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A fructose-enriched diet is thought to contribute to hepatic 
injury in developing non-alcoholic steatohepatitis (NASH). 
However, the cellular mechanism of fructose-induced hepatic 
damage remains poorly understood. This study aimed to 
determine whether fructose induces cell death in primary 
hepatocytes, and if so, to establish the underlying cellular 
mechanisms. Our results revealed that treatment with high 
fructose concentrations for 48 h induced mitochondria-
mediated apoptotic death in mouse primary hepatocytes 
(MPHs). Endoplasmic reticulum stress responses were 
involved in fructose-induced death as the levels of phosho-
eIF2α, phospho-C-Jun-N-terminal kinase (JNK), and C/EBP 
homologous protein (CHOP) increased, and a chemical 
chaperone tauroursodeoxycholic acid (TUDCA) prevented 
cell death. The impaired oxidation metabolism of fatty acids 
was also possibly involved in the fructose-induced toxicity as 
treatment with an AMP-activated kinase (AMPK) activator 
and a PPAR-α agonist significantly protected against fructose-
induced death, while carnitine palmitoyl transferase I inhibitor 
exacerbated the toxicity. However, uric acid-mediated toxicity 
was not involved in fructose-induced death as uric acid was 
not toxic to MPHs, and the inhibition of xanthine oxidase (a 
key enzyme in uric acid synthesis) did not affect cell death. On 
the other hand, treatment with inhibitors of the nicotinamide 
adenine dinucleotide (NAD)+-consuming enzyme CD38 
or CD38 gene knockdown significantly protected against 
fructose-induced toxicity in MPHs, and fructose treatment 
increased CD38 levels. These data suggest that CD38 
upregulation plays a role in hepatic injury in the fructose-

enriched diet-mediated NASH. Thus, CD38 inhibition may be 
a promising therapeutic strategy to prevent fructose-enriched 
diet-mediated NASH.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a medical con-

dition characterized by the accumulation of fat in the liver, 

which is not caused by alcohol. It encompasses a disease 

spectrum ranging from simple fatty liver disease (steatosis) to 

non-alcoholic steatohepatitis (NASH) and cirrhosis (Berardo et 

al., 2020; Peng et al., 2020). NAFLD is associated with obesity 

and is considered a hepatic manifestation of insulin resistance 

(Gaggini et al., 2013). Intrahepatic fat accumulation general-

ly results from the increased delivery of free fatty acids (FFAs) 

from adipose tissues to hepatocytes, enhanced de novo 

lipogenesis (DNL) and reduced fatty acid oxidation (FAO) in 

hepatocytes, and inadequate secretion of very low-density 

lipoproteins from hepatocytes (Nassir et al., 2015). Hepatic 

inflammation and injury are hallmarks of NASH and are key 

contributors to liver cirrhosis through the activation of col-

lagen-producing stellate cells (Koyama and Brenner, 2017; 

Krenkel et al., 2018). Hepatic injury can initiate a sequence 

of events, from hepatic inflammation to hepatic fibrosis. 

Apoptotic bodies, damage-associated molecular patterns, 
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and extracellular vesicles derived from damaged hepatocytes 

can activate quiescent hepatic Kupffer cells, which promote 

hepatic inflammation (Kanda et al., 2018). Meanwhile, he-

patic inflammation can also contribute to hepatocyte demise 

(Brenner et al., 2013; Parthasarathy et al., 2020). Therefore, 

it is considered that there is a feedforward cycle of hepato-

cyte death and hepatic inflammation in NASH development. 

However, the cellular mechanisms of initial hepatic damage 

are not yet fully characterized in NASH.

 Lipotoxicity caused by lipid derivative accumulation in he-

patocytes is thought to play a role in initial hepatic damage 

in NAFLD (Marra and Svegliati-Baroni, 2018). Lipotoxicity 

is thought to occur when the cellular capacity to use, store 

and export FFAs in hepatocytes is overwhelmed by a massive 

FFA flux (Pardo et al., 2015; Rada et al., 2020). Although the 

exact cellular mechanism of lipotoxicity in hepatocytes has 

not been elucidated, the activation of stress signals through 

endoplasmic reticulum (ER) stress and/or oxidative stress and 

the subsequent activation of death signals have been report-

ed to be involved in lipotoxicity-mediated cell death (Ly et al., 

2020; Pardo et al., 2015). The breakage of ER homeostasis 

preferentially activates protein kinase RNA-like endoplasmic 

reticulum kinase (PERK), which phosphorylates eIF2α and pro-

motes the transcription of C/EBP homologous protein (CHOP) 

and activating transcription factor 3 (ATF3). CHOP is known 

to trigger the mitochondria-mediated apoptotic pathway (Hu 

et al., 2019; Iurlaro and Munoz-Pinedo, 2016). Excessive ER 

stress can also stimulate IRE1α oligomerization, subsequently 

stimulating the activation of the apoptotic-signaling kinase-1 

(ASK1) and C-Jun-N-terminal kinase (JNK). It is known that the 

excessive activation of ASK1 and JNK signals contributes to ER 

stress-induced cell death (Iurlaro and Munoz-Pinedo, 2016). 

Increased FAO upon FFA overload with an impairment of the 

mitochondrial electron transport complex and a reduction in 

the antioxidant system have been observed in NAFLD devel-

opment (Begriche et al., 2013; Sunny et al., 2017). Thus, ox-

idative stress through reactive oxygen species (ROS) was also 

thought to play a role in hepatic damage in NAFLD (Spahis et 

al., 2017; Sunny et al., 2017).

 Impaired energy metabolism in mitochondria has been 

suggested to play a role in NAFLD pathogenesis (Ramana-

than et al., 2022). Cellular levels of nicotinamide adenine 

dinucleotide (NAD+) display the energy state of cells (Co-

varrubias et al., 2021). Several reports have suggested that 

NAD+ deficiency is a risk factor for NAFLD and thus, NAD+ 

repletion has potential as a treatment for NAFLD (Gariani et 

al., 2016; Guarino and Dufour, 2019; Katsyuba et al., 2018; 

Xie et al., 2020). The cellular NAD+ pool is maintained by a 

balance between the activity of NAD+-synthesizing enzymes 

and NAD+-consuming enzymes. NAD+ can be synthesized 

through the de novo or salvage pathways (Supplementa-

ry Fig. S1) (Guarino and Dufour, 2019; Mouchiroud et al., 

2013). The de novo pathway involves the synthesis of NAD+ 

from tryptophan via kynurenine. NAD+ can also be resynthe-

sized from nicotinamide (NAM) in the salvage pathway. NAM 

is a byproduct of NAD+ after the activation of NAD+-utilizing 

enzymes such as sirtuins (SIRTs), poly (ADP-ribose) poly-

merases (PARPs), and CD38. NAM gets converted to NAD+ 

via nicotinamide mononucleotide (NMN) using the enzymes 

nicotinamide phosphoribosyltransferase (NAMPT) and nic-

otinamide mononucleotide adenylyltransferase (NMNAT). 

NMN can also be produced from nicotinamide riboside (NR) 

through NR kinase. SIRTs are known to be NAD+-dependent 

deacetylases and are considered as nutritional sensors (Hout-

kooper et al., 2012; Imai and Guarente, 2010). In most trials 

to increase SIRT activity through enhanced NAD+ availability, 

NAFLD was ameliorated (Nassir and Ibdah, 2016; Zeng and 

Chen, 2022). The inhibition of α-amino-β-carboxymuconate-

ε-semialdehyde decarboxylase (ACMSD), which boosts de 

novo NAD+ synthesis, improved methionine-choline deficient 

diet-induced NAFLD in C57BL/6J mice and protected against 

fatty acid-induced apoptosis in primary mouse hepatocytes 

(Katsyuba et al., 2018). The protective effect of ACMSD in-

hibition was SIRT1-dependent. NMN and NR have been also 

used to boost cellular NAD+ levels (Cantó et al., 2012; Yoshi-

no et al., 2011). NR treatment has been shown to prevent 

high-fat/high-sucrose (HF/HS) diet-induced NAFLD through 

a SIRT1-dependnet functional improvement of mitochondria 

(Gariani et al., 2016). On the other hand, Pham et al. (2019) 

reported that NR treatment could reduce liver fibrosis without 

improvement of liver steatosis and inflammation in a HF/HS/

high-cholesterol diet-induced mouse model of NAFLD. PARP-

1 functions as a DNA repair enzyme, but excessive PARP 

activation depletes cellular NAD+ and adenosine triphosphate 

(ATP) levels, leading to cell death (Andrabi et al., 2008; 

Martín-Guerrero et al., 2020). The development of HF/HS-in-

duced NAFLD was shown to be associated with the induction 

of PARP expression and activity and a reduction in liver NAD+ 

levels (Gariani et al., 2017). Treatment with a PARP inhibitor 

induced NAD+ repletion and reversed HF/HS diet-induced 

NAFLD in a SIRT1-dependent manner (Gariani et al., 2017; 

Mukhopadhyay et al., 2017). CD38 is another NAD+-consum-

ing enzyme that produces ADP-ribose (ADPR) and NAM and 

is responsible for age-related NAD+ decline (Camacho-Pereira 

et al., 2016). CD38 inhibition also protects against HF diet-in-

duced NAFLD by activating the NAD+/SIRT pathway (Xie et 

al., 2021).

 Fructose is a monosaccharide in fruit and honey and is a 

major component of the sweeteners, such as sugar (a disac-

charide of fructose and glucose) and corn syrup (a mixture 

of fructose and glucose monosaccharide). Epidemiological 

studies suggest that a fructose-enriched diet is a potent risk 

factor for NAFLD development and the transition from simple 

steatosis to NASH (Federico et al., 2021; Jensen et al., 2018). 

Fructose is almost exclusively metabolized in the liver, where 

it stimulates lipogenic programs through enhanced DNL and 

decreased FAO, contributing to the hepatic accumulation of 

lipids (Softic et al., 2016; 2019). Meanwhile, fructose me-

tabolism is suggested to play a key role in inducing hepatic 

injury and inflammation as the knockout of fructokinase, 

which plays a role as the first enzyme of fructose metabolism, 

protects against HF/HS-induced steatohepatitis (Ishimoto et 

al., 2013; Roeb and Weiskichen, 2021). A fructose-enriched 

diet can induce ER stress and oxidative stress through elevat-

ed ROS and/or reactive nitrogen species levels in hepatocytes 

(Choi et al., 2017). However, the mechanism by which fruc-

tose metabolism is associated with the induction of ER and 

oxidative stress in hepatocytes remains unclear. The derange-
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ment of purine metabolism is suggested to play a critical role 

in fructose-induced hepatic injury. The first reaction that pro-

duces fructose-1-phosphate from fructose can rapidly deplete 

the intrahepatic level of ATP and promote the production 

of adenosine monophosphate (AMP). Elevated AMP levels 

stimulate the production of uric acid as the final product of 

purine metabolism, which may be involved in hepatocyte 

death through oxidative stress and ER stress. Therefore, uric 

acid-mediated stress signals are considered important driv-

ers of fructose-induced hepatotoxicity in fructose-enriched 

diet-induced NASH (Choi et al., 2014; Lanaspa et al., 2012; 

Zhang et al., 2017).

 In view of the above, this study aimed to determine wheth-

er high fructose concentrations are toxic to primary hepato-

cytes and to determine the cellular mechanisms involved in 

the fructose-induced toxicity. Here, hepatocytes isolated from 

C57BL/6J mice were exposed to high fructose concentrations 

and fructose-induced cell death was then investigated using 

a cell death ELISA kit. The mode of cell death was elucidated 

by investigating the activation of caspase-3 and -9 and the 

release of mitochondrial cytochrome C into the cytosol. The 

levels of various signaling molecules were investigated via 

immunoblotting analysis. The effect of different stress signal 

inhibitors on fructose-induced toxicity were also investigated 

by measuring levels of cleaved caspase-3. The involvement 

of NAD+ metabolism in fructose-induced toxicity was de-

termined by investigating the effect of NAD+-consuming 

enzyme inhibitors on fructose-induced death. The involve-

ment of CD38 as an NAD+ hydrolase was also determined by 

investigating the inhibitory effect of CD38 inhibitors or CD38 

knockdown on fructose-induced toxicity. Finally, the upreg-

ulation of CD38 by fructose was also confirmed by analyzing 

the enzymatic activity of CD38.

MATERIALS AND METHODS

Reagents
The following chemicals were purchased from Sigma-Aldrich 

(USA): fructose, glucose, SP600125, SB203580, sodium 

salicylate, n-acetylcysteine (NAC), NG-monomethyl-L-argi-

nine acetate (NMMA), metallothionein (MT), manganese 

(III) tetrakis (4-benzoic acid) porphyrin (MnTBAP), Go6976, 

Go698, myriocin, 5-tetradecyloxy-2-furoic acid, cerulenin, 

T0901317, troglitazone, rosiglitazone, etomoxir, bezafibrate, 

5-aminoimidazole-4-carboxamide riboside, nicotinamide 

mononucleotide, NR, kynurenine, nicotinamide, GMX1772, 

FK866, sinefungin, L-methylnicotinamide, resveratrol, sirtinol, 

EX527, 3-aminobenzamide, 5-iodo-6-amino-1,2-benzopy-

rone, apigenin, quercetin, and allopurinol. Tauroursodeoxy-

cholic acid (TUDCA) was obtained from Cayman Chemical 

(USA). H2DCFDA (2′,7′-dichlorodihydrofluorescein diacetate) 

was purchased from Thermo Fisher Scientific (USA). C75 and 

78c were purchased from MedChemExpress (USA). Anti-

bodies against cleaved caspase-3, cleaved caspase-7, cleaved 

caspase-9, poly (ADP-ribose) polymerase, phospho-JNK 

(P-JNK), JNK (T-JNK), phospho-p38 (P-p38), p38 (T-p38), 

phospho-NFκB p65 (P-NFκB), p65 (T-NFκB), phospho-eIF2α 

(P-eIF2α), eIF2α (T-eIF2α), CHOP, ATF3, and SIRT3 were 

obtained from Cell Signaling Technology (USA). Antibodies 

against cytochrome C, NAMPT, nicotinamide mononucle-

otide adenyltransferase (NMNAT), SIRT1, CD38, and xanthine 

oxidase were purchased from Santa Cruz Biotechnology 

(USA). Anti-actin antibody was purchased from Bethyl Labo-

ratories (USA).

Isolation of mouse primary hepatocytes (MPHs)
Primary hepatocytes were isolated from anesthetized, 

8-week-old male C57BL/6J mice. Briefly, pre-perfusion buf-

fer (140 mmol/L NaCl, 6 mmol/L KCl, 10 mmol/L HEPES 

[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid], and 

0.2 mmol/L EGTA [ethylene glycol-bis (β-aminoethyl ether)-

N,N,N′,N′-tetraacetic acid], pH 7.4) was injected through the 

hepatic artery of mice at a rate of 7 ml/min for 5 min and a 

collagenase-containing buffer (66.7 mmol/L NaCl, 6.7 mmol/

L KCl, 5 mmol/L HEPES, 0.48 mmol/L CaCl2, and 0.8 mg/ml 

type-IV collagenase, pH 7.4) was then perfused for 5 min. 

The liver sack was suspended in Medium 199 and ruptured 

with fine-tipped forceps. The cells were then released using a 

cell lifter and filtered twice through a 100-μm mesh. The dis-

sociated hepatocytes were harvested via centrifugation (50 × 

g, 5 min), resuspended in Medium 199, and pelleted via cen-

trifugation (200 × g, 7 min) using a 40% Percoll cushion. The 

pellets containing hepatocytes were resuspended in a com-

plete growth medium (Medium 199 containing 10% fetal 

bovine serum) and the hepatocytes were then seeded in col-

lagen-coated 12-well plates at a density of 2 × 105 cells/well. 

After a 4 h of incubation, the spent medium was replaced 

with fresh complete growth medium. Viable hepatocytes at-

tached to the plate were used for further experiments.

Cell death assay
Cell death was determined by measuring the amount of 

histone-associated DNA fragments using a cell death de-

tection ELISA kit (Roche Applied Science, Germany). Briefly, 

hepatocytes were lysed with a lysis buffer supplied by the 

kit and the lysates were then collected via centrifugation 

(200 × g, 10 min). The lysates were then pipetted onto an 

anti-streptavidin-coated microplate supplied with the kit. 

Anti-DNA monoclonal antibodies conjugated with peroxi-

dase and anti-histone-biotin were then added to the plates 

and the plates were incubated at 25°C for 90 min. The wells 

were then rinsed three times with washing buffer (supplied 

by the kit). Color development was performed by adding a 

2,2-azino-di-(3-ethylbenzthiazoline sulfonate) substrate solu-

tion, followed by shaking incubation at 250 rpm for 10-20 

min. The amount of peroxidase retained in the nucleosome 

complex was determined by measuring the absorbance at 

405 nm using a microplate reader. The amount of peroxidase 

retained in the nucleosome represents the degree of DNA 

fragmentation in the cells.

4′,6-diamidino-2-phenylindole (DAPI) staining
Nuclear condensation in primary hepatocytes was deter-

mined using DAPI staining. Briefly, primary hepatocytes were 

fixed with a 4% paraformaldehyde solution (Sigma-Aldrich) 

for 10 min and then washed twice with phosphate-buffered 

saline (PBS). The cells were permeabilized with 0.1% Triton 

X-100 for 15 min at room temperature, then incubated in a 
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DAPI solution (Thermo Fisher Scientific) for 10 min. The DAPI 

solution was removed, and the cells were observed using a 

Zeiss LSM 710 confocal microscope with an emission wave-

length of 460 nm and an excitation wavelength of 350 nm.

Measurement of mitochondrial membrane potential
The reduction in mitochondrial membrane potential was 

assessed through the fluorescence shift of JC-1 aggregates 

in mitochondria from red to green using a JC-1 dye (Thermo 

Fisher Scientific). Briefly, primary hepatocytes were incubated 

with a 2 μM JC-1 staining solution (in Krebs-Ringer bicarbon-

ate buffer) for 15 min in the dark, washed with PBS, resus-

pended in PBS and analyzed using a FACSAria III cell sorter 

(BD Biosciences, USA). The fluorescence intensity of the JC-1 

aggregates and the JC-1 monomesr was measured at 590 

nm (polyethylene filter) and at 529 nm (fluorescent isothiocy-

anate filter), respectively. The ratio of red to green was calcu-

lated using FACS Diva software (BD Biosciences).

Isolation of mitochondria
Mitochondria were isolated using a cell mitochondria iso-

lation kit (Thermo Fisher Scientific) according to the man-

ufacturer’s instructions. Briefly, cells were suspended in the 

reagent A supplied by the kit and lysed using dounce homog-

enization after a short incubation on ice. The lysates were 

then mixed with the reagent C. The mitochondrial fraction 

was isolated by sequential centrifugation (initially at 700 × g 

for 10 min to obtain the supernatant containing mitochon-

dria, then at 8,000 × g for 15 min to obtain the precipitates 

containing mitochondria). The proteins in the mitochondrial 

and cytosolic fractions were used to analyze cytochrome C 

release. Protein concentrations were the determined using 

Bradford assays (Thermo Fischer Scientific).

Immunoblotting
RIPA lysis buffer (Thermo Fisher Scientific) containing a prote-

ase inhibitor cocktail (Merck, Germany) was used to extract 

cellular proteins. Equivalent amounts of protein (20 μg) were 

suspended in sodium dodecyl sulfate (SDS) sample buffer (50 

mM Tris-HCl, 2% SDS, 100 mM DL-dithiothreitol, and 10% 

glycerol, pH 6.8), separated via SDS-polyacrylamide gel elec-

trophoresis (SDS-PAGE), then transferred to polyvinylidene 

difluoride (PVDF) membranes (Millipore, USA). The mem-

branes were then blocked with 5% skimmed milk solution 

for 30 min. The target antigens were allowed to react with 

the appropriate primary antibodies, then with horseradish 

peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG 

secondary antibodies. Immunoreactive bands were detected 

using an enhanced chemiluminescence system (Pierce, USA). 

Band intensities were determined via densitometric analysis 

using Image J software (NIH, USA).

ROS measurements
ROS levels were evaluated using the cell-permeant dye, H2D-

CFDA (Thermo Fisher Scientific). Trypsin-dissociated hepato-

cytes were immediately incubated in 20 μM H2DCFDA-con-

taining media for 30 min, then washed twice with PBS. The 

fluorescence intensity of the stained cells was analyzed using 

a FACSAria III flow cytometer (BD Biosciences). The excitation 

and emission wavelengths were 488 nm and 520 nm, re-

spectively. Relative ROS levels were determined by measuring 

the MFIs (mean fluorescence intensities).

Transfection with siRNAs and CD38-expressing DNAs
SiRNAs were designed and synthesized by the Bioneer Cor-

poration (South Korea). The sequences of siRNAs are listed 

in Supplementary Table S1. A CD38-expressing plasmid 

(pCMV-CD38) was obtained from Sino Biological (China). 

Plasmid DNA was prepared using a Qiagen plasmid midi kit. 

Primary hepatocytes were then transfected with siRNA oligo-

nucleotides or plasmids using Lipofectamine 2000 (Thermo 

Fisher Scientific). Briefly, 2 × 105 primary hepatocytes were 

seeded into each well of a 12-well plate and incubated for 

1 day. SiRNA or plasmid DNA was diluted in Opti-MEM 

without serum and Lipofectamine 2000 was also diluted in 

Opti-MEM. The diluted siRNA or plasmid DNA was combined 

with the diluted Lipofectamine 2000 (total volume = 100 

μl), incubated for 20 min at room temperature, added to the 

hepatocytes, and incubated for 48 h. The cells were used to 

analyze target protein expression.

NAD+/NADH ratio measurements
Total NAD (NADt: NAD+ and NADH) and NADH levels were 

measured using an NAD+/NADH quantification kit (Biovision). 

Briefly, hepatocytes were seeded in 6-well plates and cultured 

for 24 h. The cells were scraped, washed with PBS, and ho-

mogenized in the assay buffer supplied by the kit. Insoluble 

debris was removed via centrifugation (10,000 × g, 10 min), 

and the supernatants were then used to measure NADt or 

NADH levels. The supernatant was then mixed with the en-

zyme-containing cycling buffer supplied by the kit to convert 

residual NAD+ to NADH. The level of NADH, including con-

verted NADH, was measured to obtain the NADt level in the 

supernatant. To detect NADH levels in the supernatant, the 

NAD+ in the supernatant was decomposed by heating the 

supernatant at 60°C for 30 min, and the remaining NADH 

was then detected. The amount of NADH was quantified by 

adding an NADH developer supplied from the kit, incubating 

at room temperature for 1 h, and measuring the absorbance 

at 450 nm. The quantity of NADt or NADH was determined 

based on the NADH standard curve generated. NAD+ lev-

els were obtained by subtracting NADH level from those of 

NADt. The NAD+/NADH ratio in cells was obtained by divid-

ing the NAD+ level by the NADH level.

Reverse transcriptase-polymerase chain reaction (PCR)
Relative mRNA expression levels were measured using a Ta-

kara PrimeScriptTM RT reagent kit and a TB Green® Premix Ex 

TaqTM II qPCR kit (Takara, Japan). Briefly, total RNA was ex-

tracted from hepatocytes using TRIzol reagent (Thermo Fisher 

Scientific) and cDNA was synthesized using PrimeScript RTase 

and random 9-mers. DNA amplification was performed using 

a TB Green® Premix Ex TaqTM II quantitative PCR kit under the 

following thermocycling conditions: initial denaturation at 

95°C for 5 min, followed by 30 cycles of denaturation at 95°C 

for 30 s and annealing at 60°C for 30 s, and final extension at 

72°C for 1 min. The following primer sequences were used: 

CD38 gene forward, 5′TGATCGCCTTGGTAGTAGGG3′; and 
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CD38 gene reverse, 5′CTTCGTGGTAGGCTCTCCAG3′. 36B4 

gene forward, 5′CGACTCACAGAGCAGGC3′; 36B4 gene 

reverse, 5′CACCGAGGCAACAGTTGG-3′. The relative quan-

tities of the amplified DNAs were analyzed using the software 

included with the Takara TP850 instrument (Takara).

CD38 activity measurements
The hydrolase/NADase activity of CD38 was measured using 

1,N6-ethenonicotinamide adenine dinucleotide (ε-NAD) flu-

orescence-based methods (de Oliveira et al., 2018). Primary 

hepatocytes were seeded in 6-well plates and incubated for 

24 h. The cells were suspended in a sucrose buffer (0.25 mM 

sucrose, 40 mM Tris) and lysed via sonication on ice three 

times for 5 s. The supernatant containing CD38 was collected 

after centrifugation (10,000 × g, 10 min). Reactions were 

initiated by mixing the CD38-containing supernatant and 

ε-NAD substrate in reaction buffer (25 mM MES [2-(N-mor-

pholino) ethanesulfonic acid], 150 mM NaCl, pH 6.5). Fluo-

rescence signals were detected with a SpectraMax®iD3 multi-

mode microplate reader (Molecular Devices, USA) for 30 min 

using excitation and emission wavelengths of 310 nm and 

400 nm, respectively.

Statistical analysis
All experiments were repeated at least three times. Data are 

expressed as the mean ± SD. All data were analyzed using 

Prism 6.0 (GraphPad Software, USA). An unpaired Student’s 

t-test was used to compare the two datasets. One-way or 

two-way ANOVA with the Bonferroni post hoc test was used 

when more than two datasets or groups were compared. 

Statistical significance was set at P < 0.05.

RESULTS

High fructose concentrations are cytotoxic to MPHs
Primary hepatocytes isolated from male C57BL/6J mice were 

treated with various fructose concentrations for 48 h to de-

termine whether fructose was toxic to hepatocytes. Hepato-

cyte death was then determined by measuring the amount of 

histone-associated DNA fragments in the cytoplasm, which 

was found to be increased in a fructose concentration-de-

pendent manner (Fig. 1A). This suggested that high fructose 

concentrations were cytotoxic to MPHs. Fructose-induced 

cytotoxicity was also time-dependent (Fig. 1B). Incubation 

for 48 h was sufficient to show distinct fructose toxicity. In 

conjunction with increased histone-associated DNA frag-

ments, DAPI staining showed nuclear fragmentation in fruc-

tose-treated MPHs (Fig. 1C). In contrast, treatment with 20 

mM glucose for 48 h did not induce cell death in MPHs (Sup-

plementary Fig. S2A). This suggested that the toxic effect of 

monosaccharides on hepatocytes was specific to fructose. In 

addition, fructose-induced toxicity was specific to primary he-

patocytes since treatment with 20 mM fructose for 48 h did 

not induce cell death in other hepatocyte cell lines, including 

HepG2, Hep3B, and Huh7 (Supplementary Fig. S2B). Mito-

chondrial membrane potential, cytochrome C release from 

the mitochondria to the cytoplasm, and caspase activation 

were then investigated to determine whether fructose-in-

duced toxicity was related to mitochondria-mediated apop-

totic cell death. Fructose treatment reduced mitochondrial 

membrane potential but increased the release of cytochrome 

C into the cytoplasm (Figs. 1D and 1E). Moreover, fructose 

increased the levels of cleaved caspases-9, -3, and -7, as well 

as those of cleaved PARP, a target molecule of caspase-3 (Fig. 

1F). Together, these data suggest that a high fructose con-

centration was toxic to MPHs, which was mediated by the 

activation of the mitochondria-mediated apoptosis pathway.

Involvement of stress responses in fructose-induced toxicity
The levels of the P-JNK, P-p38, and P-NFκB were then mea-

sured in fructose-treated hepatocytes, and the protective 

effects of each signal inhibitor on fructose-induced caspase-3 

activation were investigated to determine whether stress/

inflammatory signals are involved in fructose-induced toxicity. 

The levels of P-JNK, P-p38, and P-NFκB significantly increased 

following fructose treatment (Fig. 2A). While sodium salicy-

late (an NFκB inhibitor) treatment did not affect fructose-in-

duced caspase-3 activation, SP600125 and SB203580, which 

are inhibitors of JNK and p38, respectively, showed protective 

effects against fructose-induced toxicity (Fig. 2B). Since JNK 

and p38 are stress signals involved in the oxidative and ER 

stress response, the role of oxidative stress and ER stress in 

fructose-induced toxicity was investigated (Iurlaro and Mu-

noz-Pinedo, 2016; Zhou et al., 2006). ROS levels were not 

significantly changed by fructose treatment and fructose-in-

duced caspase-3 activation was unaffected by most antiox-

idant chemicals, including NAC, NMMA, MT, and MnTBAP 

(Figs. 2C and 2D). These data show that ROS and oxidative 

stress signals do not play a critical role in fructose-induced 

toxicity. Meanwhile, phosphorylated eIF2α and CHOP levels 

increased in fructose-treated MPHs and fructose-induced 

caspase-3 activation was significantly attenuated after treat-

ment with the ER chaperone TUDCA (Figs. 2E and 2F). This 

suggests that ER stress responses are involved in fructose-in-

duced toxicity in hepatocytes. The involvement of uric acid 

as an inducer of oxidative and ER stress was also investigated 

in fructose-induced toxicity. Treatment with allopurinol (a 

xanthine oxidase inhibitor) or the knockdown of xanthine 

oxidase did not affect fructose-induced toxicity (Supple-

mentary Fig. S3). In addition, uric acid itself was not toxic to 

MPHs (Supplementary Fig. S3). This suggests that uric acid 

produced from fructose metabolism was not involved in fruc-

tose-induced toxicity in hepatocytes.

Involvement of lipid metabolism in fructose-induced  
toxicity
Fructose stimulates lipogenic programs through enhanced 

DNL and decreased FAO. Therefore, lipotoxicity caused by 

derangement of lipid metabolism may play a role in fruc-

tose-induced hepatocyte toxicity. The effects of several lipid 

metabolism modulators on fructose-induced toxicity were 

investigated to determine whether lipid metabolism is in-

volved in fructose-induced toxicity. Protein kinase C (PKC) 

can be activated by diacylglycerol as a lipotoxic derivative; 

therefore, the effect of PKC inhibitors on fructose-induced 

toxicity was investigated. Treatment with Go6976 (a PKC α/β 

inhibitor), Go6983 (a pan-PKC inhibitor), or chelerythrine (a 

cell-permeable pKC inhibitor) did not affect fructose-induced 
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Fig. 1. Fructose induces cell death in mouse primary hepatocytes (MPHs). MPHs were isolated from 8-week-old male C57BL/6J 

mice and treated with different fructose (Fru) concentrations for 48 h or with 20 mM fructose for the indicated times. Cell death 

was determined using a cell death detection ELISA (A and B). Nuclear fragmentation was investigated via DAPI staining followed by 

fluorescence microscopy. White arrows indicate fragmented nuclei (C). Mitochondrial membrane potential change was determined by 

measuring the fluorescence shift after JC-1 staining (D). Cytochrome C (Cyt. C) release from the mitochondria (Mt) to cytosol (Cyt) was 

investigated through immunoblotting (E). The levels of cleaved caspase-7 (C-Cas 7), cleaved caspase-9 (C-Cas 9), cleaved caspase-3 

(C-Cas 3), and cleaved poly (ADP-ribose) polymerase (C-PARP) in MPHs treated at different fructose concentrations were determined via 

immunoblotting (F). The data represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 versus fructose-untreated MPHs. OD, optical 

density; Con, control.



502  Mol. Cells 2023; 46(8): 496-512

Fructose-Induced Toxicity in Hepatocytes
Soo-Jin Lee et al.

Fig. 2
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Fig. 2. Involvement of stress signals in fructose-induced cell death. Mouse primary hepatocytes (MPHs) were treated with 20 mM fructose 

(Fru) for 48 h. The levels of phospho-Jun-N-terminal kinase (P-JNK), phospho-p38 (P-p38), and phospho-nuclear factor kappa B (P-NFκB) 

were determined via immunoblotting analysis (A). The effect of stress signal inhibitors on fructose-induced cell death was investigated as 

the reduction of cleaved caspase-3 (C-Cas 3) levels in MPHs treated with 20 mM fructose in the presence of a JNK inhibitor (SP600125: SP), 

p38 inhibitor (SB203580: SB), or NFκB inhibitor (sodium salicylate: SS) (B). The levels of reactive oxygen species (ROS) were determined by 

measuring the mean fluorescence intensity (MFI) obtained through flow cytometry in dichlorofluorescin diacetate (DCFDA)-stained MPHs 

(C). The effect of antioxidants on fructose-induced cell death was determined by measuring the C-Cas 3 level in fructose-treated MPHs in the 

presence of various antioxidants (N-acetyl-L-cysteine [NAC], NG-monomethyl-L-arginine [NMMA], mito TEMPO [MT], and manganese tetrakis 

(4-benzoic acid) porphyrin [MnTBAP]) (D). The levels of P-eIF2α and C/EBP homologous protein (CHOP) were determined via immunoblotting 

analysis (E). The effect of endoplasmic reticulum chaperones on fructose-induced cell death was determined through the reduction in C-Cas 

3 levels in fructose-treated MPHs in the presence of tauroursodeoxycholic acid (TUDCA) (F). The data represent the mean ± SD. ***P < 0.001 

versus fructose-untreated MPHs. #P < 0.05, ##P < 0.01, ###P < 0.001 versus fructose-treated MPHs. Con, control.
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Fig. 3
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Fig. 3. Involvement of lipid metabolism in fructose-induced cell death. Mouse primary hepatocytes (MPHs) were treated with 20 

mM fructose (Fru) for 48 h in the presence of lipid metabolism-related drugs (Go6976, Go6983, chelerythrine [Chel], myriocin [Myr], 

5-(tetradecyloxy)-2-furoic acid [TOFA], cerulenin [Cel], C75, T0901317 [T0], troglitazone [Tro], rosiglitazone [Rosi], etomoxir [Eto], 

bezafibrate [Beza], and 5-aminoimidazole-4-carboxamide ribonucleotide [AICAR]). The protective effect of these inhibitors on fructose-

induced cell death was determined via the reduction of cleaved caspase-3 (C-Cas 3) levels. The data represent the mean ± SD. ***P < 0.001 

versus fructose-untreated MPHs. ###P < 0.001 versus fructose-treated MPHs.
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toxicity (Fig. 3A). Myriocin, an inhibitor of serine palmitoyl 

transferase involved in ceramide synthesis, did not protect 

against fructose-induced toxicity (Fig. 3A). Moreover, 5-tetra-

decyloxy-2-furoic acid (an inhibitor of acetyl-CoA carboxylase 

[ACC]), cerulenin (an inhibitor of fatty acid synthase [FAS]), 

and C75 (an inhibitor of FAS) did not protect against fruc-

tose-induced toxicity (Fig. 3B). In addition, treatment with 

T0901317 (an agonist of nuclear receptor liver X receptor 

involved in lipid synthesis and cholesterol transport) did not 

affect fructose-induced toxicity in MPHs (Fig. 3B). However, 

troglitazone and rosiglitazone, which are agonists of peroxi-

some proliferator-activated receptor gamma (PPAR-γ) that 

plays a role in adipogenesis and insulin sensitivity, protected 

cells against fructose-induced toxicity (Fig. 3C). A PPAR-α 

agonist (bezafibrate) and AMPK activator (5-aminoimidaz-

ole-4-carboxamide riboside [AICAR]) significantly protected 

cells against fructose-induced toxicity. In contrast, etomoxir (a 

carnitine palmitoyl transferase I [CPT1] inhibitor) that inhibits 

FAO in mitochondria augmented fructose-induced toxicity in 

MPHs (Fig. 3D). These data indicate that the blockage of FAO 

metabolism may play a key role in fructose-induced toxicity.

Involvement of NAD+ metabolism in fructose-induced  
toxicity
To determine whether changes in NAD+ metabolism were in-

volved in fructose-induced toxicity, NAD+ levels were initially 

measured, and the effect of NAD+ modulators on fructose-in-

duced toxicity was then investigated by measuring cleaved 

caspase-3 levels. NAD+ levels were not significantly changed 

by fructose treatment, but NADH levels slightly increased; 

thus, the ratio of NAD+/NADH was significantly reduced (Fig. 

4A, Supplementary Fig. S4). Supplementation with NMN or 

kynurenine as an NAD+ precursor did not affect fructose-in-

duced toxicity (Fig. 4B). In addition, supplementation with 

NR as an NAD+ booster augmented fructose-induced toxicity 

(Fig. 4B). In contrast, NAM as a precursor for NAD+ synthesis 

and an inhibitor of NAD+-consuming enzymes significantly 

protected cells against fructose-induced toxicity (Fig. 4B). In-

terestingly, the inhibition of NAMPT as the enzyme catalyzing 

the first step of the NAD+ synthesis salvage pathway protect-

ed cells against fructose-induced toxicity. Treatment with 

NAMPT inhibitors (GMX1772 and FK866) or NAMPT knock-

down showed a protective effect against fructose-induced 

toxicity (Figs. 4C and 4D). In contrast, treatment with nico-

tinamide N-methyltransferase (NNMT) inhibitors (sinefugin 

and 1-methylnicotinamide) or NMMT knockdown did not 

affect fructose-induced toxicity (Figs. 4E and 4F). These data 

suggest that the protective effect of NAM on fructose-in-

duced toxicity is due to its inhibitory role in NAD+-consuming 

enzymes rather than NAD+ supplementation as an NAD+ pre-

cursor.

Involvement of CD38 activation in fructose-induced toxicity
The effect of activators or inhibitors of NAD+-consuming 

enzymes on fructose-induced toxicity was also investigated 

to determine which NAD+-consuming enzyme is involved in 

fructose-induced toxicity. Our results showed that treatment 

with resveratrol (an activator of SIRT1 and SIRT3), sirtinol 

(an inhibitor of SIRT1 and SIRT2), and EX527 (an inhibitor 

of SIRT1, SIRT2, and SIRT3) did not affect fructose-induced 

toxicity (Fig. 5A). In addition, the knockdown of SIRT1 and 

SIRT3 did not affect fructose-induced toxicity (Figs. 5B and 

5C). PARP inhibitors (3-aminobenzamide and 5-iodo-6-ami-

no-1,2-benzopyrone) did not protect against fructose-in-

duced toxicity (Fig. 5D), as did PARP knockdown (Fig. 5E). In 

contrast, CD38 inhibitors (apigenin and quercetin) significant-

ly protected cells against fructose-induced toxicity (Fig. 5F). 

In particular, a novel CD38 specific inhibitor (78c) showed a 

dose-dependent inhibitory effect on fructose-induced toxicity 

(Fig. 5G) and normalized the NAD+/NADH ratio (Supplemen-

tary Fig. S5). CD38 overexpression augmented fructose-in-

duced toxicity, whereas CD38 knockdown inhibited it (Figs. 

5H and 5I). Fructose treatment significantly increased the ex-

pression and enzymatic activity of CD38 in MPHs (Figs. 5J-5L). 

Next, the levels of P-JNK, CHOP, and ATF3 were measured in 

fructose-treated hepatocytes in the presence of a CD38 inhib-

itor to confirm the involvement of CD38 in fructose-induced 

stress signal activation. Treatment with 78c significantly pre-

vented the fructose-induced increase in the levels of P-JNK, 

CHOP, and ATF3 (Fig. 6A). Similarly, the knockdown of CD38 

also reduced the fructose-induced increase in the levels of 

P-JNK, CHOP, and ATF3 (Fig. 6B). Meanwhile, CD38 overex-

pression further augmented the fructose-induced increase in 

the levels of P-JNK, CHOP, and ATF3 (Fig. 6C).

DISCUSSION

This study was conducted to elucidate the cellular mecha-

nisms underlying fructose-induced toxicity in primary he-

patocytes. High fructose concentrations induce mitochon-

dria-mediated apoptotic death in MPHs. Uric acid and uric 

acid-mediated oxidative stress were unlikely to be involved 

in fructose-induced toxicity because uric acid alone was 

non-toxic to MPHs, and the inhibition of xanthine oxidase did 

not protect against fructose-induced cell death. In addition, 

oxidative stress was unlikely to be involved in toxicity because 

ROS levels did not increase and most antioxidants did not 

protect against fructose-induced death. Meanwhile, ER stress 

seems to be involved in fructose-induced cell death because 

ER stress signals are activated, and ER chaperone significant-

ly prevents fructose-induced cell death. Lipid metabolism 

also seems to be involved in fructose-induced toxicity since 

treatment with lipid metabolism modulators such as AMPK 

activator, PPAR-γ agonist, and PPAR-α agonist strongly pro-

tected cells against fructose-induced cell death. In particular, 

inefficient FAO is thought to play a role in fructose-induced 

toxicity. Nicotinamide, an NAD+-consuming enzyme inhib-

itor, showed a protective effect against fructose-induced 

toxicity. This suggests that NAD+ metabolism is involved in 

fructose-induced toxicity. In particular, most trials to down-

regulate the activity of CD38 as an NAD+-consuming enzyme 

showed a strong protective effect against fructose-induced 

toxicity. Fructose treatment also enhanced CD38 activity in 

hepatocytes, suggesting that CD38 activation plays a role in 

fructose-induced toxicity in primary hepatocytes.

 Exposing MPHs to high fructose concentrations induced 

mitochondria-mediated apoptotic death in a time- and 

dose-dependent manner. This indicates that long-term ex-
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posure of hepatocytes to high fructose levels in the liver may 

contribute to hepatocyte cell death. Fructose-induced toxicity 

in hepatocytes was specific to fructose because glucose was 

not toxic to these cells and was also specific to primary cells 

since fructose treatment did not induce cell death in various 

hepatocyte cancer cell lines. The exact mechanism of fructose 

toxicity to primary hepatocytes was not clearly elucidated. 

However, fructose-specific metabolism in hepatocytes and 

cell type-specific signaling in primary cells may determine 

fructose-specific toxicity to primary hepatocytes (DeBerardinis 
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Fig. 4. Addition of nicotinamide (NAM) and inhibition of nicotinamide phosphorribosyltransferase (NAMPT) protects against fructose-

induced cell death. Mouse primary hepatocytes (MPHs) were treated with 20 mM fructose (Fru) for 48 h and the NAD+/NADH ratio in 

the cellular extract was determined by using an NAD+/NADH quantification kit (A). MPHs were treated with 20 mM fructose for 48 h 

in the presence of nicotinamide mononucleotide (NMN), nicotinamide riboside (NR), NAM, and L-kynurenine (Kyn). The effect of these 

NAD+ precursors on fructose-induced cell death was determined through the reduction of cleaved caspase-3 (C-Cas 3) levels (B). MPHs 

were treated with 20 mM fructose for 48 h in the presence of NAMPT inhibitors (GMX1772 [GMX], FK866) or NAMPT siRNA-transfected 

MPHs were treated with 20 mM fructose for 48 h. The effect of NAMPT downregulation on fructose-induced cell death was determined 

through the reduction of C-Cas 3 levels (C and D). MPHs were treated with 20 mM fructose for 48 h in the presence of nicotinamide 

N-methyltransferase (NNMT) inhibitors (sinefungin [Sine], 1-methylnicotinamide [1-MN]) or NNMT siRNA-transfected MPHs were treated 

with 20 mM fructose for 48 h. Cell death was analyzed by measuring C-Cas 3 levels following immunoblotting (E and F). The data 

represent the mean ± SD. ***P < 0.001 versus fructose-untreated MPHs. #P < 0.05, ###P < 0.001 versus fructose-treated MPHs.
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Fig. 5. CD38 inhibition protects against fructose-induced cell death. Mouse primary hepatocytes (MPHs) were treated with 20 mM fructose 

(Fru) for 48 h in the presence of sirtuin modulators (resveratrol [Res], sirtinol [Sirti], and EX-527), poly (ADP-ribose) polymerase (PARP) 

inhibitors (3-aminobenzamide [3-AB], 5-iodo-6-amino-1,2-benxopyrone [INH3BP]), or CD38 inhibitors (apigenin [Apig], quercetin [Quer], and 

78c) (A, D, F, and G). Fructose (20 mM) was added to SIRT1-knockdown (B), SIRT3-knockdown (C), PARP-knockdown, CD38-knockdown, or 

CD38-overexpressing MPHs for 48 h (B, C, E, H, and I). The effect of NAD+-consuming enzyme modulators on fructose-induced cell death was 

determined through the reduction in cleaved caspase-3 (C-Cas 3) levels. The levels of CD38 mRNA and protein were analyzed via quantitative 

polymerase chain reaction and immunoblotting, respectively (J and K). The enzymatic activity of CD38 in fructose-treated MPHs was 

investigated using an in vitro fluorescence-based enzyme activity assay (L). The data represent the mean ± SD. ***P < 0.001 versus fructose-

untreated MPHs. #P < 0.05, ###P < 0.001 versus fructose-treated MPHs.
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and Chandel, 2016; Geidl-Flueck and Gerber, 2017; Softic 

et al., 2017). The toxic effect observed after treatment with 

fructose concentrations above 10 mM did not seem to be 

represent a physiological concentration of fructose in blood. 

This is because the fructose concentration in the blood is 

reportedly lower than that of glucose because of its rapid 

metabolism in the liver (Sugimoto et al., 2010). However, 

the postprandial concentration of fructose in the portal vein 

could be increased to nearly 20 mM after fructose adminis-

tration or ingestion through a sucrose-based diet (Hui et al., 

2009), suggesting that the fructose levels used in this study 

may be at a physiologically probable concentration in the 

Fig. 5. Continued.
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blood surrounding liver hepatocytes.

 Uric acid accumulation in hepatocytes is thought to be 

a key mediator of fructose-induced hepatic damage in 

fructose-enriched diet-induced NASH. Uric acid can induce 

oxidative, mitochondrial, and ER stress responses in hepato-

cytes, which may activate the apoptotic pathway (Choi et al., 

2014; Federico et al., 2021). However, our studies demon-

strated that uric acid was not a mediator in fructose-induced 

death in hepatocytes because uric acid itself did not induce 

cell death in MPHs and moreover, the inhibition of xanthine 

oxidase, a key enzyme for uric acid synthesis from fructose, 

did not affect fructose-induced toxicity. On the other hand, 

fructose is a lipogenic substrate for DNL and a potent inducer 

of lipogenesis. Fructose can stimulate lipogenic gene expres-

sion through the transcriptional activation of SREBP-1c and 

ChREBP, resulting in lipid accumulation in hepatocytes (Berg-

er and Moon, 2021; Softic et al., 2017). Therefore, lipotoxic-

ity by lipid derivatives such as diacylglycerol, ceramides, and 

lysophosphatidic acid accumulated during the upregulation 

of the lipogenic pathway was suspected to be a key mediator 

for fructose-induced toxicity (Geng et al., 2021; Lipke et al., 

2022). However, most inhibitors of PKCs activated by diacyl-

Fig. 6
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glycerol or an inhibitor of serine palmitoyl transferase, a key 

enzyme in ceramide synthesis, did not protect cells against 

fructose-induced toxicity. This suggests that lipid derivatives 

such as diacylglycerol and ceramides are not directly involved 

in fructose-induced toxicity. In addition, the augmentation of 

DNL and subsequent lipid accumulation may not be involved 

in fructose-induced toxicity because inhibitors of ACC and 

FAS did not affect fructose-induced toxicity. Meanwhile, ago-

nists of nuclear receptors such as PPAR-γ and PPAR-α showed 

a strong protective effect against fructose-induced toxicity. 

Treatment with AMPK activator also prevented fructose-in-

duced toxicity, while CPT1 inhibitor augmented this toxicity. 

These data suggest that impaired FAO metabolism may be 

involved in fructose-induced toxicity. Early studies reported 

that an increase in FAO metabolism by expanding the met-

abolic capacity of mitochondria prevents fatty acid-induced 

lipotoxicity, whereas impaired FAO is a key mediator of lipo-

toxicity (Haffar et al., 2015; Koves et al., 2008; Pimenta et al., 

2008). It was also reported that a failure to manage excess 

fatty acids via impaired packaging into triacylglycerol is asso-

ciated with hepatocyte lipototoxicty (Cazanave and Gores, 

2010; Yamaguchi et al., 2007). Therefore, fructose-induced 

toxicity in MPHs is highly similar to fatty acid-induced lipotox-

icity because an impairment in FAO metabolism is commonly 

involved in toxicity.

 A decline in cellular NAD+ levels and concurrent alter-

ations in mitochondrial function are intrinsic to metabolic 

disorders, including NAFLD (Guarino and Dufour, 2019; Xie 

et al., 2020). In particular, hepatocyte-specific knockout of 

NAMPT aggravates dyslipidemia and liver damage in HF di-

et-fed mice, suggesting that low NAD+ levels may be a critical 

mediator of NAFLD development (Wang et al., 2023). NMN 

and NR as NAD+ boosters have been used as treatment to 

prevent NAFLD development (Cantó et al., 2012; Yoshino et 

al., 2011). Here, changes in NAD+ levels following fructose 

treatment were investigated in MPHs to determine whether 

the changes in NAD+ levels are involved in fructose-induced 

toxicity. We found that NAD+ levels were not reduced follow-

ing fructose treatment, while total NAD (including NADH) 

levels slightly increased. Notably, NAM exhibited a strong 

protective effect against fructose-induced toxicity. Because 

NAM is an NAD+ byproduct resulting from the reaction of 

NAD+-consuming enzymes and a recycling substrate for NMN 

synthesis, we investigated the protective effect of NMN on 

fructose-induced toxicity. Unexpectedly, NMN did not protect 

against fructose-induced toxicity. NR, as an NAD+ booster via 

NMN, did not show a protective effect on fructose-induced 

toxicity. These data suggest that a decrease in NAD+ level is 

not associated with fructose-induced hepatocyte toxicity and, 

thus, may not be involved in fructose-enriched diet-induced 

NAFLD. These results were somewhat contradictory to those 

reported in previous studies, wherein it was stated that an 

NAD+ decline was involved in NAFLD pathogenesis. However, 

several studies also demonstrated that NAFLD pathogenesis 

was not necessarily dependent on decreased hepatic NAD+ 

content, indicating that low NAD+ level might not be the pri-

mary cause of NAFLD (Dall et al., 2018; Penke et al., 2015). 

On the other hand, NAMPT inhibition significantly protected 

against fructose-induced toxicity in our studies, suggesting 

that NAM accumulation through NAMPT inhibition may be 

involved in protective effect of NAMPT inhibition on fruc-

tose-induced toxicity. Collectively, we concluded that the 

protective role of NAM in the fructose-induced toxicity was 

caused by NAM itself rather than an NAD+ booster. In fact, as 

NAM is known to inhibit various NAD+-consuming enzymes 

(Bitterman et al., 2002; Klimova and Kristian, 2019; Salech et 

al., 2020), we suspected that the protective effect of NAM on 

fructose-induced toxicity was due to its inhibitory effect on 

the NAD+-consuming enzymes. None of the chemical inhib-

itors of SIRTs or PARP showed any protective effects against 

fructose-induced toxicity. Moreover, the knockdown of the 

SIRTs or PARP did not show any protective effects. However, 

treatment with CD38 inhibitors or CD38 knockdown showed 

a significant protective effect against fructose-induced toxici-

ty. These data indicate that CD38 inhibition plays a key role in 

NAM’s protective effect on fructose-induced toxicity in MPHs.

 We also investigated whether fructose upregulates the 

expression and activity of CD38 because a CD38 inhibitor 

or CD38 knockdown prevented fructose-induced toxicity. 

Fructose treatment increased the levels of CD38 mRNA and 

protein and the total activity of CD38 in MPHs. Because CD38 

upregulation was observed in fructose-treated MPHs and ER 

stress was a key mediator in fructose-induced toxicity, we 

investigated whether CD38 upregulation is involved in fruc-

tose-induced ER stress. The inhibition or knockdown of CD38 

prevented fructose-induced ER stress responses, whereas 

CD38 overexpression augmented fructose-induced ER stress. 

However, the mechanism by which fructose treatment in-

creased the expression and activity of CD38 in hepatocytes 

was not clearly elucidated. Additionally, the mechanism 

through which CD38 activation induced ER stress and apop-

tosis signals remains unknown. It is suggested that CD38 

overactivation may be involved in impaired FAO in the mito-

chondria; therefore, mitochondrial dysfunction may activate 

the apoptotic pathway in conjunction with the overactivation 

of ER stress signals. It is reported that CD38 inhibition protects 

against HF diet-induced NAFLD by activating the NAD+/SIRT 

signaling pathway in hepatocytes (Xie et al., 2021). This re-

port also suggests that fructose-induced toxicity overlaps with 

the hepatic lipotoxicity that occurs in HF diet-induced NAFLD.

 In conclusion, long-term treatment with high fructose 

concentrations induces apoptotic cell death in primary he-

patocytes. Fructose-induced toxicity is caused by the ER stress 

response, and ER stress was mediated by the upregulation of 

the NAD+-consuming enzyme, CD38. Thus, CD38 inhibition 

could be a therapeutic strategy to prevent high fructose-en-

riched diet-induced NASH development.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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