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Abstract

Background & Aims: The consumption of sugar and a high-fat diet (HFD) promotes the 

development of obesity and metabolic dysfunction. Despite their well-known synergy, the 

mechanisms by which sugar worsens the outcomes associated with a HFD are largely elusive.

Methods: Six-week-old, male, C57Bl/6 J mice were fed either chow or a HFD and were 

provided with regular, fructose- or glucose-sweetened water. Moreover, cultured AML12 

hepatocytes were engineered to overexpress ketohexokinase-C (KHK–C) using a lentivirus 

vector, while CRISPR-Cas9 was used to knockdown CPT1α. The cell culture experiments were 

complemented with in vivo studies using mice with hepatic overexpression of KHK–C and in mice 

with liver-specific CPT1α knockout. We used comprehensive metabolomics, electron microscopy, 

mitochondrial substrate phenotyping, proteomics and acetylome analysis to investigate underlying 

mechanisms.

Results: Fructose supplementation in mice fed normal chow and fructose or glucose 

supplementation in mice fed a HFD increase KHK–C, an enzyme that catalyzes the first step of 

fructolysis. Elevated KHK–C is associated with an increase in lipogenic proteins, such as ACLY, 

without affecting their mRNA expression. An increase in KHK–C also correlates with acetylation 

of CPT1α at K508, and lower CPT1α protein in vivo. In vitro, KHK–C overexpression lowers 

CPT1α and increases triglyceride accumulation. The effects of KHK–C are, in part, replicated 

by a knockdown of CPT1α. An increase in KHK–C correlates negatively with CPT1α protein 

levels in mice fed sugar and a HFD, but also in genetically obese db/db and lipodystrophic FIRKO 

mice. Mechanistically, overexpression of KHK–C in vitro increases global protein acetylation and 

decreases levels of the major cytoplasmic deacetylase, SIRT2.

Conclusions: KHK–C-induced acetylation is a novel mechanism by which dietary fructose 

augments lipogenesis and decreases fatty acid oxidation to promote the development of metabolic 

complications.

Graphical Abstract
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Introduction

Obesity-associated fatty liver disease1 affects approximately 1 billion individuals worldwide 

and is associated with cardiometabolic risk factors, such as dyslipidemia and type 2 

diabetes.2 The consumption of sugar-sweetened beverages and a high-fat diet (HFD) are 

major risk factors for development of these metabolic disturbances.3,4 Sugar-sweetened 

beverages most commonly contain high-fructose corn syrup (55% fructose and 45% glucose 

monosaccharides) or table sugar (sucrose, a disaccharide of 50% glucose and 50% fructose). 

Despite their structural similarities, and the fact that glucose can be endogenously converted 

to fructose,5 glucose and fructose metabolism are different. For instance, the catabolism of 

fructose occurs primarily in the liver, intestine, and kidney, mediated by the rate-limiting 

enzyme ketohexokinase-C (KHK–C).5 Fructose phosphorylation by KHK–C is 10x faster 

than phosphorylation of glucose by glucokinase and is not regulated by insulin or the end 

products of its metabolism, citrate or ATP. Additionally, glucose is used by almost every 

cell type and glycolysis is a highly regulated process. Thus, fructose, but not glucose, 

metabolism has been proposed to drive the development of metabolic complications.6,7

The major effects of fructose on metabolic dysfunction are thought to be secondary to its 

lipogenic properties. Indeed, KHK–C expression is controlled by the lipogenic transcription 

factor, carbohydrate response element-binding protein (ChREBP),8 and fructose strongly 
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supports lipogenesis in mice on a normal chow diet.9 However, consumption of fructose 

in mice on a standard chow diet for 10 weeks does not lead to development of metabolic 

complications.6 Similarly, consumption of fructose from fruits and vegetables, as part of 

a well-balanced low-fat diet, does not promote development of metabolic complications 

in humans.10,11 On the other hand, consumption of fructose on HFD worsens metabolic 

dysfunction in rodents.12,13 Moreover, the most commonly used obesogenic diets utilize a 

combination of fructose and HFD.14 Despite its widespread use, the mechanism by which a 

combined intake of fructose and HFD accelerates the development of obesity and metabolic 

dysfunction is largely unknown.

Several groups have demonstrated that dietary fructose, but not glucose supplementation, 

impairs fatty acid oxidation (FAO) across many species.15-21 Long-chain FAO is mediated 

through a series of steps which rely on carnitine shuttle and fatty acid transport for proper 

oxidation.22 The rate-limiting enzyme of fatty acid oxidation, carnitine palmitoyltransferase 

1a (CPT1α), resides on the outer mitochondrial membrane where it utilizes carnitine 

and acyl-CoAs to produce acylcarnitines, enabling fatty acid entry into the mitochondria. 

Deficiency of CPT1α is an inborn error of metabolism characterized by hepatic 

steatosis, increased risk of liver failure, and systemic inflammation.23-26 Malonyl-CoA, an 

intermediate in fatty acid synthesis, is an endogenous inhibitor of CPT1α. We have observed 

that chronic fructose supplementation of a HFD does not alter malonyl-CoA compared to 

the intake of HFD alone. However, chronic fructose feeding has been reported to decrease 

CPT1α,22,27 and we have shown that knocking down total KHK via small-interfering RNA 

(siRNA) increases CPT1α protein and acylcarnitine levels in the liver.20 Despite these 

observations, the mechanisms by which fructose catabolism and a concomitant increase 

in KHK–C influence CPT1α-mediated FAO have not been fully elucidated. Moreover, it 

remains to be determined whether upregulation of KHK–C can independently promote 

metabolic derangements or if the described effect on FAO is purely mediated by the 

lipogenic effects of fructose. Herein, we used cell culture and mouse models to elucidate 

the mechanisms underlying these previous observations.

Materials and methods

Experimental model and subject details

All animal protocols were in accordance with NIH guidelines and approved by the IACUC 

of the Joslin Diabetes Center and the University of Kentucky, as previously described.20 

Mice were housed at 20-22 °C on a 12 h light/dark cycle with ad libitum access to food and 

water. Male C57BL/6 J mice at 6-weeks of age were purchased from Jackson Laboratory 

and were fed either chow (Mouse Diet 9 F, PharmaServ) or 60% HFD (Research Diets, 

D12492) for 2 weeks. Mice were provided either tap water or 30% (weight/volume) fructose 

or glucose-sweetened water. The mice were sacrificed from 8-11 AM, with the first mouse 

from each dietary group sacrificed prior to moving to the second mouse. This was repeated 

until all four mice per cage were sacrificed. For insulin injections, food was removed from 

the mouse cages from 7-9 AM, then mice were injected with saline or insulin (1 U/mouse) 

via the inferior vena cava. After 10 min, the mice were sacrificed and tissues were collected. 

For IV glucose tolerance test, mice were fasted overnight and 10 μl per gram of body weight 
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of a 20% glucose solution was injected into the peritoneal cavity. Serum glucose levels were 

measured using the INFINITY glucometer and glucose strips (ADW). Serum insulin was 

quantified using the ultra-sensitive mouse insulin ELISA kit (Crystal Chem), according to 

manufacturer’s instructions.

For in vivo KHK–C overexpression (OE) experiments, 6–8-week-old male C57Bl/6 J mice 

were injected via the tail vein with adeno-associated virus carrying GFP or KHK–C plasmid. 

For in vivo KHK knockdown, C57Bl/6 J or FIRKO mice were injected subcutaneously 

every 2 weeks with luciferase control or 20 mg/kg GalNAc siRNA targeting total KHK. 

The KHK siRNA achieves liver-specific knockdown, as previously shown.6 For CPT1α 
KO experiments, CPT1α-floxed mice were obtained from Dr. Peter Carmeliet28 and bred 

with the Albumin-Cre transgenic mice to achieve liver-specific knockout (LKO). Six- to 

8-week-old littermate controls (floxed & LKO) were fed a semipurified LFD (D12450 K) 

for 15 weeks prior to necropsy after a 16-hour fast.

A detailed description of materials and methods can be found in the supplementary 

information.

Results

Short-term sugar supplementation of HFD worsens hepatic steatosis

We have previously shown that dietary sugar supplementation for 10 weeks in mice on 

a chow diet or a HFD modifies the development of obesity, insulin resistance and non-

alcoholic fatty liver disease (NAFLD).20 To examine the short-term effects of dietary sugar 

supplementation prior to the onset of obesity, we fed 6-week-old male C57BL/6 J mice 

a chow diet (21.6% calories from fat) or HFD (60.0% calories from fat) and provided 

regular water or water-containing 30% (w/v) fructose or 30% glucose for 2 weeks (Fig. 

S1A). Indeed, body weights were similar in sugar-supplemented groups on chow or HFD, 

and all HFD-fed mice had slightly higher body weight than the chow groups (Fig. S1B). 

Chow-fed mice supplemented with fructose (Chow+Fru) or glucose (Chow+Glu) consumed 

~40% of calories from sugar water, but the total caloric intake was not different from 

chow-fed control mice (Chow+H2O) (Fig. S1C). As expected, caloric intake was greater in 

the HFD-fed mice (HFD+H2O) than in the Chow+H2O group. On HFD, mice supplemented 

with fructose (HFD+Fru) consumed 17% of their calories from sugar water, while mice 

supplemented with glucose (HFD+Glu) consumed ~30% of their calories from the liquid. 

The HFD+Fru group had similar caloric intake, but HFD+Glu-fed animals consumed 26% 

less total calories, compared to the HFD+H2O group (Fig. S1C). Metabolic phenotyping 

revealed that HFD+Fru-fed mice had impaired glucose tolerance (Fig. S1D,E). On the other 

hand, serum insulin was elevated in all three HFD-fed groups compared to chow-fed groups, 

and there was no difference with sugar supplementation of either chow or HFD (Fig. S1F). 

In spite of elevated insulin, hepatic insulin signaling in terms of insulin receptor β, protein 

kinase B, and extracellular-signal-regulated kinase phosphorylation was intact in all groups 

of mice at this early time point (Fig. S1G).

Hepatic lipid accumulation is a hallmark of NAFLD; hence, we aimed to understand 

the early pathophysiology that underpins the development of fatty liver disease. Hepatic 
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steatosis was assessed by Oil red-O staining, which showed slightly higher neutral lipid 

accumulation in Chow+Fru mice and a greater increase in Chow+Glu compared to 

Chow+H2O mice (Fig. 1A). All mice fed a HFD had increased lipid accumulation. The 

HFD+Fru group had modestly increased Oil red-O staining, but a stronger induction 

was observed in the HFD+Glu group (Fig. 1A). Liver triglycerides were increased in all 

mice fed a HFD and glucose supplementation of either chow or HFD further increased 

hepatic triglycerides (Fig. 1B). Triglycerides are considered inert lipids, and we and others 

have shown that hepatic triglyceride accumulation is not associated with development 

of metabolic complications.6,29,30 Hepatic cholesterol was increased in Chow+Fru and 

Chow+Glu groups compared to the Chow+H2O group. Mice on HFD+H2O had even 

higher cholesterol, but there was no further elevation with sugar supplementation (Fig. 1B). 

Collectively, hepatic lipid accumulation was primarily increased by HFD feeding and sugar 

supplementation worsened steatosis in mice on a HFD. Interestingly, only the HFD+Fru 

group developed glucose intolerance, whereas glucose supplementation of chow and HFD 

augmented hepatic triglycerides without inducing glucose intolerance.

To understand the early processes that mediate hepatic lipid accumulation we first assessed 

de novo lipogenesis (DNL). Acyl-CoAs, the intermediates of fatty acid synthesis, were 

quantified by mass spectrometry.6,31 Chow+Fru and Chow+Glu groups did not exhibit a 

significant increase in the most abundant endogenously produced acyl-CoAs, including 

palmitoyl- (C16), stearoyl- (C18:0), or oleoyl-CoAs (C18:1), compared to Chow+H2O 

group (Fig. 1C). HFD-fed mice exhibited a 2-4-fold increase in these acyl-CoAs, while 

mice fed HFD+Fru and HFD+Glu actually exhibited a significant decrease in palmitoyl- 

and oleoyl-CoA compared to HFD+H2O (Fig. 1C). An increase in hepatic acyl-CoAs in 

the HFD+H2O group can be attributed to a higher intake of dietary free fatty acids (FFAs), 

as illustrated by a ~2.5-fold increase in essential fatty acyl-CoAs, linoleoyl- and linolenoyl-

CoA (Fig. S2A).

Next, we assessed protein levels of the major lipogenic transcription factors, ChREBP and 

sterol regulatory element-binding protein 1 (SREBP1). Nuclear translocation of ChREBP 

and SREBP1 was not significantly affected by fructose or glucose supplementation of chow 

or HFD at this early time point (Figs. 1D and Fig. S2B,C). ChREBP can transcriptionally 

activate itself as part of a feed-forward mechanism.32 We measured Chrebpβ mRNA as a 

readout of ChREBP activation and observed no significant changes across all groups (Fig. 

S2D). ChREBP and SREBP1c promote DNL by inducing mRNA expression of a series of 

enzymes, including ATP citrate lyase (Acly), acetyl-CoA carboxylase 1 (Acc1), fatty acid 

synthase (Fasn), and stearoyl-CoA desaturase 1 (Scd1). Mice fed Chow+Fru exhibited only 

a slight increase in Acc1 mRNA and a significant 6-fold increase in Scd1 mRNA, compared 

to the Chow+H2O group (Fig. 1E). The expression of other genes or in other groups was 

not affected, consistent with a lack of nuclear translocation of ChREBP and SREBP1. 

Despite relatively minor changes at the mRNA level, the Chow+Fru group had markedly 

induced ACLY (7.0-fold), ACC1 (4.5-fold), FASN (1.8-fold), and SCD-1 (6.9-fold) protein 

levels, compared to Chow+H2O-fed animals (Fig. 1F, G). On HFD, ACLY (~3.5-fold) 

and ACC1 (~3-fold) proteins were significantly upregulated in HFD+Fru and HFD+Glu 

mice, whereas FASN (1.8-fold) and SCD1 (1.5-fold) tended to only be higher in HFD+Fru 

mice (Fig. 1F, G). An increase in DNL proteins in Chow+Fru, HFD+Fru and HFD+Glu 
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groups correlated with increased KHK–C, the rate-limiting enzyme of fructolysis (Fig. 1F). 

The increase in KHK–C in the HFD+Glu compared to the HFD group is likely mediated 

by endogenous fructose production, which is further explored in Fig. 3. Acetyl-CoA is a 

substrate for esterification of FFAs required for DNL, so we also examined protein levels of 

acyl-CoA synthetase short-chain family member 2 (ACSS2), an enzyme involved in acetyl-

CoA metabolism. Protein (Fig. 1F) levels of ACSS2 tended to follow the pattern for DNL 

enzymes, again without a change in its mRNA levels (Fig. S2D). Collectively, short-term 

sugar supplementation did not alter nuclear translocation of lipogenic transcription factors or 

mRNA expression of their DNL targets, but it robustly increased KHK–C and protein levels 

of enzymes mediating DNL.

The selective increase in DNL proteins, without much effect on their mRNA in Chow+Fru, 

HFD+Fru and HFD+Glu groups, prompted us to consider that sugar-induced upregulation 

of KHK–C may affect post-translational stability of these enzymes. Indeed, ACLY has 

been reported to undergo lysine acetylation, which renders the protein stable against 

ubiquitin-mediated degradation.33 To test if fructose promotes post-translational stability 

of these lipogenic enzymes via KHK–C, we generated stable human HepG2 hepatocytes 

overexpressing KHK–C.34 Cultured hepatocytes express little to no KHK–C, as compared 

to its expression in the liver.20 KHK–C-overexpressing hepG2 cells cultured in low glucose 

media were treated with 25 μg/ml of cycloheximide (CHX), a protein synthesis inhibitor, or 

with CHX plus 25 mM fructose (C+Fru). Compared to baseline, 4-hour CHX treatment 

reduced ACLY protein levels by 30%, which was improved to a 20% reduction with 

fructose treatment (Fig. 1H, I). These changes in ACLY were not observed in wild-type 

(WT) HepG2 cells treated with fructose (Fig. S2E). The protein levels of ACC1, FASN, 

and ACSS2 were minimally responsive to CHX and fructose treatment (Fig. 1H). These 

results suggest that fructose metabolism via KHK–C promotes post-translational stability 

of lipogenic enzymes, especially ACLY. In spite of an increase in protein levels of DNL 

enzymes in Chow+Fru, HFD+Fru and HFD+Glu-fed mice, acyl-CoA intermediates of DNL 

were surprisingly reduced with sugar supplementation of HFD. Thus, DNL does not explain 

the increase in steatosis observed in HFD-fed mice supplemented with sugar at this early 

time point.

Upregulation of KHK–C correlates with mitochondrial histology, but minimally affects TCA 
cycle and amino acid metabolism

Next, we sought to determine if tricarboxylic acid (TCA) cycle (Fig. 2A) metabolism was 

altered with short-term sugar supplementation. Pyruvate, the end product of fructolysis, 

may be converted to lactate or acetyl-CoA to feed into the TCA cycle. Hepatic pyruvate 

was unaltered, while lactate was decreased in all mice on a HFD, and acetyl-CoA was 

significantly increased only in the Chow+Glu group (Fig. 2B). Downstream TCA cycle 

intermediates were largely unaltered, except succinyl-CoA, which was decreased in the 

HFD+H2O compared to the Chow+H2O group (Fig. S3A). Uric acid, a byproduct of 

fructose metabolism, has been shown to inhibit aconitase to increase citrate levels.35 We 

observed a trend for short-term fructose supplementation of chow or HFD to increase citrate 

levels (Fig. S3A). Overall, sugar and HFD feeding for 2 weeks was not long enough to 

induce a difference in TCA cycle metabolism.
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Impaired amino acid metabolism contributes to the progression of NAFLD.36,37 Perhaps, 

the most widely studied are branched-chain amino acids (BCAA, leucine/isoleucine and 

valine) whose serum levels correlate with insulin resistance.38 However, in patients 

with cirrhosis, BCAA supplementation reduces oxidative stress39,40 and decreases 

hepatic fat accumulation.41 We found decreased hepatic leucine/isoleucine levels with 

sugar supplementation of both chow and HFD, as well as reduced valine with sugar 

supplementation of HFD (Fig. 2C). Essential amino acids (methionine and phenylalanine, 

but not histidine) were decreased in the Chow+Fru and Chow+Glu groups compared 

to the Chow+H2O group (Fig. 2D). Tyrosine levels were decreased with Chow+Fru, 

Chow+Glu and in all mice on a HFD (Fig S3B), consistent with a decrease in its precursor 

phenylalanine (Fig. 2D). Citrulline, which is predominantly synthesized by the mitochondria 

as part of the urea cycle, was increased in the Chow+Fru (p = 0.0025) and Chow+Glu (p 
= 0.0371) groups compared to the Chow+H2O group (Fig S3C). Arginine and ornithine are 

the main precursors for citrulline in mice.42 Arginine was decreased with Chow+Glu (p 
= 0.0162) and HFD+H2O (p = 0.0007) compared to Chow+H2O, while no changes were 

observed with ornithine (Fig S3C). Other amino acids were not significantly affected by 

the pelleted diet intake or sugar supplementation (Fig S3D). In conclusion, amino acid 

metabolism is partially affected by sugar supplementation, but these effects are unlikely to 

explain the changes in hepatic lipid accumulation.

We previously reported that chronic sugar supplementation alters mitochondrial morphology 

and size.20 Using electron microscopy, we observed a decrease in mitochondrial length 

with fructose supplementation of chow or with addition of either sugar on HFD (Fig. 

2E,F). The largest percent of small mitochondria (black part of the pie chart) was observed 

in Chow+Fru, HFD+Fru and HFD+Glu groups (Fig 2G), in agreement with increased 

KHK–C in these groups. Collectively, an increase in hepatic lipid accumulation with sugar 

supplementation of HFD cannot be explained by the minimal differences in amino acid or 

TCA cycle metabolism, while mitochondrial length was decreased most profoundly in mice 

supplemented with fructose on a HFD.

Activation of fructolysis is inversely associated with CPT1α protein and long-chain 
acylcarnitine levels

Given the association between mitochondrial length and KHK–C protein, we hypothesized 

that increased fructolysis may lower mitochondrial FAO. We quantified the first, second, and 

third steps of fructolysis mediated by KHK–C, Aldolase B (ALDOB), and triokinase/FMN 

cyclase (TKFC), respectively. Fructose supplementation of both chow and HFD increased 

KHK–C, ALDOB, and TKFC proteins >2 fold (Fig. 3A, B), while mRNA expression 

was only increased 1.7-fold for Khk-c, but was unchanged for AldoB and Tkfc (Fig. 

S4A). Interestingly, glucose supplementation of HFD, but not chow, increased KHK–C, 

ALDOB, and TKFC protein (Fig. 3A, B) and mRNA levels (Fig. S4A). Hyperglycemia 

may activate the polyol pathway,43 where excess glucose is endogenously converted into 

sorbitol via aldose reductase (AR), and then to fructose via sorbitol dehydrogenase (SDH).5 

Indeed, HFD+Glu-fed mice had significantly higher AR and SDH protein levels (Fig. 3A,B), 

consistent with increased endogenous fructose production. Once again, an increase in AR 

and SDH proteins was observed without a change in their mRNA expression (Fig. S4B). 
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Collectively, fructose supplementation induced KHK–C protein and mRNA in mice fed 

chow or a HFD, whereas glucose supplementation only induced the fructolysis pathway 

in mice fed a HFD, likely due to endogenously produced fructose via the polyol pathway. 

Fructose-induced KHK–C elevation correlated with increased ALDOB and TKFC proteins, 

without a change in their mRNA.

To determine if increased KHK–C is associated with reduced FAO, we measured CPT1α, 

the rate-limiting enzyme in mitochondrial FAO. CPT1α protein tended (p = 0.065) to be 

reduced in Chow+Fru-compared to Chow+Glu-fed mice, but it was significantly reduced in 

the HFD+Fru- (p = 0.018) and HFD+Glu (p = 0.002) groups compared to the HFD+H2O 

group (Fig. 3A,B). Given these results, we quantified other proteins mediating carnitine 

transport (Fig. S4C). OCTN2, CACT and CPT2 proteins were not affected by sugar 

supplementation of chow or HFD (Fig. S4D,E). Similarly, mRNA expression of the carnitine 

transporters Slc22a5 (encodes OCTN2), Slc25a20 (encodes CACT), and Crat were not 

affected by fructose, but were increased with glucose supplementation of both chow and 

HFD (Fig. S5A). Enzymes mediating mitochondrial beta oxidation, such as very long-chain 

acyl-CoA dehydrogenase (ACADVL) and long-chain acyl-CoA dehydrogenase (ACADL), 

were largely not affected by fructose supplementation (Fig. S4D). However, short-chain 

acyl-CoA dehydrogenase (ACADS), which mediates downstream oxidation of short-chain 

fatty acids, was significantly reduced with fructose supplementation of chow and HFD (Fig. 

3A, B). The expression of genes regulating FAO, Acadvl, Acadl, and Acadm were largely 

not affected by fructose, but were predominantly increased with glucose supplementation 

of both chow and HFD (Fig. S5A). Thus, after 2 weeks of sugar feeding an increase in 

KHK–C protein was associated with a corresponding decrease in CPT1α protein, without 

significantly affecting other proteins involved in long-chain FAO and carnitine transport. 

Moreover, protein levels of FAO and carnitine transport enzymes largely do not correlate 

with their mRNA expression.

CPT1α catalyzes the production of long-chain acylcarnitines, such as C16 

palmitoylcarnitine, from acyl-CoAs and carnitine. Given the inverse correlation between 

KHK–C and CPT1α, we next quantified hepatic long-chain acylcarnitine products of 

CPT1α activity. Consistent with CPT1α protein, saturated long-chain acylcarnitines (C16, 

C18 and C20) tended to be minimally decreased in the Chow+Fru group compared to 

the Chow+Glu group (Fig. 3C). Mice fed HFD+H2O had significantly elevated long-chain 

acylcarnitines compared to Chow+H2O mice (Fig. 3C); however, both HFD+Fru (p = 0.0002 

for C16) and HFD+Glu (p = 0.0001 for C16) groups had significantly lower saturated 

long-chain acylcarnitines. Medium- and short-chain acylcarnitines (C12, C8, C6, and C4/

Ci4) are not produced by CPT1α, so their levels were not affected by sugar supplementation, 

while C6 and C4/Ci4 were actually decreased in the HFD+H2O group compared to the 

Chow+H2O group (Fig. 3C). Overall, fructose supplementation of chow had minimal effect 

on long-chain acyl-carnitines, while both fructose and glucose supplementation of HFD 

significantly decreased CPT1α protein and acylcarnitine products of its enzymatic activity.

The CPT1α enzyme is regulated transcriptionally44 but also post-translationally via 

allosteric inhibition by the fatty acyl-CoA intermediate, malonyl-CoA.45 Despite altered 

protein levels, the mRNA levels of CPT1α were not different with pelleted diet or 
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sugar supplementation (Fig. 3D). Hepatic malonyl-CoA levels were significantly decreased 

in the HFD+H2O group compared to the chow+H2O group (Fig. 3E), consistent 

with a corresponding increase in long-chain acylcarnitines. However, malonyl-CoA was 

not affected by sugar supplementation of HFD (Fig. 3E), despite decreased hepatic 

acylcarnitines in these groups (Fig. 3C). Given that CPT1α protein does not correlate 

with its mRNA expression or malonyl-CoA levels, we asked if KHK–C protein correlates 

negatively with CPT1α in additional in vivo models of NAFLD. We overexpressed KHK–C 

using adeno-associated virus and knocked down KHK using siRNA in mice fed a HFD. 

We observed that OE of KHK–C decreased CPT1α, while KHK knockdown (KD) restored 

CPT1α protein levels (Fig. S5B). Similarly, KHK–C was elevated in lipodystrophic (fat-

specific insulin receptor knockout [FIRKO]) mice46 consuming a standard chow diet and 

this elevation correlated with lower CPT1α protein (Fig. S5C). Conversely, KHK KD in 

FIRKO mice restored CPT1α protein to the levels observed in their littermate controls. 

Lastly, we found a negative correlation between KHK–C and CPT1α proteins in obese 

leptin receptor deficient mice (db/db) compared to heterozygote controls on standard chow 

diet (Fig. S5D). We then performed a linear regression analysis between KHK–C and 

CPT1α protein across the six dietary groups and in db/db mice. KHK–C protein correlated 

negatively with CPT1α protein (Fig. 3F; R = −0.487; p = 0.005). These data suggest that 

KHK–C may negatively regulate CPT1α protein, independent of transcriptional control 

and malonyl-CoA inhibition, explaining the decrease in acylcarnitines following sugar 

supplementation of HFD. Interestingly, OE of KHK–C did not lower CPT1α in mice fed 

chow (Fig. S5E), indicating that a HFD or liver fat accumulation observed in db/db and 

FIRKO mice is required to observe this effect.

Overexpression of ketohexokinase-C impairs fatty acid oxidation in mouse hepatocytes

We previously reported that cultured mouse AML12 hepatocytes do not express KHK–C 

protein.20 Similarly, ALDOB, TKFC, AR, and SDH proteins were not detected in AML12 

hepatocytes (Fig. S6A). To further study the inverse relationship between KHK–C and 

CPT1α, we overexpressed GFP-tagged mouse KHK–C in AML12 hepatocytes using a 

lentivirus. There was a ~35-fold increase in Khk-c mRNA, with no changes in Khk-a, in 

KHK–C-overexpressing cells compared to WT hepatocytes (Fig. 4A). Similarly, KHK–C 

protein was significantly higher (Fig. 4B), as was its enzymatic activity when exposed to 5 

mM fructose (Fig. S6B). Thus, we generated a cell culture model of selective OE of KHK–C 

in the absence of other fructolytic enzymes.

Next, we quantified proteins involved in carnitine shuttle and FAO pathways. Hepatocytes 

with OE of KHK–C exhibited a 69% reduction in CPT1α, but also a 45-70% decrease 

in OCTN2, CACT, and CPT2 proteins (Fig. 4B,C). Proteins mediating FAO, such as 

ACADVL, ACADL, or ACADS were not affected (Fig. S6C,D). We then quantified FAO 

using a Seahorse XFE96 analyzer.20 WT hepatocytes treated with a 2:1 oleate to palmitate 

FFA mixture exhibited a 4-fold increase in oxygen consumption rate (OCR) compared 

to the basal state (Fig. 4D,E). Treatment with etomoxir, a CPT1α inhibitor, decreased 

OCR in WT hepatocytes, in agreement with reduced FAO. KHK–C-overexpressing cells 

had lower basal OCR (Fig. 4D, Fig. S6E), and a blunted response to both FFA (Fig. 

4D,E) and etomoxir treatment, consistent with lower CPT1α activity and impaired FAO. 
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An end product of mitochondrial FAO, acetyl-CoA, was also decreased in KHK–C-

overexpressing hepatocytes, consistent with impaired FAO (Fig. 4F). Next, we employed 

a MitoPlates assay to examine the ability of KHK–C OE and WT cells to oxidize 30 

pre-set substrates by utilizing tetrazolium redox dye, an electron acceptor, as a readout 

of mitochondrial activity.47 Hepatocytes with KHK–C OE had an impaired ability to 

oxidize long-chain palmitoylcarnitine, compared to WT cells (Fig. 4G). Notably, this 

was one of the most significantly altered metabolites in this assay (Fig. S7A-D). Despite 

decreased palmitoylcarnitine utilization, medium-chain octanoylcarnitine was metabolized 

at the same rate in both WT and KHK–C-overexpressing hepatocytes (Fig. 4H). We 

then sought to determine the impact of FFAs on triglyceride accumulation in WT and 

KHK–C-overexpressing hepatocytes. FFA treatment significantly increased triglyceride 

accumulation in KHK–C-overexpressing hepatocytes compared to WT cells (Fig. 4I). 

Collectively, we show that KHK–C OE selectively reduced CPT1α, OCTN2, CACT and 

CPT2 proteins leading to impaired long-chain FAO resulting in increased FFA-induced 

triglyceride accumulation.

FAO is intricately linked to glycolysis to balance cellular energy production. Extracellular 

acidification rates (ECAR), as measured by Seahorse, reflect glycolysis. Addition of 25 mM 

glucose to sugar-free media increased ECAR in WT hepatocytes (Fig. 4J). Glycolysis was 

further stimulated by oligomycin, an ATP synthase inhibitor, but was completely abrogated 

by 2-deoxyglucose, a non-metabolizable analogue of glucose. The KHK–C-overexpressing 

hepatocytes exhibited markedly greater increases in ECAR in response to glucose and 

oligomycin (Fig. 4J), compared to WT hepatocytes. Consistent with elevated glycolysis, 

utilizing MitoPlates, KHK–C-overexpressing hepatocytes showed increased capacity to 

utilize the end metabolite of glycolysis, pyruvate (p = 0.004; Fig. S7B), and the first 

metabolite in the TCA cycle, citrate (p = 0.042; Fig. S7C). Collectively, OE of KHK–C 

shifted global cellular metabolism towards decreased long-chain FAO with compensatory 

increases in glycolysis.

Reduced levels of serine and glycine have been reported in patients with NAFLD.48,49 

Mechanistically, both serine and glycine deprivation leads to impaired oxidative 

metabolism,50,51 while supplementation of these amino acids promotes FAO and lowers 

hepatic steatosis in mice.51-53 We could not measure glycine oxidation using the MitoPlates 

assay, but KHK–C-overexpressing hepatocytes showed an impaired capacity to oxidize 

serine, compared to WT hepatocytes (p = 0.012; Fig. S7D). This prompted us to measure 

hepatic serine and glycine levels by mass spectrometry. Hepatic serine was not different 

(Fig. S7E), while glycine was decreased in all groups with elevated KHK–C, including 

Chow+Fru, HFD+Fru, and HFD+Glu. Collectively, KHK–C OE impairs serine oxidation 

in mouse AML12 hepatocytes, while KHK–C protein is inversely associated with hepatic 

glycine levels.

Knockdown of CPT1α, in part, mirrors KHK–C overexpression

We next asked if the KHK–C-induced decrease of CPT1α could explain the impaired 

FAO observed in these cells and used CRISPR/Cas9N to knockdown endogenous CPT1α 
in mouse AML12 hepatocytes. This modified CRISPR technique increases specificity at 
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a given locus by utilizing two guide RNAs and a Cas9 nickase54 (Fig. S8A). Following 

puromycin selection, we quantified CPT1α protein for each clone and observed that clones 

3, 4, and 5 had significantly reduced CPT1α (Fig. S8B). Next, we quantified proteins 

involved in carnitine shuttle and FAO pathways in clones 4 and 5. Relative to WT control, 

clones 4 and 5 had significantly reduced (by 50-70%) CPT1α and CACT proteins, while 

there was a compensatory increase in CPT2 and ACADL proteins (Fig. 5A,B and Fig. 

S8C). Given that both clones exhibited similar downstream effects, we used clone 4 for 

subsequent experiments (KD-4). Similar to KHK–C-overexpressing hepatocytes (Fig. 4D), 

CPT1α KD-4 hepatocytes exhibited reduced basal OCR (Fig. 5C) and a blunted response 

to both FFA and etomoxir treatment (Fig. 5C,D), compared to WT hepatocytes. Likewise, 

when treated with FFAs, CPT1α KD-4 hepatocytes accumulated more triglycerides (65.6 ± 

5.26 μg/mg protein) than WT hepatocytes (27.9 ± 7.6 μg/mg protein) (Fig. 5E). This was 

confirmed with Nile Red staining for neutral lipids (Fig. S8D). To confirm this effect in 
vivo, we knocked out CPT1α specifically in the liver using the Albumin-Cre/CPT1α-floxed 

method (LKO). Compared to littermate controls, male LKO mice showed reduced CPT1α 
and OCTN2 proteins, while they had a compensatory increase in CPT2, ACADL and 

ACADS (Fig 5F, G). Moreover, LKO mice accumulated more triglyceride in the liver (Fig 

5H) and developed mild hepatic steatosis (Fig 5I). Collectively, KD of CPT1α (Fig. 5) in 

part replicates the phenotype observed in KHK–C-overexpressing hepatocytes (Fig. 4) in 

terms of reduced carnitine transport, impaired long-chain FAO, and increased triglyceride 

accumulation.

Acetylation at lysine 508 decreases CPT1α protein

Our group has previously shown that dietary sugars profoundly alter acetylation of the 

mitochondrial proteome after 2- and 10-weeks supplementation in mice fed either chow or 

a HFD.20,55 We re-analyzed our 2-week acetylation data55 focusing on CPT1α acetylation. 

We identified three new CPT1α acetylated lysine (K) residues 195, 508, and 634 using mass 

spectrometry. Chow+Fru-fed mice exhibited a significant increase in CPT1α acetylation 

of K508 (false discovery rate [FDR] = 3.83x10−8; Fig. 6A) compared to Chow+Glu 

mice. An increase in K508 acetylation in these mice was associated with lower CPT1α 
protein (Fig. 6A). Conversely, the Chow+Glu group had a significant decrease in K508 

(FDR = 1.45x10−6) and K195 (FDR =0.006) acetylation (Fig. S9A), compared to the 

Chow+H2O group and this was associated with a concomitant increase in CPT1α protein 

(Fig. S9A). There was no difference in K195, K508, and K634 acetylation of CPT1α in 

the Chow+Fru compared to the Chow+H2O group (Fig. S9B) and similarly CPT1α protein 

was unchanged between these two groups (Fig. S9B). Compared to the Chow+H2O group, 

the HFD+H2O group had markedly lower acetylation at K508 (FDR <4.44x10−17), K634 

(FDR = 9.81x10−8), and K195 (FDR = 3.16x10−7; Fig. S9C), consistent with higher CPT1α 
protein (Fig. S9C). The HFD+Fru group exhibited an increase in acetylation at K508 (FDR 

= 7.90x10−8; Fig. 6B) and had lower total CPT1α protein compared to the HFD+H2O 

group (Fig. 6B). Similarly, the HFD+Glu group had increased K508 acetylation (FDR = 

7.49x10−16; Fig. 6C), and a decrease in CPT1α protein, compared to the HFD+H2O group 

(Fig. 6C). Lastly, HFD+Fru and HFD+Glu-fed mice exhibited no difference in CPT1α 
acetylation or CPT1α protein levels (Fig. S9D). Collectively, acetylation of CPT1α at K508 
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was increased in all groups with elevated KHK–C, i.e. Chow+Fru, HFD+Fru and HFD+Glu, 

and this was inversely associated with CPT1α protein levels.

To mechanistically determine the impact of lysine acetylation on protein stability, we used 

site-directed mutagenesis to induce a point mutation in CPT1α, from lysine to glutamine 

(K→Q), which mimics acetylated lysine.56 Importantly, each mutant was sequenced to 

ensure no random mutations were integrated during site-directed mutagenesis (data not 

shown). We transfected WT, K195Q, K508Q, and K634Q plasmids into African green 

monkey-derived COS kidney cells, which have low endogenous CPT1α protein.57,58 

Transfection of these plasmids induced a significant increase in mouse CPT1α mRNA 

compared to the β-galactosidase transfection control (Fig. S9E). Transfection efficacy of 

WT CPT1α was similar to CPT1α K195 and K508 mutants, while the K634Q mutant 

had greater CPT1α mRNA levels (Fig. S9E). As expected, CPT1α protein was increased 

following transfection of WT CPT1α (Fig. 6D). Despite similar transfection efficiency 

among the WT, K195Q and K508Q CPT1α mutants, these mutants had significantly lower 

CPT1α protein than WT CPT1α-transfected cells (Fig. 6D, E). Since COS cells express 

some CPT1α, we tagged CPT1α with c-MYC and overexpressed WT and K508Q CPT1α 
mutant. Focusing only on exogenous c-MYC-tagged protein, we confirmed that acetylation 

mimicking the K508Q mutation lowered CPT1α protein levels by 30%, compared to 

WT CPT1α (Fig.6F, Fig. S9F). These in vitro data show that acetylation mimicking the 

K508Q mutation of CPT1α led to decreased CPT1α protein levels, explaining the inverse 

relationship between KHK–C-induced K508 acetylation and total CPT1α protein in vivo.

KHK–C OE promotes global protein acetylation and alters sirtuin levels

We identified that an increase in KHK–C was associated with increased acetylation 

of CPT1α at K508, which led to reduced CPT1α protein in vivo. Next, we asked if 

simple KHK–C OE affects protein acetylation in cultured hepatocytes. WT and KHK–C-

overexpressing AML12 cells were incubated in high glucose media containing deacetylase 

inhibitors, trichostatin A and nicotinamide, for 24 h. Using a pan-acetylation antibody, 

KHK–C-overexpressing hepatocytes exhibited elevated acetylation compared to WT control 

hepatocytes (Fig. S10A). To more precisely quantify protein acetylation induced by 

KHK–C OE, we performed global untargeted mass spectrometry analysis of the total 

proteome, as well as mass spectrometry on the anti-acetyl lysine immunoenriched, trypsin-

digested proteins from WT and KHK–C-overexpressing cells59 using data-independent 

acquisition.60-62 Partial least squares-discriminant analysis showed that the proteome in 

KHK–C-overexpressing cells was profoundly different from that of WT cells, accounting 

for up to 54% of the effect on principal component (PC)1 and up to 31% on PC2 (Fig. 

7A). Some of the most significantly downregulated proteins in cells with KHK–C OE are 

trans-2,3-enoyl-CoA reductase and alkylglycerone phosphate synthase, which are involved 

in lipid metabolism (Fig. S10B), while one of the most significantly upregulated proteins 

was acyl-CoA thioesterase 1, which is involved in acyl-CoA metabolism. Indeed, gene 

ontology-enrichment analysis revealed that 5 out of the top 10 most downregulated pathways 

in KHK–C-overexpressing cells were involved in acyl-CoA, sterol and fatty acid metabolism 

(Fig. 7B). Collectively, KHK–C OE drastically changed the proteome, with alterations in 

proteins involved in acyl-CoA metabolism and FAO.
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Next, we determined the impact KHK–C OE on acetylated proteins. We identified 2,684 

acetylated sites on 2,457 proteins (Table S1). Only proteins with two or more unique 

peptides were quantified in order to increase specificity (Table S2). After normalization for 

the total amount of a specific protein, 318 acetylated sites met pre-determined statistical 

(p value ≤0.05) and effect size cut-offs (Log2 normalized fold-change [FC] of ±0.58). 

Consistent with our pan-acetylation western blot, KHK–C-overexpressing cells had 64.2% 

increase in acetylation (204 of 318 total significantly altered sites), compared to WT 

cells. Partial least squares-discriminant analysis showed the acetyl-proteome of KHK–C-

overexpressing cells was profoundly different from the WT group, accounting for up to 41% 

of the effect on PC1 and up to 24% on PC2 (Fig. 7C). Volcano plot analysis identified that 

the key enzymes involved in acyl-CoA, citrate, and FAO metabolism had altered acetylation 

in WT and KHK–C-overexpressing hepatocytes (Fig. 7D). For example, an enzyme involved 

in acetyl-CoA production, ACLY, had higher acetylation at K544 (Log2 FC = 14.73) 

in KHK–C-overexpressing cells compared to control cells. Similarly, acyl-CoA binding 

protein was acetylated at K51 (Log2 FC = 2.61) in KHK–C-overexpressing cells. TCA 

cycle enzyme aconitase (ACON), which converts citrate to isocitrate, was hyper-acetylated 

at K523 (Log2 FC = 14.27) with KHK–C OE. In addition, the mitochondrial isocitrate 

dehydrogenase enzymes, IDHP (NADP+ isocitrate dehydrogenase 2) and IDHG1 (NAD+ 

isocitrate dehydrogenase 3, subunit gamma 1) were hyper-acetylated at K400 (Log2 FC = 

9.94) and K206 (Log2 FC = 12.11), respectively, in KHK–C-overexpressing hepatocytes. 

We also identified ETFA (electron transfer flavoprotein a), an enzyme required for transport 

of electrons from FAO to the electron transport chain, as being highly acetylated (Log2 

FC = 3.07) in KHK–C-overexpressing cells. On the contrary, proteins hyper-acetylated 

in WT control cells include IDH3A (NAD+ isocitrate dehydrogenase 3, subunit alpha) at 

K214 (Log2 FC = −0.87), and the carnitine shuttle/FAO proteins ACADVL at K299 (Log2 

FC = −1.35) and CACP (carnitine O-acetyltransferase; encoded by Crat) at K315 (Log2 

FC = −1.45). Unfortunately, we did not detect CPT1α K508 acetylation in either WT or 

KHK–C-overexpressing cells. Collectively, KHK–C OE largely altered lysine acetylation of 

proteins involved in acyl-CoA, citrate/isocitrate, and FAO metabolism.

The sirtuin (SIRT) family of enzymes (SIRT 1-7) share conserved NAD+-dependent 

deacetylase activity, and regulate cellular protein acetylation.63 Given the strong differences 

in acetylation of isocitrate dehydrogenase enzymes, which regulate NAD+ metabolism, we 

measured protein levels of cytoplasmic (SIRT2) mitochondrial (SIRT3, 4, 5) and nuclear 

(SIRT1, 6, 7) sirtuins. The protein level of SIRT2 was significantly reduced by 85% in 

KHK–C-overexpressing hepatocytes (Fig. 7E,F) while its mRNA level was only reduced by 

~15% (Fig. S10E). SIRT3 encodes a full-length 44-kDa protein that upon cellular stress64 

undergoes proteolytic processing to an active 28-kDa protein, localized on mitochondria.65 

We observed a significant decrease in full-length SIRT3 with a concomitant increase in 

cleaved SIRT3 in KHK–C-overexpressing hepatocytes (Fig. 7E,F). Furthermore, we also 

observed a significant decrease in SIRT4 and increase in SIRT5 with KHK–C OE (Fig. 

7E, F). SIRT1/6/7 were not affected by KHK–C OE (Fig. S10C, D). Importantly, mRNA 

levels of SIRT3-7 were unchanged between WT and KHK–C-overexpressing hepatocytes 

(Fig. S10E). Given a strong decrease in SIRT2 with KHK–C OE, we then quantified SIRT2, 

as well as SIRT1, in two cohorts of mice fed a HFD supplemented with sugars and treated 
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with KHK siRNA (Fig S10F-H). SIRT1 was not affected by sugar supplementation or KD 

of KHK. However, SIRT2 tended to be reduced in the livers of mice fed HFD+Fru diet and 

it was increased following KD of KHK. An increase in SIRT2 in these mice was associated 

with an increase in CPT1α (Fig S10F-H). Collectively, KHK–C OE promotes acetylation of 

enzymes regulating NAD+ metabolism and thus, influences protein levels of Sirtuin family 

members, most notably SIRT2.

Discussion

In the present study, we have investigated the mechanisms by which short-term sugar 

supplementation, fructose or glucose, of either chow or a HFD, contributes to the early 

pathophysiology of fatty liver disease prior to the onset of severe obesity and insulin 

resistance. We demonstrate that 2-week fructose supplementation of chow, and fructose or 

glucose supplementation of HFD increases KHK–C and protein levels of lipogenic enzymes, 

independent of their mRNA expression and nuclear translocation of lipogenic transcription 

factors ChREBP and SREBP1. Sugar-induced increases in lipogenic proteins are the 

highest on a chow diet, while marked steatosis develops with sugar supplementation of a 

HFD, pointing to the intricate relationship between sugar and HFD metabolism. Increased 

KHK–C correlates with small mitochondrial size and there is a negative relationship 

between KHK–C and CPT1α proteins in mouse liver. This relationship is preserved in 

cultured hepatocytes where a simple overexpression of KHK–C reduces the levels of 

proteins involved in carnitine shuttle, impairs long-chain FAO, and promotes FFA-induced 

triglyceride accumulation. These in vitro effects of KHK–C can be, in large part, replicated 

by a knockdown of CPT1α. Mechanistically, we show that increased KHK–C correlates 

with acetylation of CPT1α at lysine 508 in vivo, which is associated with lower CPT1α 
protein. OE of mutant CPT1α that mimics hyper-acetylated lysine 508 leads to a lower 

CPT1α protein level in vitro. Interestingly, upregulation of KHK–C has a profound 

effect on global protein acetylation and modifies the key proteins involved in fatty acid 

metabolism and acyl-CoA production. In summary, we describe a novel pathway by which 

fructolysis through KHK–C lowers CPT1α via acetylation at K508 to promote ectopic lipid 

accumulation in the liver.

Herein, we report a novel role of KHK–C in the control of global protein acetylation, 

which may stabilize proteins involved in DNL. First, we observed that increased KHK–C 

protein in vivo correlates with increased levels of lipogenic enzymes ACLY, ACC1 and 

FASN without significantly affecting their mRNA expression. Second, fructose treatment of 

KHK–C-overexpressing hepatocytes stabilized ACLY protein. Third, simple overexpression 

of KHK–C in cultured hepatocytes increased ACLY acetylation at K544 more than 13-fold. 

Acetylation of ACLY at K540, 546, 554 in human cells stabilizes its protein by blocking 

ubiquitin-mediated degradation.33,66 In mice, ACLY is post-translationally stabilized by 

acetylation at 544, K530, and 546, which are homologous to the three ubiquitination 

sites listed above for human ACLY.33,66,67 Conversely, the protein deacetylase SIRT2 

deacetylates and destabilizes ACLY.33 Acetylated ACLY has been found to promote 

progression of NAFLD.68 Thus, KHK–C-mediated acetylation of proteins that mediate 

DNL, such as ACLY, may contribute to the lipogenic effects of fructose and its association 

with advanced forms of NAFLD.
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Additionally, we find that an increase in KHK–C is associated with acetylation of CPT1α at 

K508 in vivo, whereas acetylation of CPT1α at K195 and K634 is not affected in a KHK–C-

dependent manner. Acetylation of CPT1α has previously been mentioned in large proteomic 

data sets,69 but the functional significance of this post-translational protein modification 

is unknown. We show that overexpression of mutant CPT1α, with K508 substituted with 

glutamine to mimic the acetylated state, decreases CPT1α protein levels compared to WT 

CPT1α. Indeed, OE of KHK–C induces acetylation of several proteins mediating FAO 

and the FAO pathway is one of the most downregulated processes in cells with KHK–C 

OE. In vitro, overexpression of KHK–C phenocopies a knockdown of CPT1α in terms of 

carnitine shuttle, fat oxidation and increased triglyceride accumulation. Indeed, KHK–C 

OE in vitro decreases oxidation of long-chain fatty acids, such as palmitoyl-carnitine, but 

not medium-chain octanoyl-carnitine, which does not rely on CPT1α for mitochondrial 

transport. Moreover, KHK–C OE decreased CPT1α, but also OCTN2, CACT and CPT2 

carnitine transporters. Similarly, a knockdown of CPT1α is sufficient to perturb the carnitine 

shuttle by inducing a decrease in OCTN2 and CACT. Taken together, we report a novel 

relationship between KHK–C in regulation of CPT1α and FAO to explain how the combined 

intake of fructose and a HFD accelerates the development of metabolic complications. This 

relationship offers a mechanistic explanation for studies in mice, rats and humans reporting 

that dietary fructose decreases FAO.15-19,21 Previously it was thought that sugar-induced 

malonyl-CoA decreases CPT1α activity and FAO.45 This mechanism was discovered in 

muscle tissue, but liver CPT1α is 10x less sensitive than muscle CPT1β to the inhibitory 

effects of malonyl-CoA.70,71 Additionally, we did not find that hepatic malonyl-CoA is 

increased with fructose supplementation of a HFD. Thus, KHK–C-induced acetylation of 

CPT1α is the likely explanation of how sugar intake decreases fat oxidation in the liver.

Our data indicate that several aspects of fructose metabolism can be explained by KHK–

C-mediated effects on protein acetylation. Clearly, the most important finding here is that 

simple overexpression of KHK–C profoundly affects global protein acetylation. This results 

in even greater perturbation of the total proteome, leading to both increased and decreased 

abundance of proteins detected in their non-modified forms. As expected, the most 

downregulated pathways in hepatocytes with KHK–C OE include acyl-CoA metabolism 

and FAO. The observed effects of KHK–C on protein acetylation are analogous to the 

historic reports that fructose profoundly induces protein fructosylation,72 a post-translational 

modification of lysine residues.73 A profound effect of KHK–C on global protein acetylation 

can be, in part, explained by a decrease in a major cytoplasmic deacetylase SIRT2. SIRT2 

is expressed in highly metabolically active tissues such as the liver.74 A reduction in 

SIRT2 has been observed in humans and mice with NAFLD, while restoration of SIRT2 

alleviates insulin resistance, and hepatic steatosis.75 Further, SIRT2 affects mitochondrial 

biogenesis by deacetylating PGC-1α,76 possibly accounting for the increased number of 

small and fragmented mitochondria in the groups with increased KHK–C. Moreover, SIRT2 

deacetylates several isocitrate dehydrogenase isoforms involved in oxidation of isocitrate 

to generate α-ketoglutarate and NADPH. It has been reported that acetylation of isocitrate 

dehydrogenase 2 at K413 decreases its enzymatic activity, leading to a shift from oxidative 

to glycolytic metabolism.77 While we did not identify K413 acetylation, acetylation at a 

nearby K400 was ~10-fold higher in cells with KHK–C OE. Other isocitrate dehydrogenase 
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isoforms (IDHG1 at K206, IDH3A at K214), as well as the upstream aconitase (ACON 

K523, ACON K401) are also differentially acetylated following KHK–C OE. Mitochondrial 

sirtuins, SIRT3 and SIRT5, possess deacetylase activity, while SIRT4 has an ADP-ribosyl 

transferase function.74 An increase in SIRT3&5 in cells with KHK–C OE is likely a 

compensatory mechanism for increased mitochondrial stress and hyperacetylation induced 

by lowering of SIRT2. Indeed cleaved SIRT3 translocates to the mitochondria in response to 

cellular stress.78 An increase in KHK–C-induced acetylation agrees with our previous work 

showing that sugar supplementation of both chow and a HFD markedly alters mitochondrial 

protein acetylation.20,55 Taken together, these data indicate that KHK–C OE profoundly 

affects global protein acetylation, which is associated with a decrease in SIRT2, uncovering 

a new mechanism by which sugar metabolism through KHK–C decreases FAO and alters 

global metabolism.

A KHK–C-mediated decrease in fat oxidation may explain, in part, why our “Western 

Diet” which is high in both fructose and fat leads to development of obesity and its 

complications. A recent systemic review of 3,920 rodent models of NAFLD found that 

a high-fat, high-fructose diet most closely resembles the phenotype of advanced human 

NAFLD.14 Indeed, our data shows that only a combination of fructose and a HFD induces 

glucose intolerance. Fructose supplementation of chow robustly increases KHK–C, but 

these mice did not consume sufficient fat to induce metabolic complications. Likewise, 

consumption of fructose from fruits and vegetables, as a part of well-balanced, low-fat 

diet, does not lead to metabolic complications. Moreover, KHK–C is increased in the 

HFD+Glu-fed group, but this group had a significant reduction in HFD intake compared to 

the HFD and HFD+Fru groups, and did not develop glucose intolerance. The upregulation 

of KHK–C in HFD+Glu is mediated by endogenous fructose production. This pathway 

contributes a small portion of fructose to the hepatic pool, so that over time its effects pale 

in comparison to dietary fructose intake. Indeed, in our longer 10-week study we did not 

observe an increase in KHK–C in mice fed HFD+Glu compared to HFD+Fru diet and these 

mice remained glucose tolerant.6 The interaction of KHK–C and fat metabolism is most 

evident when we overexpress KHK–C in mice on a HFD. Moreover, the interaction between 

KHK–C and CPT1a is evident in genetically obese db/db and lipodystrophic FIRKO mice 

on a chow diet, since these mice accumulate a large amount of lipids in their livers.

KO79-81 and KD6,20 studies in mice show that KHK is required to observe the detrimental 

effects of fructose. Moreover, increased KHK has been reported in patients with NAFLD.6,82 

Based on these findings, small molecule inhibitors of KHK kinase activity have been 

developed and studied for the treatment of NAFLD and insulin resistance.83-85 They 

have shown a benefit primarily in terms of decreasing hepatic DNL.86 However, KHK 

inhibitors appear to be less effective than genetic KO of KHK, as inhibitors have only 

documented a benefit in rats,87 which have much slower metabolism than mice, and in 

perfused human livers.88 Johnson & Johnson and more recently Pfizer89 have discontinued 

the clinical development of KHK inhibitors. Since KHK inhibitors are designed to decrease 

kinase function of the enzyme, they are likely only inhibiting DNL. Our data provide an 

explanation for why genetic KO of KHK may show a stronger effect than KHK inhibition, 

since KO abrogates both kinase and non-kinase functions of KHK. The effects of KHK–C 

on CPT1α and FAO appear to be mediated via its non-kinase effect, e.g. through acetylation. 
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This is supported by decreased CPT1α and increased acetylation in cells with KHK–C OE 

in fructose-free media. Additionally, these cells do not express downstream ALDOB and 

TKFC enzymes needed for breakdown of fructose into lipogenic substrates, so increased 

acetylation is not dependent on fructose metabolism. In summary, KHK–C controls several 

important metabolic pathways that regulate the development of hepatic steatosis. A complete 

knockdown of KHK via siRNA may be a more effective therapy for metabolic dysfunction 

since it abrogates both kinase-dependent and -independent functions of KHK.

In this study, we show that the combined effects of sugar and a HFD have additive 

detrimental effects in terms of metabolic dysfunction. These effects are dependent on KHK–

C whose newly recognized function includes a control of global protein acetylation. KHK–

C-induced acetylation of ACLY may support lipogenesis, while its acetylation of CPT1α is 

associated with lower CPT1α protein levels and decreased FAO. Future studies are needed 

to explore the kinase-independent function of KHK–C in order to design more efficient 

drugs for management of NAFLD and insulin resistance.
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ACLY ATP citrate lyase

ACON aconitase

ALDOB aldolase B

AR aldose reductase

BCAAs branched-chain amino acids

ChREBP carbohydrate response element-binding protein

CHX cycloheximide

CPT1α carnitine palmitoyltransferase 1a

DNL de novo lipogenesis

ECAR extracellular acidification rates

FAO fatty acid oxidation

FC fold-change

FDR false discovery rate

FFA free fatty acid

FIRKO fat-specific insulin receptor knockout

HFD high-fat diet

KD knockdown

KHK–C ketohexokinase-C

KO knockout

LKO liver-specific knockout

NAFLD nonalcoholic fatty liver disease

OCR oxygen consumption rate

OE overexpression

siRNA small-interfering RNA

SREBP1 sterol regulatory element-binding protein 1

TCA tricarboxylic acid

TKFC triokinase/FMN cyclase

WT wild-type
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Highlights

• Fructose increases de novo lipogenic proteins without altering their mRNA 

expression.

• There is an inverse relationship between KHK–C and CPT1a proteins.

• KHK–C induced acetylation of CPT1a at K508 decreases its protein levels.

• Overexpression of KHK–C induces global protein acetylation and impairs 

FAO.
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Impact and implications

Fructose is a highly lipogenic nutrient whose negative consequences have been largely 

attributed to increased de novo lipogenesis. Herein, we show that fructose upregulates 

ketohexokinase, which in turn modifies global protein acetylation, including acetylation 

of CPT1a, to decrease fatty acid oxidation. Our findings broaden the impact of dietary 

sugar beyond its lipogenic role and have implications on drug development aimed at 

reducing the harmful effects attributed to sugar metabolism.
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Fig. 1. Sugar supplementation of a HFD worsens hepatic steatosis.
(A) Representative Oil red-O staining to assess neutral lipid accumulation across all 

groups. Scale bar = 20 μm. (B) Hepatic triglyceride and cholesterol levels were quantified 

enzymatically (n = 5-6). (C) Long-chain acyl-CoA levels quantified by mass spectrometry (n 

= 6). (D) Representative cytoplasmic and nuclear protein was blotted for ChREBP, SREBP1, 

GAPDH (cytoplasmic control), and Lamin A/C (nuclear control). (E) Liver mRNA levels 

of Acly, Acc1, Fasn, and Scd1 were quantified by qPCR (n = 7-8). (F, G) Protein levels of 

ACLY, ACC1, FASN, SCD1, KHK–C, and ACSS2 were measured by western blot (F) and 

quantified using densitometry (G; n = 4). (H) KHK–C-overexpressing hepG2 hepatocytes 

were treated with 25 μg/ml of cycloheximide (CHX) or CHX+25 mM fructose (C+Fru) for 

4 h. After 4-hour incubation, protein levels of ACLY, ACC1, FASN, ACSS2, and ACTIN 

(loading control) were measured using western blot. Baseline (BL) was compared to CHX 

and C+Fru treatment. (I) Densitometry quantification of ACLY protein in Fig. 1H and Fig. 
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S2E. Significance was determined by two-way ANOVA with Sidak’s post hoc analysis 

of sugar supplementation (H2O, Fru, Glu) and solid diet (chow and HFD). Significance 

denoted with ($) compares sugar-supplemented groups to their chow+H2O control (*) 

comparing HFD+H2O to chow+H2O group or the difference between adjacent groups using 

a post hoc Student’s t test, and lastly (#) denotes significance of sugar-supplemented groups 

compared to their HFD+H2O control. #p<0.05; ##p<0.01; ###p<0.001; ####p<0.0001.
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Fig. 2. Upregulation of KHK–C correlates with mitochondrial histology, but minimally affects 
TCA cycle and amino acid metabolism.
(A) Graphical representation of the TCA cycle. (B-D) Hepatic TCA cycle intermediates 

(B), branched chain (C) and essential amino acids (D) measured by mass spectrometry 

(n = 6). (E-G) Representative transmission electron microscopy (EM) 5,000x images. 

(E) and pie-chart representation (F) of mitochondrial length shown as a percent of four 

equal length subgroups. (n = 3 mice, EM images contained 26-78 mitochondria per slide). 

(G) Percent of small mitochondria from 0-500 nm in length (n = 3 mice per group). 

Significance was determined by two-way ANOVA with Sidak’s post hoc analysis of sugar 

supplementation (H2O, Fru, Glu) and solid diet (Chow and HFD). Significance denoted 

with ($) compares sugar-supplemented groups to their chow+H2O control (*) comparing 

HFD+H2O to chow+H2O group or the difference between adjacent groups using a post hoc 
Student’s t test, and lastly (#) denotes significance of sugar-supplemented groups compared 

to their HFD+H2O controls. #p<0.05; ##p<0.01; ###p<0.001; ####p<0.0001.
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Fig. 3. KHK–C is inversely associated with CPT1α protein and long-chain acylcarnitine levels.
(A-B) Protein levels measured by western blot (A) of fructolysis (KHK–C, ALDOB, 

TKFC), polyol (AR, SDH), and fat oxidation proteins (CPT1α, ACADS), and quantified 

by densitometry (B) normalized to vinculin (VINC) loading control (n = 4). (C) Hepatic 

long-chain acylcarnitine levels measured by GC-MS (n = 5-6). (D) Liver CPT1α mRNA 

expression across the six groups (n = 8). (E) Hepatic malonyl-CoA levels quantified by 

mass spectrometry (n = 8). (F) Linear regression analysis using KHK–C and CPT1α protein 

normalized to vinculin from panel A (n = 24) and from db/db mice (Fig. S5D; n = 8 for 

a total of 32 samples included in the linear regression). Significance was determined by two-

way ANOVA with Sidak’s post hoc analysis of sugar supplementation (H2O, Fru, Glu) and 

solid diet (Chow and HFD). Significance denoted with ($) compares sugar-supplemented 

groups to their chow+H2O control (*) comparing HFD+H2O to chow+H2O group or the 

difference between adjacent groups using a post hoc Student’s t test, and lastly (#) denotes 
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significance of sugar-supplemented groups compared to their HFD+H2O control. #p<0.05; 
##p<0.01; ###p<0.001; ####p<0.0001.
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Fig. 4. Ketohexokinase-C overexpression impairs long-chain fatty acid oxidation in mouse 
hepatocytes.
(A) qPCR was used to measure Khk-c and Khk-a mRNA levels in WT and KHK–C-

overexpressing AML12 hepatocytes (n = 6) (B–C) KHK–C and carnitine shuttle/FAO 

proteins (CPT1α, OCTN2, CACT, CPT2) assessed by western blot (B) and quantified by 

densitometry using actin as a loading control (C; n = 3) (D-E) Seahorse fatty acid oxidation 

assay (D) recording oxygen consumption rate (OCR) in WT and KHK–C-overexpressing 

AML12 hepatocytes upon stimulation with free fatty acids (FFAs) and treated with the 

CPT1α inhibitor etomoxir (E; n = 10-11) (F) Acetyl-CoA levels were quantified in WT 

and KHK–C-overexpressing AML12 hepatocytes (n = 5). (G-H) Mitosubstrate assay from 

BioLog quantifying palmitoyl-carnitine (G) and octanoyl-carnitine (H) utilization in WT 
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and KHK–C-overexpressing AML12 cells (n = 5). The panels to the right quantify the 

rate of substrate utilization over 45 min. (I) Triglycerides were quantified enzymatically 

from WT and KHK–C-overexpressing cells treated with BSA or 0.4 mM FFA for 24 h 

(n = 6). (J) Seahorse glycolysis assay recording extracellular acidification rate (ECAR) 

in WT and KHK–C-overexpressing cells in response to glucose, oligomycin (Oligo), and 

2-deoxyglucose (2DG). Glycolysis is quantified in the panel on the right as area under curve. 

Significance was determined using unpaired, Student’s t test. For panel I, significance was 

determined by two-way ANOVA with Sidak’s post hoc analysis comparing OE vs. WT 

groups. Significance is defined as *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Fig. 5. CPT1a knockdown, in part, mirrors KHK–C overexpression in mouse hepatocytes.
(A-C) Carnitine shuttle/FAO protein levels (CPT1α, CACT, OCTN2, CPT2, ACADVL, 

ACADL, ACADS) were measured by western blot in WT and CPT1α knockdown clones 4 

(KD-4) and 5 (KD-5) (A), and were further quantified by densitometry (B, KD-4 and S8C, 

KD-5) using actin as a loading control (n = 3). (C-D) Seahorse fatty acid oxidation assay (C) 

recording oxygen consumption rate (OCR) in WT and CPT1α KD-4 AML12 hepatocytes 

upon stimulation with free fatty acid (FFA) (D; n = 15-18 wells per group). (E) Triglycerides 

were quantified enzymatically from WT and KD-4 cells treated with BSA or 0.4 mM 

FFA for 24 h (n = 6). (F, G) Carnitine shuttle and FAO protein levels (CPT1α, CACT, 

OCTN2, CPT2, ACADVL, ACADL, ACADS) were measured by western blot (F) and were 

further quantified by densitometry (G) from CPT1a LKO and littermate control male mice. 

(H, I) Hepatic triglycerides were quantified (H) and livers were stained with H&E (I). 

40x magnification and scale bar = 100 μm. Significance was determined using unpaired, 

Student’s t test. Significance is defined as *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 

CV, central vein; PV, portal vein.
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Fig. 6. Acetylation at lysine 508 decreases CPT1α protein levels.
(A-C) Volcano plots (A, B, C) highlighting all acetylation sites that are different between 

two dietary groups. CPT1α acetylation sites are highlighted in red. The horizontal black bar 

denotes the significance cut-off of FDR = 0.01. The vertical black bars denote a minimal 

threshold for effect size of 1.5 (Log2 fold-change = ±0.58). Quantification of total CPT1α 
protein levels (A, B, C; right) normalized to vinculin (loading control) across the same 

two groups. Protein levels of CPT1α were measured by western blot (D) in COS-7 cells 

transfected with plasmids encoding β-galactosidase control (β-gal), wild-type (WT) CPT1α, 

and mutant K195Q, K508Q, and K634Q CPT1α. (E) Densitometry quantification of the 

data in panel D. (F) Western blot for c-MYC tag in cells transfected with β-galactosidase 

control (Cont) plasmid, wild-type (WT) CPT1α c-MYC tagged plasmid and mutant 

CPT1α K508Q c-MYC tagged plasmid. Significance was determined by one-way ANOVA 

with Dunnet’s post hoc analysis comparing Cont to WT and mutant CPT1α proteins. 

Significance is defined as *p<0.05; **p<0.01; ****p<0.0001.
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Fig. 7. KHK–C OE drives global protein acetylation in AML12 hepatocytes and alters sirtuin 
levels.
(A) Partial least squares-discriminant analysis comparing WT and KHK–C OE total protein 

levels. (B) Gene ontology analysis highlighting the top 10 most downregulated biological 

processes in KHK–C-overexpressing hepatocytes. (C) Partial least squares-discriminant 

analysis comparing acetylated peptides in WT and KHK–C-overexpressing cells. (D) 

Volcano plot analysis highlighting acetylated peptides that are increased (in red) or 

decreased (in purple) with KHK–C OE. The horizontal black bar denotes the significance 

cut-off of p value = 0.05. The vertical black bars denote a minimal threshold for effect size 

of 1.5 (Log2 normalized fold-change = ±0.58) (E, F) Sirtuin protein levels (SIRTS2-5) were 

measured by western blot in WT and KHK–C-overexpressing (E) cells and were quantified 

by densitometry using Vinculin (VINC) as a loading control. Sirt3 full-length (3-FL) and 

Sirt3 cleaved (3-CL) proteins (F; n = 3). Significance was determined using unpaired, 

Student’s t test, and is defined as *p<0.05; **p<0.01; ***p<0.001.
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