm4 

treatment significantly reduced their levels (Figure 5D). To further assess liver injury, we 

performed DHE staining to detect intracellular superoxide formation in liver sections. 

Knocking down Cnnm4 in the liver of APAP-treated mice significantly reduced oxidative 

stress (Figure 5E). Accordingly, glutathione species in liver tissues were analyzed. While 



the GSSG/GSH ratio tended to increase under APAP overdose, the absence of Cnnm4 

reduced this oxidative ratio (Supplementary Figure 6H). 

The inflammatory response is a well-known process during DILI40. The analysis of F4/80 

staining showed lower numbers of macrophages in Cnnm4-targeted livers (Figure 5F). 

This decreased inflammation in the siCnnm4 treatment group was further supported by 

the attenuation of mRNA expression levels of inflammatory cytokines Tnf, chemokine 

(Cxcl-1), and chemokine receptor (Ccl2) (Supplementary Figure 6I). The analysis of 

serum TNF and IL6 determined by ELISA confirmed the rescue of the inflammatory 

process under Cnnm4 silencing conditions (Supplementary Figure 6J). Finally, these 

data are in agreement with the significantly increased of Mg2+ serum level in APAP-

treated mice, while the silencing of Cnnm4 reduced the Mg2+ levels (Figure 5G). These 

data confirm the modulation of Mg2+ flux by Cnnm4 silencing in vivo. 

 

To further investigate the beneficial effects of silencing Cnnm4 specifically in the 

liver, a GalNAc formulation was used in mice treated with a single dose of APAP 

360mg/kg for 24 hours. Animals were sacrificed 48 hours after APAP treatment, and 

CNNM4 levels were assessed by RNA and protein expression, showing significant 

reductions (Figure 5H and Supplementary Figure 7A-B). Necrotic areas, TUNEL assay, 

and transaminase levels were evaluated (Figure 5I-K). In addition, the inflammatory 

response was examined (Figure 5L). The results show a statistical reduction in liver injury 

with GalNAc Cnnm4 siRNA treatment. These data are consistent with the modulation of 

Mg2+ levels in the presence of GalNAc Cnnm4 siRNA (Figure 5M). These results bring 

the treatment of DILI closer to that of GalNAc Cnnm4 acting specifically in the liver. 

 

N-acetylcysteine (NAC) is the only available therapy for the treatment of patients 

with APAP overdose, but if administered after 8 hours of APAP uptake, its efficacy 

decreases dramatically10,11,12,13. To compare the beneficial effects of NAC versus Cnnm4 

silencing, control mice were administered APAP and treated with NAC 24 hours later. 

Then, 48 hours after APAP administration, hepatoxicity was examined. In contrast to 

siCnnm4 treatment, liver injury, as determined by histology (Supplementary Figure 7C), 

and serum AST and ALT (Supplementary Figure 7D), were not affected by NAC 

treatment. 

Together, these results show that in this mouse model, applying Cnnm4 siRNA 24 hours 

after administering an overdose of APAP, a time point when it is non-treatable by NAC, 

can ameliorate necrosis and inflammatory response in the liver. 

 



It is well established that CNNM4 is a Mg2+ transporter highly expressed in the colon 

epithelia37. To determine the liver specificity of Cnnm4 targeting, CNNM4 levels were 

measured in the intestine. The expression of CNNM4 increased by APAP treatment in 

both the control and Cnnm4 siRNA experimental groups, without significant differences 

(Supplementary Figure 8A). Moreover, silencing of Cnnm4 in healthy mice did not 

modulate its expression in the intestine, thus excluding non-hepatic sites of action for 

such silencing (Supplementary Figure 8B). To further investigate whether liver-specific 

Cnnm4 silencing could also be associated with cell differentiation in the colon epithelia, 

making them more vulnerable to injury, we analyzed intestinal permeability by FITC-

dextran. We identified a deficiency in the intestinal integrity of mice treated with APAP, 

whereas siCnnm4 tended to reduce permeability levels closer to normal (Supplementary 

Figure 8C). Finally, to determine the specificity of CNNM4 IHC staining in the intestine, 

competitive assays were conducted with the pure protein validating our findings (Suppl 

Fig. 8D).  

Together these results show that inhibiting Cnnm4 expression in the liver after APAP 

administration does not produce any negative effects on the intestinal barrier function. 

 

Targeting Cnnm4 in preclinical APAP model ameliorates ER stress and mitochondrial 

ROS through Mg2+ modulation. 

 

To further interrogate the mechanism underlying Cnnm4 silencing in DILI, high-

throughput proteomics analysis was performed in liver extracts from mice administered 

an acetaminophen overdose in the presence or absence of this gene and in a control 

group. Volcano plots show the more representative proteins modulated  in the absence 

of CNNM4 (Figure 6A). For more specific detail, the top-50 up- and downregulated 

proteins linked to CNNM4 presence under APAP treatement were represented in a 

heatmap (Supplementary Figure 9A). The Database for Annotation, Visualization, and 

Integrated Discovery (DAVID) was used to analyze the major signaling pathways altered 

by Cnnm4 knockdown (Figure 6B). Processes downregulated by the absence of Cnnm4 

included those involved in mitochondrial membrane and ATP metabolic pathways, and 

in particularly gene ontology families related to ER activity, protein transport, misfolding, 

and their catabolic regulation (Figure 6B). In contrast, pathways involved in the regulation 

of cytokine-mediated signaling; interferon alpha, implicated in liver regeneration, among 

others processes; and the response to interleukin 10 appeared to be overrepresented in 

these circumstances (Figure 6B). 

Based on these data, first we investigated whether reduction of Cnnm4 expression in 

vivo protects against liver injury by modulating the three major pathways mediated by 



the ER-resident transmembrane proteins ATF6, IRE1 and PERK. We found that a lack 

of Cnnm4 attenuated the translation of the splicing of Xbp1 mRNA, related to IRE1 

activation (Figure 6C). These results are in accordance with the observed reduction of 

Chop (Figure 6C). Moreover, we observed a decreasing tendency of Atf6 and Grp78 

levels silencing Cnnm4 (Figure 6C). Accordingly, APAP stimulated the phosphorylation 

of EIF2alpha, which was attenuated by siCnnm4 (Figure 6D).  

Moreover, the GalNAc Cnnm4 siRNA therapeutic approach under APAP treatment in 

vivo also led to a reduction in ER stress, as shown in Figure 6E-F.  

These results suggest that Cnnm4 silencing treatment restores normal Mg2+ 

homeostasis and reduces the ER stress triggered by APAP overdose in in vivo animal 

models of APAP-induced liver failure. 

To better understand the effects mediated by CNNM4 on ER activity under APAP 

exposure, the cellular localization of this protein was analyzed in the liver of DILI animal 

models (Figure 6G). Highly enriched fractions from liver tissue allowed us to monitor the 

downregulation of CNNM4 levels in the membrane fraction in the presence of APAP 

compared with increased ER under these conditions (Figure 6G). The mitochondrial 

fraction did not exhibit CNNM4. 

Finally, considering the interplay between ER and mitochondria and the disturbance of 

Mg2+ content in the mitochondria under Cnnm4 silencing, mitochondrial respiration was 

evaluated in mitochondria from APAP-treated mice with siRNA GalNAc Cnnm4 and 

unrelated control (Figure 6H). ROS production and ATP levels were evaluated in 

hepatocytes derived from APAP-treated mice and those under GalNAc Cnnm4 treatment 

(Figure 6I-J). The data identified that GalNAc Cnnm4 also improved mitochondrial 

activity and its bioenergetics. In this context, a significantly reduction in ER tracker was 

also identified (Figure 6K). 

 

CNNM4 knockdown induced liver regeneration in preclinical APAP model. 

 

Increased ATP levels in the liver after injury could facilitate liver regeneration, an 

energetically demanding process12. To further assess the impact of ATP production 

under Cnnm4 silencing in liver regeneration, the proliferative response was evaluated in 

mice subjected to liver damage 48 hours after APAP overdose. Analysis of cyclin D1 and 

A2 gene expression in liver tissue showed increased levels in siCnnm4-treated mice 

(Figure 7A). In addition, Cnnm4 silencing induced proliferating cell nuclear antigen 

(PCNA) staining in liver sections (Figure 7B). Further analysis of the upstream regulators 

mediating liver regeneration after APAP injury revealed that hepatocyte growth factor 

(HGF), considered critical for hepatocyte proliferation51, was significantly increased 



under these conditions (Figure 7C). Liver regeneration evaluated at an early time, 36 

hours for mice administered APAP, and 12 hours later of GalNAc Cnnm4 injection 

resulted (Figure 7D) in a reduction of p21 cell cycle arrest (Figure 7E) and significant 

activation of phospho c-Met (Fig 7F). Downregulation of the inflammatory response 

mediated by F4/80 was identified under GalNAc Cnnm4 silencing (Supplementary Figure 

10A-E)  

 

Thus, targeting Cnnm4 at late phases of APAP toxicity can induce a regenerative 

response in the liver, thus counteracting the damage produced after the administration 

of this drug. 
  



Discussion 
 
DILI is a clinical and pathological term for liver injury caused by various medications, 

leading to abnormalities in liver tests or liver dysfunction. DILI is one of the leading 

causes of acute liver failure, which can result in the need for liver transplantation or even 

in death52. APAP overdose is one of the principal causes of DILI53, with necrosis as the 

primary pathway of hepatocyte cell death. Understanding the mechanisms behind 

APAP-mediated toxicity is therefore essential in order to overcome liver damage with 

appropriate therapies. In this work, we took the challenge of identifying Mg2+ 

perturbations in DILI patients and studied the impact by modulating Mg2+ in preclinical 

AILI models. Our findings reveal that CNNM4 is a major mediator of Mg2+efflux from liver 

to extracellular compartments. We show that Cnnm4 silencing under APAP exposure 

results in the restoration of Mg2+ levels within the mitochondria, ameliorating ER stress 

and protecting mitochondria functionality (Figure 8). Our observation that hepatic 

CNNM4 is upregulated in the preclinical animal models as well as in ALF patients who 

underwent liver transplant due to acetaminophen overdose supports this premise. These 

results pave the way toward considering CNNM4 as a new therapeutic target for the 

treatment of this common hepatotoxic condition. 

 

Mg2+ is essential for health and plays a role in virtually every process within the human 

cell. Given such important functions, it is clear that perturbations in intracellular Mg2+ 

concentrations could have serious implications for the physiological functioning of cells. 

Dysfunction of Mg2+ handling is linked to different pathologies, including liver diseases5, 

diabetes3, hypertension3, and cardiovascular diseases. Here, we show that CNNM4 

levels are elevated in primary hepatocytes challenged with APAP in the liver of mice after 

APAP overdose, and in liver tissue from DILI patients with ALF. Thus, APAP appears to 

trigger Cnnm4 overexpression in the liver, with a concomitant Mg2+ efflux from the 

hepatocytes to the extracellular media. Consistent with this, serum Mg2+ levels both in 

the APAP overdose animal model and in APAP DILI patients were increased. 

Importantly, under conditions of liver toxicity, CNNM4 appears to accumulate in the ER54. 

Indeed, an analysis by the SubCons webserver identified a signal peptide responsible 

for the ER localization of CNNM4. High-throughput proteomics analysis revealed that in 

the absence of Cnnm4, pathways related to ER activity, protein transport, misfolding, 

and their catabolic regulation were mainly affected under APAP overdose. CNNM4 

upregulation in the ER may explain the Mg2+ disturbances observed in the hepatocytes 

in ALF.  



The pattern of Mg2+ levels in primary hepatocytes, determined by mitochondrial-specific 

(Mg-S-TTP-AM)30 and cytosolic-specific (Mg-S-AM)43 labelling, showed that CNNM4 

acted as an effluxer reducing Mg2+ levels in the cell and in the mitochondria. There are 

several signaling mechanisms linking ER stress and mitochondrial cell death pathways. 

MAMs are the interaction zones between the two organelles that allow rapid exchange 

of molecules; among them, Ca2+ maintains cellular function and cellular health. Thus, the 

presence of CNNM4 in the ER under APAP toxicity probably dysregulates ER Ca2+ 

homeostasis and induces a misfolding protein response and mitochondrial ROS. The 

overexpression of Cnnm4 and the results obtained in the presence of the inactive mutant 

T495I31 unable to induce Mg2+ efflux support the role of CNNM4 in the ER. Indeed, 

targeting Cnnm4 in hepatocytes under APAP treatment preserves ER activity and 

reduces the stress mediated by this toxicant ameliorating cell death. This effect appears 

to be dependent on the cells in which the modulation of CNNM4 occurs. Previous work 

has shown that silencing of Cnnm4 in intestinal epithelial cells triggers an oxidative stress 

response55. Hepatocytes, which are rich in mitochondria, have a high oxidative 

capacity56. This characteristic probably leads to a differential response under Cnnm4 

knockdown. Therefore, Cnnm4 should specifically be silenced in certain cell types, as is 

the case with GalNAc siCnnm4 in the hepatocytes. 

Mg2+ deficiency has been previously reported in patients with liver disease, although the 

relationship between this cation, liver function, and the disease has not been fully 

elucidated53. CNNM4, which is upregulated in NAFLD patients, has been described as a 

master regulator of VLDL export in this pathology, mediated by activation of the 

microsomal transfer protein found in the ER30. Under steatotic conditions30 or in primary 

hepatocytes where Cnnm4 was overexpressed or treated with APAP, Mg2+ 

supplementation did not result in any recovery effect or protection from the necrotic 

processes. Then, hepatic Cnnm4 silencing appeared to be required for amelioration of 

Mg2+ disturbances in liver disease due to its efflux activity. In this context, it is important 

to highlight that common to the two pathologies, NAFLD and ALF, is that that reticulum 

stress is one of the main altered pathways through which CNNM4 can exert its 

therapeutic effects. 

 

Liver regeneration plays a critical role in resolving APAP-induced ALF57.Cellular ATP 

levels are essential for liver regeneration58. Hepatic cell death triggered by APAP is 

closely related to cellular ATP deprivation caused mainly by mitochondrial dysfunction. 

In the absence of Cnnm4, ATP levels increase, favoring proliferation and preventing 

hepatic necrosis, which is mainly due to decreased mitochondrial ROS and reticulum 

stress. Additionally, Cnnm4 deficiency in APAP injury leads to upregulation of HGF and 



consequent phosphorylation of c-MET. HGF has been described to play a fundamental 

role in regeneration after ALF57. Moreover, the absence of Cnnm4 under these 

experimental conditions also leads to decreased p21 levels. p21 has been directly linked 

with the impairment liver regeneration observed in patients after severe APAP-induced 

liver injury in patients59. This reduction in p21 along with increased cyclin D1 and PCNA 

levels suggests that the absence of Cnnm4 enhances the regenerative response in ALF. 

 

NAC is the only currently available effective therapy that can be deacetylated to cysteine 

and subsequently metabolized to GSH54,60, although it has a limited therapeutic window. 

Thus, more effective therapeutic interventions are urgently needed. Our data have 

shown that at the time Cnnm4 silencing appears to have therapeutic value in an ALF 

animal model, NAC is not a treatment option. 

Overall, our results identified CNNM4 in the liver as a major effluxer responsible for Mg2+ 

dysregulation in ALF. The enrichment of CNNM4 in the ER justifies the stress response 

and mitochondrial dysfunction observed in in vitro and in vivo models of APAP-mediated 

hepatotoxicity. Our data demonstrate that Cnnm4 inhibition represents a novel 

therapeutic option, even after 24 hour overdose of APAP, with additional benefits for liver 

regeneration and recovery from injury. 
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Figure 1. Cyclin M4 (CNNM4) is overexpressed in DILI patients and pre-clinical animal 
models caused by APAP. 
 
A. Magnesium serum levels determination in a cohort of AILI patients (n=24) compared to a group 
of healthy donors (n=4). Data are shown as mean ± SEM. ***P < 0.001 (Student’s test) B. 
Magnesium serum levels was determined in a control group animals (n=4). and those treated with 
a single dose of APAP 360mg/kg for 48 hours (n=4). Data are shown as mean ± SEM. *P < 0.05 
(Student’s test) C-E. Changes in mRNA levels of Cnnm1, Cnnm2, Cnnm3, Cnnm4, Trpm6, 
Trpm7, Mrs2, Mmgt1 and Magt1 in (C) WT hepatocytes under APAP 10 mM compared to a control 
group (Ctrl) for 1h, 3h and 6h (D) THLE2 cell line (E) and the experimental groups of APAP 
360mg/kg (n=4) mice compared to a healthy group (n=4) at 48h. Data are shown as mean F. 
Liver immunohistochemical staining and respective quantification of CNNM4 was determined in 
the experimental groups of APAP 360mg/kg for 24h (n=4) and 48h (n=4) animal models 
compared to a healthy group (n=4). Scale bar correspond to 50 µm. G. mRNA levels Cnnm4 and 
H. protein expression levels of CNNM4 in a animals treated with a single dose of APAP 360mg/Kg 
for 24h (n=4) and 48h (n=4) compared to a healthy group (n=4), β-ACTIN was used as a loading 
control. Data are shown as mean ± SEM. *P < 0.5, **P < 0.01 (Student’s test) I. Liver 
immunohistochemical staining and respective quantification of CNNM4 was determined in a 
cohort of AILI (n=13) patients compared to a healthy group (n=3). Scale bar correspond to 100 
µm. Values are represented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001  (Student’s test). 
 
Figure 2. Silencing CNNM4 protects against APAP toxicity in primary and human 
hepatocytes 
 
A. Cell death was evaluated using TUNEL in WT hepatocytes under APAP overdose for 3h and 
treated with a siRNA Cnnm1, Cnnm2, Cnnm3 and Cnnm4 or an unrelated control (siCtrl) 
compared to a control group (Ctrl). Scale bar correspond to 50 µm. B. Cell death, apoptosis and 
necrosis reponse were evaluated using TUNEL and Annexin V Apoptosis and necrosis assay 
respectively in THLE2 cell line under APAP overdose for 3h and treated with two different siRNA 
sequences of Cnnm4 and compared to a control group (Ctrl). C. Cell death, apoptosis and 
necrosis reponse were evaluated using TUNEL and Annexin V Apoptosis and necrosis assay 
respectively were evaluated in primary murine hepatocytes treated with different GalNAc Cnnm4 
siRNAs (GalNAc#1 and GalNAc#2) at different concentrations 1nM and 10nM and exposed to 
APAP for 3 hours compared to untreated control group (Ctrl) D. Cell death, apoptosis and necrosis 
response were evaluated using TUNEL and Annexin V Apoptosis  and necrosis assay in WT 
hepatocytes under APAP overdose for 3h with and without 5mM of Mg2+, overexpressing Cnnm4 
and overexpressing Cnnm4 with Mg2+ compared to a control group (Ctrl). E. Cell death, apoptosis 
and necrosis response were evaluated using TUNEL and Annexin V Apoptosis and necrosis 
assay in WT hepatocytes under APAP overdose for overexpressing Cnnm4 and overexpressing 
the mutant Cnnm4 T495I and compared to a control group (Ctrl). Values are represented as mean 
± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s test). Quadrupled were used for 
experimental condition.  
 
Figure 3. CNNM4 silencing in hepatocytes reduces mitochondrial dysfunction under 
APAP toxicity 
A. The mitochondrial membrane potential was determined in WT hepatocytes upon 3h of APAP 
overdose and treated with a siRNA Cnnm4 or an unrelated control. B. Basal respiration using 
seahorse assay in primary hepatocytes and after 3h of APAP administration. C. Mitochondrial 
ATP production and linked respiration in primary hepatocytes under APAP overdose for 3h. The 
mitochondrial Reactive Oxygen Species was determined in WT hepatocytes upon 1h and 3h of 
APAP treatment using MitoSOX staining and treated with D. siRNA Cnnm4 or an unrelated control 
and E. Cnnm4 and Cnnm4 T495I overexpression. Relative intracellular Mg2+ determination by 
mitochondrial-specific labelling and cytosolic-specific labelling in primary hepatocytes under 
APAP overdose for 3h and treated with F. a siRNA Cnnm4 or an unrelated control (siCtrl) 
compared to a control group (Ctrl). G. 5mM and 20mM Mg2+ supplementation. H. Cnnm4 and 
Cnnm4 T495I overexpression compared to a control group (Ctrl). Quadrupled were used for 
experimental condition. Values are represented as mean ± SEM. *P <0.05, **P < 0.01, ***P < 
0.001 (Student’s test) 
 



Figure 4. CNNM4  silencing in hepatocytes reduces endoplasmic reticulum stress under 
APAP toxicity 
 
A. Calcium (Ca2+) release capacity by ER with thapsigargin and ATP upon time under APAP 
overdose for 3h treated with a siRNA Cnnm4 or an unrelated control (siCtrl) compared to a healthy 
group (Ctrl). B. Western blot analysis of phospho-JNK1/JNK2 (Thr183, Tyr185) (pJNK) and  
SAPK/JNK (Thr183, Tyr185) ratio, β-ACTIN was used as a loading control under APAP overdose 
for 1h. C. mRNA levels of Atf-6, Chop, X-box binding protein 1 (Xbp1s/Xbp1u) and binding 
immunoglobulin protein (Grp78) for 6h under APAP overdose and treated with (a) a siRNA Cnnm4 
or an unrelated control (siCtrl) compared to a control group (Ctrl). (b) Cnnm4 and Cnnm4 T495I 
overexpression compared to a control group (Ctrl). D ER tracker red staining with respective 
quantification in primary hepatocytes for 3h under APAP overdose and treated with a siRNA 
Cnnm4 or an unrelated control (siCtrl) compared to a control group (Ctrl) and E. ER tracker red 
staining with respective quantification in primary hepatocytes for 3h under APAP overdose and 
treated with Cnnm4 and Cnnm4 T495I overexpression. Scale bar correspond to 100 µm. 
Quadrupled were used for experimental condition. Values are represented as mean ± SEM.  *P 
< 0.05, **P<0.01, ***P<0.001 (Student’s test) 
 
Figure 5. CNNM4 silencing prevents hepatotoxicity mediated by APAP overdose in in 
vivo models. 
 
A-F WT mice were treated with a single dose of APAP 360 mg/kg by intraperitoneal injection and 
24h after siRNA Cnnm4 (n=5) or an unrelated control (siCtrl) (n=5) were injected via tail vein 
injection and compared to control group (n=5). A. mRNA levels and protein expression levels of 
CNNM4. B. Liver necrosis was assessed by H&E staining. Scale bar correspond to 100 µm. C. 
Cell death was determined by TUNEL assay in liver tissue. Scale bar correspond to 100 µm. 
D.Transaminases ALT and AST levels were determined in mice serum. E. ROS in vivo measured 
by DHE staining in liver sections. Scale bar correspond to 100 µm. F. Inflammation assessed by 
F4/80 staining in liver. Scale bar correspond to 100 µm. G. Magnesium levels were determined 
in mice serum. H-M WT mice were treated with a single dose of APAP 360 mg/kg by 
intraperitoneal injection and 24h thereafter with 3mg/kg GalNAc Cnnm4 siRNA (n=4) or a non 
targeting GalNAc conjugated control siRNA (n=4) were injected via subcutaneous injection. Mice 
were sacrificed 48h after APAP overdose. H. mRNA levels and protein expression of CNNM4 
was determined. I. Liver necrosis was assessed by H&E staining at 48h after APAP overdose. J. 
Cell death was assessed by TUNEL assay. K. Transaminases ALT and AST levels were 
determined in mice serum at 48h after APAP overdose. L. Inflammation assessed by F4/80 
staining in liver at 48h after APAP overdose. M. Magnesium levels were determined in mice serum 
at 48h of APAP overdose. Respective quantifications are represented as mean ± SEM. *P<0.05, 
**P<0.01, ***P<0.001  (Student’s test). 
 
Figure 6. CNNM4 silencing reduces ER stress induces by APAP overdose in in vivo models  
Proteomics analysis by LC-MS/MS was assessed in the liver of  WT mice treated with a single 
dose of 360mg/kg APAP and 24h after APAP overdose mice were injected with siRNA Cnnm4 
(n=7) or an unrelated control (siCtrl) (n=7). A. Volcano plot of specific proteins regulated by the 
absence of Cnnm4 was shown. B. GO process analysis for the regulated genes in APAP+siCtrl 
vs APAP+siCnnm4 labelled (APAP+siCtrl) and in APAP+siCnnm4 vs APAP+siCtrl labelled 
(APAP + siCnnm4). C. mRNA levels of Atf-6, Chop, X-box binding protein 1 (Xbp1s/Xbp1u) and 
binding immunoglobulin protein (Grp78) in WT mice treated with a single dose of APAP 360mg/kg 
and 24h after siRNA Cnnm4 (n=5) or an unrelated control (n=5). D. Western blot analysis of 
phospho-EIF2a Ser 51 (p-EIF2a) and EIF2a ratio, β-ACTIN was used as a loading control. 
Quadrupled were used for experimental condition. E. mRNA levels of Atf-6, Chop, X-box binding 
protein 1 (Xbp1s/Xbp1u) and binding immunoglobulin protein (Grp78) in WT mice treated with a 
single dose of APAP 360mg/kg and 24h after with a Cnnm4 GalNAc siRNA molecule (n=4) or an 
unrelated control (n=4). F. Western blot analysis of PERK, HSP90 was used as a loading control. 
Quadrupled were used for experimental condition. G. Celular location of CNNM4 in WT mice liver 
tissue with an APAP overdose 360mg/kg for 48h and compared with a healthy mice. Protein 
expression was measured in membrane, mitochondria an ER location. CD36, voltage-dependent 
anion channel (VDAC) and Calnexin (CANX) were used as a loading controls. Triplicates were 
used for experimental conditions. H. Basal respiration using seahorse assay in mitochondria 
extract from mice liver with and 360mg/kg of APAP overdose and 24h later, injected with 3mg/kg 



GalNAc Cnnm4 or an unrelated control. I-K Hepatocytes isolated from WT mice treated with a 
single dose of APAP 360 mg/kg and 24h later, injected with 3mg/kg GalNAc Cnnm4 or an 
unrelated control. I. The mitochondrial Reactive Oxygen Species was determined using MitoSOX 
staining J. ATP levels were measured. K. ER tracker red staining. Quadrupled were used for 
experimental conditions. Values are represented as mean ± SEM.  *P < 0.05, **P < 0.01, 
**P<0.001 (Student’s test) 
Figure 7. CNNM4 knockdown induced liver regeneration in preclinical APAP model. 

A. mRNA levels of Cyclin D1 and Cyclin D2 and B. PCNA expression by immunohistochemistry. 
Scale bar corresponds to 50 µm in WT mice treated for 48 h with APAP (n=5) and silenced Cnnm4 
by siRNA the last  24 hours of the hepatotoxic (n=5). C-D. Changes in mRNA levels of Hepatocyte 
Growth Factor(Hgf), Heparin Binding EGF Like Growth Factor (Hb-egf), Epidermal Growth Factor 
(Egf), Betacellulin (Btc), Betacellulin v2 (Btc2), Amphiregulin (Areg), Transforming Growth Factor 
Alpha (Tgfa) and  Transforming Growth Factor Beta (Tgfb) in (C) WT mice treated with a single 
dose of APAP 360 mg/kg for 48h (n=5) and treated with a siCnnm4 for the last 24h (n=5) and  (D)  
WT mice treated with a single dose of APAP 360 mg/kg for 36h (n=4) and treated with a Cnnm4 
GalNAc siRNA molecule the last 12h (n=4). E. mRNA expression levels of p21 was determined 
in WT mice with an APAP overdose for 36h (n=4) and treated with Cnnm4 GalNAc siRNA 
molecule for 12h (n=4). F. Western blot analysis of Phospho cMET (Tyr 1230/ Tyr1234/ Tyr1235) 
in WT mice with an APAP overdose for 36h (n=4) and treated with Cnnm4 GalNAc siRNA 
molecule for 12h (n=4). β-ACTIN was used as a loading control. Values are represented as mean 
± SEM.  *P < 0.05, **P < 0.01, **P<0.001 (Student’s test) 

 
Figure 8. Overall mechanisms involved in CNNM4 overexpression caused by APAP 
overdose 
 
In the liver, APAP overdose leads to increased expression of CNNM4 and an enrichment of its 
localization in the ER. Under these circumstances, reticulum stress and mitochondrial dysfunction 
are induced. The activity of CNNM4 is mainly influenced by its role as a magnesium effluxer. 
Therefore, increased CNNM4 expression reduces both mitochondrial and total cellular 
magnesium levels. When ER stress occurs, UPR markers, GRP78, ATF-6, PERK, pEIF2α, XBP1 
and CHOP, are activated in order to solve the damage. Moreover IRE1α pathway triggers pJNK 
activation in order to induce apoptosis. pJNK is  translocated to mitochondria resulting in 
mitochondrial ROS, mitochondrial dysfunction and consequently cell death. Another 
characteristic of ER stress is the Ca2+ released into the cytoplasm to induce apoptosis. Finally, 
inflammation markers such as TNF and IL6 are induced as a consequence of APAP overdose. 
Silencing of Cnnm4 in the liver was able to reduce mitochondrial dysfunction, ER stress and 
induce a regenerative response in the hepatocyte to overcome APAP overdose-induced necrosis. 
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