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Abstract 1 

Background: Elevated serum erythritol is a predictive biomarker of diabetes and cardiovascular 2 

incidence and complications. Erythritol is synthesized endogenously from glucose, but little is 3 

known regarding the origin of elevated circulating erythritol in vivo.  4 

Objective: In vitro evidence indicates that intracellular erythritol is elevated by high-glucose cell 5 

culture conditions and that final step of erythritol synthesis is catalyzed by the enzymes SORD 6 

and ADH1. The purpose of this study was to determine if dietary intake and/or diet-induced 7 

obesity (DIO) affect erythritol synthesis in mice, and if this relationship is modified by loss of 8 

the enzymes SORD or ADH1. 9 

Methods: First, 8-week-old, male Sord+/+, Sord-/-, Adh1+/+, and Adh1-/- mice were fed either low-10 

fat diet (LFD) with 10% fat-derived calories or DIO high-fat diet (HFD) with 60% fat-derived 11 

calories for 8 weeks. Plasma and tissue erythritol were measured using GC-MS. Second, wild-12 

type 8-week-old C57BL/6J mice were fed LFD or HFD with plain drinking water or 30% 13 

sucrose water for 8 weeks. Blood glucose and plasma and urinary erythritol were measured in 14 

non-fasted and fasted samples. Tissue erythritol was measured following sacrifice. Finally, 15 

Sord+/+ and Sord-/- mice were fed LFD with 30% sucrose water for two weeks, then non-fasted 16 

plasma, urine, and tissue erythritol were quantified. 17 

Results: Plasma and tissue erythritol were not impacted by loss of Sord or Adh1 on LFD or 18 

HFD. In wild-type mice, consumption of 30% sucrose water significantly elevated plasma and 19 

urinary erythritol on both LFD and HFD compared to plain water. Sord genotype did not affect 20 

plasma or urinary erythritol in response to sucrose feeding, but Sord-/- mice had reduced kidney 21 

erythritol content compared to wildtype littermates in response to sucrose.  22 
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Conclusions: Sucrose intake, not high-fat diet, elevates erythritol synthesis and excretion in 23 

mice. Loss of ADH1 or SORD does not significantly impact erythritol levels in mice.  24 

Keywords: Erythritol, pentose phosphate pathway, sucrose, glucose, obesity, sorbitol 25 

dehydrogenase, alcohol dehydrogenase 26 

  27 
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Introduction 28 

Cardiometabolic diseases (such as diabetes, heart attack, and non-alcoholic fatty liver 29 

disease) begin to develop decades before clinical markers are apparent. The discovery and 30 

characterization of new biomarkers can facilitate early detection, and thus early intervention to 31 

prevent chronic disease progression. Serum erythritol is one biomarker with the potential to 32 

detect the metabolic dysregulation that precedes cardiometabolic diseases (1). Prospective cohort 33 

studies indicate that serum erythritol is elevated decades before the incidence of Type 2 Diabetes 34 

Mellitus and cardiovascular disease (2–8). Elevated erythritol has been consistently identified as 35 

a biomarker not only for future disease incidence, but also for worse outcomes in diagnosed 36 

patients (9–11). 37 

Erythritol is a polyol traditionally thought of as a nonnutritive sweetener but was also 38 

recently found to be synthesized by humans through the pentose phosphate pathway (PPP) (4). 39 

Labelled erythritol appeared in plasma following the ingestion of universally labelled 13C-40 

glucose, indicating that erythritol was synthesized from glucose (4). Ex vivo analysis of whole 41 

blood further indicated that erythritol is produced from erythrose-4-phosphate through the non-42 

oxidative PPP (4). Little is known regarding the physiological role of erythritol in mammals.  43 

  Two mammalian enzymes have been identified that convert erythrose to erythritol: 44 

alcohol dehydrogenase 1 (ADH1) and sorbitol dehydrogenase (SORD) (12). ADH1 and SORD 45 

are homologous dehydrogenases (12). SORD is a strong candidate to catalyze erythritol 46 

synthesis in mammals. Knockdown of SORD in cell culture models reduces erythritol synthesis 47 

by 40% in high glucose conditions (12). In mice, tissues containing the most endogenous 48 

erythritol (the liver and kidney) are also the metabolic tissues in which SORD expression are 49 

highest (13). The impact of ADH1 expression on erythritol synthesis has not been explored. In 50 
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human cells, erythritol synthesis also exhibits a dose-response to the amount of glucose provided 51 

in culture media, suggesting that erythritol may respond to nutrient excess (14). 52 

There have been no studies on the factors that contribute to endogenous erythritol 53 

synthesis in vivo in mammals. The purpose of this work was to determine the role of the enzymes 54 

SORD and ADH1 in erythritol synthesis and how erythritol levels are impacted by diet in vivo. 55 

This is the first study to report that erythritol synthesis and excretion is elevated in response to a 56 

high-sucrose diet. 57 

  58 

Methods 59 

Generation of the Sord-/- mice 60 

We used crispr.mit.edu to select the guide RNA sequence with minimal off-target effects, 61 

targeting exon 4 of Sord (guide sequence: 5’-AGAAGAAGATAGTCGCGCTC-3’). Template 62 

DNA was generated by PCR using the forward primer: 5’-63 

GAAATTAATACGACTCACTATAGGAGAAGAAGATAGTCGGCGTCGTTTTAGAGCTA64 

GAAATAGC-3’ and reverse primer: 5’-65 

GCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGC66 

TATTTCTAGCTCTAAAAC-3’. Two identical 50 μL reactions were prepared consisting of 25 67 

μL GoTaq DNA Polymerase (Promega), 0.5 μL forward primer, 0.5 μL reverse primer, and 24 68 

μL nuclease-free water. DNA was denatured at 94°C for 5 minutes, followed by 40 cycles of 30 69 

second denaturation at 94°C, 30 second annealing at 58°C, 20 second extension at 72°C. Final 70 

elongation was performed at 72°C for 5 minutes. PCR product was pooled, and the DNA 71 

amplicon was purified using the MinElute PCR Purification Kit (Qiagen) per manufacturer’s 72 

instructions. DNA quality was checked by NanoDrop and agarose gel.  73 
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In vitro transcription was completed using the MegaShortscript T7 Transcription kit 74 

(ThermoFisher) according to the manufacturer’s protocol. Transcription incubation was 75 

performed overnight at 37°C in a dry incubator. RNA was then purified using the MEGAClear 76 

Transcription Clean-Up Kit (ThermoFisher) per manufacturer protocol. RNA quantity was 77 

determined by Qubit. Quality was verified by denaturing 1 μL RNA, 1 μL formaldehyde loading 78 

dye (Ambion), and 8 μL nuclease free water in a thermocycler at 65°C for 10 minutes. The 79 

denatured RNA was run on an agarose gel to check for the presence of a single sgRNA species. 80 

RNA was stored at -80°C until microinjection. 81 

Embryos were isolated from 15 C57BL/6J donor females. Pure sgRNA and Cas9 mRNA 82 

were microinjected into the pronucleus and cytoplasm of 203 1 cell embryos. Of the 1 cell 83 

embryos, 174 advanced to the 2-cell stage and were transferred equally to 6 pseudo-pregnant 84 

recipient female mice. 50 founder (F0) pups were born.  85 

DNA was isolated from tail snips with the High Pure PCR Template Preparation Kit 86 

(Roche) per the manufacturer’s instructions. The 400 base pair region surrounding the sgRNA 87 

target was then amplified by PCR (forward primer: 5’-CCCAGAGAGGAGGCTGTAGA-3’; 88 

reverse primer: 5’-AAAGGCCTCCCAGGGGTTAT-3’) with GoTaq DNA Polymerase 89 

(Promega). The resulting PCR product was cloned into the pCR 4-TOPO vector using the TOPO 90 

TA Cloning Kit for Sequencing (Invitrogen). Briefly, 4 μL PCR product, 1 μL Salt Solution, and 91 

1 μL pCR 4-TOPO Vector were combined and incubated for 5 minutes at room temperature. The 92 

TOPO cloning reaction was then transformed into One Shot TOP10 Chemically Competent E. 93 

coli and plated on 50 μg/mL kanamycin LB plates. After incubation overnight at 37°C, 4 94 

colonies per mouse were picked and cultured overnight in 4 mL LB medium with 50 μg/mL 95 

kanamycin. Vector DNA was purified using the Zyppy Plasmid Miniprep Kit (Zymo Research) 96 
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according to the manufacturer’s protocol. Plasmids were analyzed by Sanger sequencing to 97 

detect mutations in the Sord gene (M13 Forward (-20) primer: 5’- GTAAAACGACGGCCAG -98 

3’). 99 

F0 males with a confirmed mutation in the Sord gene were mated with C57BL/6J females 100 

to obtain heterozygous F1 pups. Sord deletion was confirmed by a 50% reduction in liver SORD 101 

protein in F1 Sord+/- mice, measured by western blot analysis. Sord+/- male and female mice were 102 

mated to produce Sord+/+ (wildtype, WT) and Sord-/- (knockout, KO) mice. 103 

Animal dietary treatments and tissue collection 104 

All mice were maintained under specific-pathogen-free conditions in accordance with 105 

standard of use protocols and animal welfare regulations. All study protocols were approved by 106 

the Institutional Animal Care and Use Committee of Cornell University. All mice were housed 107 

individually in environmentally controlled conditions (12 hour light/12 hour dark cycle).  Adh1 108 

mice have been previously described and were backcrossed 10 generations to a C57Bl/6J 109 

background (15). At 8 weeks of age, male Sord+/+, Sord-/-, Adh1+/+, and Adh1-/- mice were 110 

randomly assigned to one of two diets: low-fat diet (LFD) with 10% fat-derived calories or diet-111 

induced obese (DIO) high-fat diet (HFD) with 60% fat-derived calories. Diets were based on the 112 

AIN-93G Purified Rodent Diet (Dyets Inc., Bethlehem PA, DYET#’s 104783 and 103651). Diet 113 

compositions are provided in Supplementary Table 1 (LFD) and 2 (HFD). Food and water 114 

were provided ad libitum for 8 weeks. Food intake and body weight were measured twice 115 

weekly. Food intake was determined by subtracting the weight of food remaining in the hopper 116 

from the weight of food that was supplied. Body composition was measured by NMR after 2, 5, 117 

and 8 weeks of treatment using a Bruker Minispec LF65 according to the manufacturer’s 118 

protocols. Body composition measurements included free fluid, lean, and fat mass. 119 
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 To measure the impact of sugar intake on erythritol synthesis, additional 8-week-old male 120 

C57BL/6J mice were randomly assigned to one of four diets for eight weeks. Diets included low-121 

fat diet with plain drinking water (LFD), high-fat diet with plain drinking water (HFD), LFD 122 

with 30% sucrose in drinking water (LFD+30% Sucrose) and HFD with 30% sucrose in drinking 123 

water (HFD+30% Sucrose). Body weight, food intake, and body composition were assessed as 124 

described above. Caloric intake from water was calculated from milliliters of 30% sucrose 125 

consumed.  126 

 Following dietary treatment, all mice were killed by carbon dioxide asphyxiation and 127 

cervical dislocation. Plasma and tissues (adipose, liver, kidney, quadriceps) were harvested and 128 

snap-frozen in liquid nitrogen, followed by storage at -80°C for use in later applications. 129 

Intraperitoneal glucose tolerance testing 130 

Mice were fasted for 5 hours prior to intraperitoneal glucose tolerance testing (IPGTT). 131 

Mice were injected intraperitoneally with 1.5 mg glucose/g body mass. Blood glucose was 132 

measured at 15, 30, 60, 90, and 120 minutes following glucose injection. All blood samples were 133 

collected from a single nick in the tail vein. Blood glucose was measured via a drop of blood 134 

applied to a hand-held glucometer (OneTouch). The area under the curve was calculated using 135 

Prism software. 136 

Collection of plasma and urine 137 

Blood was collected from a nick in the tail vein into an EDTA-coated microvette tube 138 

(Sarstedt). Whole blood was centrifuged for 10 minutes at 2,000 x g and 4C, then plasma was 139 

transferred to an Eppendorf tube and stored at -80C for later analysis of plasma metabolites. 140 

Urine samples were collected as previously described (16). Fasted samples were collected 141 

following a 5-hour daytime fast.  142 
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Isolation and measurement of polar metabolites by GC-MS 143 

 Polar metabolites were isolated from mouse plasma, tissues, and urine as described 144 

previously (13). Urine was diluted 1 part to 2 parts Milli-Q water prior to isolation with 145 

extraction fluid. To account for urine concentration, creatinine was measured using the 146 

Creatinine (urinary) Colorimetric Assay Kit per the manufacturer’s protocol (Cayman 147 

Chemical).  148 

Dried metabolites were then derivatized and analyzed by GC-MS as previously described 149 

(13). In SIM mode, mass spectra of m/z 217, m/z 307, and m/z 320 were acquired from 8-9 min, 150 

m/z 218, m/z 320, and m/z 423 were acquired from 10-11 min, and m/z 319, m/z 331, and m/z 151 

421 were acquired from 12-13 minutes. Erythritol, sorbitol, and 13C1-ribitol peaks were selected 152 

from GC-MS chromatograms based on the retention time of their respective standards. Absolute 153 

intensities of erythritol (m/z 217), sorbitol (m/z 319), and 13C1-ribitol (m/z 218) were recorded. 154 

The ratio of the absolute intensity of erythritol or sorbitol to that of ribitol (relative intensity) was 155 

used to determine plasma erythritol concentration. Tissue samples were normalized by dividing 156 

the relative metabolite intensity by tissue mass in grams. Urine samples were normalized by 157 

dividing the relative metabolite intensity by the sample creatinine concentration.  158 

Western blot analysis 159 

Frozen tissue samples were homogenized in lysis buffer containing 15% NaCl, 5 mM 160 

EDTA, pH 8, 1% Triton X100, 10 mM Tris-Cl, 5 mM DTT, and 10 µl/mL protease inhibitor 161 

cocktail (Sigma Aldrich). Protein concentration was determined by Lowry assay (17). Equal 162 

amounts of protein (25-50ug) were denatured by heating with 6X Laemelli buffer for 5-10 min at 163 

95 °C. Samples were then loaded onto a 10% SDS-PAGE gel and electrophoresed. Protein was 164 

transferred by electrophoresis to an Immobilon-P PVDF membrane (Millipore Corp.).  165 
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The membrane was blocked in 5% non-fat milk overnight at 4°C, then incubated with 166 

primary antibodies for 1 hour at room temperature. Primary antibodies included sorbitol 167 

dehydrogenase (1:2,000, Proteintech), alcohol dehydrogenase 1, lamin B1, transketolase, and 168 

alpha-tubulin (1:1,000, Cell Signaling Technology). Secondary anti-rabbit antibody (1:100,000, 169 

ThermoFisher) was applied to the membrane and incubated for 1 hour at room temperature. 170 

Protein was detected using a Protein Simple FluorChem E with Clarity Western ECL Substrate 171 

(Bio-Rad). Band intensity was measured using ImageJ (NIH). 172 

Statistical analysis 173 

All statistical analyses were conducted using GraphPad Prism 9 (Graphpad Software Inc). 174 

No blinding to treatment group was performed. Differences between two groups (sucrose pilot 175 

and sucrose exposure in SORD animals) were analyzed using two-sided unpaired t-tests. Two-176 

way ANOVAs were used for analysis of interactions and main effects (genotype and diet or 177 

dietary fat and dietary sucrose). Sidak’s multiple comparisons test was used as post hoc analysis 178 

for ANOVA tests to determine differences between groups. The difference in macronutrient 179 

intake from carbohydrates was analyzed using one-way Welch's ANOVAs to correct for unequal 180 

standard deviations. All tests were performed at the 95% confidence level (α = 0.05) and groups 181 

were considered significantly different when p ≤0.05. No criteria were set for animal exclusion a 182 

priori, and no experimental data points or animals were excluded from analysis. 183 

 184 

Results 185 

Sord knockout does not impact erythritol synthesis in mice  186 

Loss of SORD protein was confirmed in liver and kidney by western blot (Fig. 1A and 187 

1B). We found no difference in body weight or caloric intake between SORD WT and KO 188 
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animals on either LFD or HFD (Fig. S1). After 8 weeks of dietary treatment, there was a main 189 

effect of Sord genotype on body fat percentage, however, no significant differences were 190 

detected in post-hoc analysis (Fig. S2A, genotype effect p<0.05). There was also no Sord 191 

genotype-driven difference in adipose depot weight, regardless of diet (Fig. S2B and S2C). There 192 

was no significant effect of Sord genotype on glucose tolerance area under the curve (Fig. S3).  193 

Fasted plasma erythritol was not modified by loss of SORD after 2 or 8 weeks of dietary 194 

treatment (Fig. 2A and 2C). At 5 weeks, there was a significant main effect of genotype on 195 

fasting plasma erythritol, but no differences were detected in specific pairwise comparisons (Fig. 196 

2B, ANOVA main effect of genotype p=0.01). We found no effect of diet on plasma erythritol at 197 

any time point (Fig. 2A-2C). There was also no effect of SORD loss on liver or kidney erythritol 198 

content (Fig 3A, 3B). Unexpectedly, wild-type animals fed HFD had significantly less erythritol 199 

in the liver and kidneys (Fig. 3A, p<0.05 and 3B, p<0.01). This effect was not observed in KO 200 

mice.  201 

To determine if SORD deletion results in sorbitol accumulation, we assessed plasma and 202 

tissue sorbitol levels. Indeed, we found significantly elevated plasma sorbitol in KO compared to 203 

WT littermates (Fig. S4A, p<0.0001). Sorbitol accumulation was further exacerbated by HFD in 204 

SORD KO mice compared to LFD (Fig. S4A, p<0.05). Liver sorbitol was also significantly 205 

elevated in SORD KO mice on LFD and HFD (Fig. S4B, p<0.05 and p<0.001 respectively). 206 

There was no difference in kidney sorbitol (Fig. S4C). 207 

To assess if the effect of SORD deletion on erythritol synthesis is blunted by a 208 

compensatory increase in ADH1 protein levels, we quantified liver and kidney ADH1 protein. 209 

We found no increase in ADH1 levels in KO compared to WT animals (Fig. 4A and 4B). We 210 

also assessed expression of TKT, an enzyme in the non-oxidative pentose phosphate pathway 211 
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that has been shown to regulate erythritol synthesis in cultured cells (14). TKT expression was 212 

reduced in the kidney of mice fed HFD compared to LFD (Fig. 4B, p<0.0001 and p<0.001 in 213 

WT and KO mice, respectively), which may explain the observed reduction in kidney erythritol 214 

in WT animals fed HFD (Fig 3B). 215 

Adh1 knockout has no effect on plasma or tissue erythritol 216 

We next assessed the impact of loss of ADH1 on erythritol synthesis. ADH1 KO animals 217 

displayed normal body weight, caloric intake, body composition, and glucose tolerance 218 

compared to WT littermates (Fig. S5-S7). Loss of ADH1 did not impact fasting plasma erythritol 219 

levels at any time point (Fig. 5). Consistent with results in SORD animals, we also found no 220 

differences in plasma erythritol between diets (Fig. 5). Similarly, there was no effect of genotype 221 

or diet on tissue erythritol (Fig. 6A and 6B). We did not observe any differences in SORD or 222 

TKT expression in the liver or kidney between ADH1 WT and KO groups, regardless of diet 223 

(Fig. 7A and 7B). 224 

Erythritol synthesis is responsive to sucrose consumption even in the absence of changes of 225 

body weight or fasting blood glucose 226 

In SORD and ADH1 animal models, we observed no effect of HFD on circulating 227 

erythritol, despite significant body weight gain and impaired glucose tolerance in HFD fed mice. 228 

This suggests that erythritol synthesis in mice is not sensitive to hyperglycemia. Erythritol 229 

synthesis, then, may respond to diet-induced increases in glucose availability. To test this 230 

hypothesis, we provided plain drinking water or 30% sucrose solution to C57BL/6J mice fed 231 

HFD for two weeks.  232 

30% sucrose for two weeks did not affect body weight, although total caloric intake was 233 

significantly elevated (Fig. S8A and S8B, p<0.01).  Fasting blood glucose was not affected by 234 
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30% sucrose (S8C). There was no difference in fasted plasma erythritol between groups (Fig. 235 

S9A). Surprisingly, we found a 50% increase in non-fasted urine erythritol in mice fed 30% 236 

sucrose in drinking water (Fig. S9B p<0.05).  237 

 To evaluate the response of erythritol synthesis to diet more comprehensively, we utilized 238 

the addition of 30% sucrose in drinking water to LFD or HFD for eight weeks. As expected, 239 

mice fed HFD gained significantly more body weight over the course of 8 weeks compared to 240 

LFD (Fig. 8A). This was consistent in both HFD with water and HFD with 30% sucrose (Fig. 241 

8A, p<0.01 and p<0.001 respectively for effect of dietary fat). HFD also significantly increased 242 

body fat percentage compared to respective LFD controls (Fig. 8B, p<0.0001). There was a main 243 

effect of sucrose on body fat percentage, however, no significant differences were detected in 244 

pairwise comparisons (Fig. 8B, ANOVA main effect of sucrose p<0.05). Sucrose water 245 

significantly increased total caloric intake in mice fed LFD and HFD (Fig. 8C, p<0.01). This 246 

increase in total calories in mice fed sucrose water resulted from a 2-fold (LFD) and 4-fold 247 

(HFD) increase in carbohydrate intake compared to plain water controls (Fig. 8D, one-way 248 

ANOVA, p<0.0001 and p<0.001 respectively).  249 

 Dietary fat, but not sucrose water, contributed to changes in random and fasting blood 250 

glucose (Fig. 9A-9D). At 5 weeks of dietary treatment mice fed HFD with 30% sucrose had 251 

higher random blood glucose levels than LFD with 30% sucrose (Fig. 9B, p<0.05). Fasting blood 252 

glucose was significantly higher in mice fed HFD and HFD with sucrose water compared to 253 

respective LFD controls (Fig. 9D, p<0.05). There was no effect of sucrose water on fasting 254 

glucose or random glucose at any timepoint (Fig. 9A-9D).  255 

Plasma and urine erythritol are elevated in response to sucrose water 256 
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 After two weeks on experimental diets, sucrose in drinking water significantly increased 257 

non-fasted plasma erythritol on LFD (4.5-fold) and HFD (2.6-fold) compared to water controls 258 

(Fig. 10A, p<0.0001 and p<0.05 respectively). Additionally, there was a significant interaction 259 

between dietary fat and sucrose (Fig. 10A, ANOVA interaction p<0.05). Mice consuming LFD 260 

with 30% sucrose had over 60% higher plasma erythritol compared to HFD with 30% sucrose 261 

(Fig. 10A, p<0.01). The sucrose-induced increase in plasma erythritol was consistent at 2, 5 and 262 

8 weeks of dietary treatment in non-fasted samples (Fig. 10A, 10B, and 10C). Following a 5-263 

hour fast, there were no differences in plasma erythritol between any of the 4 experimental diets 264 

at the 7 week timepoint (Fig. 10D).  265 

 Urine erythritol levels paralleled plasma erythritol levels. After two weeks exposure to 266 

experimental diets, there was a significant interaction between the effect of dietary fat and 267 

sucrose on non-fasted urine erythritol (Fig. 11A, ANOVA interaction p<0.05). The LFD with 268 

30% sucrose group was significantly higher than both LFD controls and HFD with 30% sucrose 269 

(Fig. 11A, p<0.0001 and p<0.01). After 5 weeks and 8 weeks, both LFD with 30% sucrose and 270 

HFD with 30% sucrose excreted significantly more erythritol than their respective controls (Fig. 271 

11B and 11C). Consistent with plasma erythritol, there were no differences in fasted urine 272 

erythritol content (Fig. 11D).  273 

Plasma and urine sorbitol are increased by sucrose water 274 

We also assessed plasma and urine levels of sorbitol to determine if additional 275 

endogenous polyols exhibit the same response to sucrose consumption. The effect of diet on 276 

plasma sorbitol levels varied across the 4 measured timepoints (Fig S10A-S10D). At 2 weeks, 277 

there were significant main effects of fat and sucrose on plasma sorbitol, but no differences were 278 

detected in pairwise comparisons (Fig. S10A, ANOVA main effect of dietary fat p<0.05, main 279 
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effect of sucrose p<0.05). At 5 weeks, sucrose water significantly elevated plasma sorbitol 280 

compared to water controls on LFD and HFD (Fig. S10B, p<0.05). After 8 weeks, only mice fed 281 

LFD with 30% sucrose had elevated plasma sorbitol compared to LFD mice (Fig. S10C, 282 

p<0.001). In fasted mice, plasma sorbitol was higher in HFD mice compared to LFD mice with 283 

drinking water (Fig. S10D, p<0.05).  284 

Urine sorbitol was elevated at 2 weeks in the LFD with 30% sucrose group compared to 285 

both LFD and HFD with 30% sucrose (Fig. S11A, p<0.01 and p<0.05). After 5 weeks, both 286 

sucrose-fed groups had significantly higher urine sorbitol compared to water controls (Fig. S11B, 287 

p<0.05). There was a main effect of sucrose on urine sorbitol, but no significant pairwise 288 

comparisons of urine sorbitol after 8 weeks (Fig. S11C, ANOVA main effect of sucrose p<0.05). 289 

There were no differences in fasting urine sorbitol (Fig. S11D).  290 

The effect of sucrose water on tissue erythritol is tissue-dependent 291 

 The kidneys, liver, and quadriceps have previously been shown to synthesize erythritol 292 

(13). Under low- and high-fat dietary conditions, the kidneys contain the highest levels of 293 

erythritol per gram tissue, followed closely by the liver (13). We found no significant difference 294 

in liver erythritol in response to sucrose water exposure (Fig. 12A). In the kidney, sucrose water 295 

on both LFD and HFD caused a 3-fold increase in erythritol compared to respective controls 296 

(Fig. 12B, p<0.01). Unexpectedly, sucrose water also elevated quadriceps erythritol by more 297 

than 3-fold on both LFD and 2-fold on HFD (Fig. 12C, p<0.001).  298 

SORD deletion reduces tissue erythritol following exposure to sucrose water  299 

 Finally, we exposed SORD WT and KO animals to LFD with 30% sucrose for two 300 

weeks. We chose the SORD model based on the trend toward reduced fasted plasma erythritol on 301 

LFD and HFD (Fig. 2). We expected that increasing erythritol synthesis with dietary sucrose and 302 
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measuring non-fasted plasma may amplify the effect of Sord loss.  We found no difference in 303 

non-fasted plasma or urine erythritol between WT and KO mice (Fig. 13A and 13B). In tissues, 304 

there was a significant effect of genotype and tissue-type on erythritol content (Fig. 13C, 305 

ANOVA main effect of genotype p<0.01, main effect of tissue p<0.0001). Notably, the kidneys 306 

of KO animals contained 30% less erythritol than WT controls (Fig. 13C p<0.05).  There was no 307 

difference in quadriceps erythritol between genotypes. There was also no difference in body 308 

weight, food intake, or non-fasted blood glucose between genotypes (Fig. S12A-S12C). 309 

 310 

Discussion 311 

Surprisingly, we found no differences in plasma or tissue erythritol in mice lacking either 312 

Sord or Adh1 expression. This was true in both diet-induced obese (HFD-fed mice) and LFD-fed 313 

mice (Figures 2-6), though there was a trend toward a reduction in plasma erythritol in Sord-/- 314 

mice after 5 weeks (Figure 2B). There was also no evidence of compensation for SORD or 315 

ADH1 loss with an increase in protein levels of the alternative enzyme (Figures 4 and 7). This 316 

suggests that basal levels of ADH1 or SORD are sufficient to maintain erythritol synthesis when 317 

one is lost. 318 

In cell culture models, SORD knockdown reduces erythritol synthesis only under high-319 

glucose conditions (14). We hypothesized that SORD may also only be essential for erythritol 320 

synthesis when dietary sugar is in excess. To test this, we exposed SORD WT and KO mice to 321 

30% sucrose in drinking water for two weeks, a relatively short exposure that did not result in 322 

effects on body weight (Fig S12A). There was no effect of Sord genotype on plasma or urine 323 

erythritol in response to sugar overfeeding (Figure 12).  There was, however, a 30% reduction in 324 

kidney erythritol in SORD KO mice after sugar overfeeding. 325 
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Our findings also indicate that neither excess caloric intake from fat nor hyperglycemia 326 

are the driving factor in erythritol synthesis in young mice. Mice fed HFD exhibited elevated 327 

caloric intake, body weight gain, and fasting glucose compared to LFD controls with no 328 

significant difference in erythritol synthesis (Figures 8 and 10). In contrast, exposure to 30% 329 

sucrose in drinking water elevated non-fasted plasma and urine erythritol over the course of 8 330 

weeks (Figures 10 and 11). Mice fed LFD with 30% sucrose water consistently exhibited the 331 

highest plasma and urine erythritol content (Figures 10 and 11). These mice consumed more 332 

calories from sugar than any other dietary treatment (Figure 8D). Mice fed HFD with 30% sugar 333 

water also exhibited elevated non-fasting plasma and urine erythritol compared to water controls, 334 

but lower plasma and urine erythritol levels than mice consuming LFD with 30% sucrose 335 

(Figures 10 and 11). The difference between these sucrose-exposure groups is likely due to the 336 

amount of sugar water consumed in the LFD group, rather than an interaction between dietary fat 337 

and dietary sugar. On average, mice fed LFD with 30% sucrose consumed 55% more calories 338 

from sugar water than mice fed HFD with 30% sucrose (Fig 8D).  339 

Erythritol synthesis in vivo appears to be controlled by simple sugar consumption rather 340 

than total carbohydrate intake. This is supported by the comparison of plasma and urinary 341 

erythritol in LFD and HFD-fed mice. The LFD (10% FDC) contains more carbohydrates than the 342 

HFD (60% FDC). However, there is no difference in circulating erythritol levels between mice 343 

exposed to these diets (Figure 10). The primary carbohydrate source in the 10% FDC diet is 344 

cornstarch, which makes up 40% of the calories. Cornstarch is primarily composed of 345 

amylopectin, a branching, slowly digested chain of glucose that has a low glycemic index 346 

(18,19). Erythritol synthesis appears to respond to rapid (i.e. sucrose in drinking water) rather 347 

than slowly digestible carbohydrates. Other studies have shown differences between liquid and 348 
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solid sucrose administration on the metabolic response to sugar in mice (20,21). Further studies 349 

are required to determine if erythritol synthesis is consistently elevated by simple, not complex 350 

carbohydrate intake when controlling for mode of administration (liquid/solid).  351 

In humans, elevated erythritol in fasting plasma is a biomarker for cardiometabolic 352 

disease risk (1–3). Despite significant elevation in non-fasted circulating erythritol, we found no 353 

impact of diet on fasted plasma or urine erythritol levels (Figures 10C and 11C). There are 354 

several factors that may contribute to the lack of changes in fasting plasma erythritol in mouse 355 

models. This work was performed in young, healthy mice, whereas the human observational 356 

studies have largely been performed on middle-aged participants (2,3,5–8,10). These findings 357 

may also reflect species-specific differences in metabolism. Mice have an overall more rapid 358 

metabolism and higher glucose turnover compared to humans (22,23). In addition, fasting mice 359 

deplete available glucose more rapidly than humans and are more reliant on gluconeogenesis to 360 

maintain glucose homeostasis (22,23). The rapid depletion of glucose stores in fasting mice may 361 

limit the production of erythritol from glucose catabolism. To overcome the limitation of mouse 362 

models, future work in humans is required to determine if sugar consumption contributes to 363 

elevated fasting erythritol.  364 

Finally, we found that sucrose water elevated kidney and quadriceps erythritol content, 365 

while liver erythritol content was stable across all diets (Figure 12). Differences in liver 366 

erythritol may have been dampened by lipid accumulation on sucrose diets. During tissue 367 

erythritol quantification, polar metabolites are normalized to tissue wet weight, which is elevated 368 

by lipid deposition and may reduce the relative erythritol content per gram of tissue. Overall, 369 

however, it appears that the liver is not driving sucrose-induced erythritol synthesis.  Elevated 370 

kidney erythritol was an expected response based on previous work in human proximal tubule 371 
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cells in which high glucose media increased intracellular erythritol (14,24). Elevated circulating 372 

erythritol is also associated with markers of impaired kidney function (11,25).  373 

This is the first report of elevated erythritol in skeletal muscle in response to glucose 374 

availability (Figure 12C). This was unexpected based on the low expression and activity of 375 

pentose phosphate pathway enzymes in skeletal muscle and the relatively low quadriceps 376 

erythritol content compared to liver and kidneys (13,26,27). In humans, however, Lustgarten and 377 

Fielding recently observed a negative association between skeletal muscle density and serum 378 

erythritol levels (25). Pentose phosphate pathway enzymes have also been shown to increase in 379 

mouse skeletal muscle in response to high-fat diet exposure, and muscle glucose-6-phosphate 380 

dehydrogenase (G6PD) expression is associated with impaired glucose metabolism (26,28,29). 381 

Historically, increased PPP activity has been reported following skeletal muscle injury and in 382 

disordered skeletal muscle (30,31). Taken together, these findings suggestion that circulating 383 

erythritol may be indicative of impaired skeletal muscle metabolism.  384 

The skeletal muscle may also be a useful model for further understanding the regulation 385 

of erythritol synthesis. Although quadriceps appear to have lower erythritol content compared to 386 

the liver and kidneys, this represents a small percentage of total body skeletal muscle (13). 387 

Skeletal muscle is responsible for around 30% of postprandial glucose disposal (whereas the 388 

kidney disposes of only 7%) and may therefore contribute more to circulating erythritol levels 389 

than is captured by a single tissue sample (22). It is notable that the erythritol-synthesizing 390 

enzymes ADH1 and SORD were originally identified and purified from rabbit liver (12). Muscle 391 

ADH1 and SORD protein levels are relatively low, which makes it an ideal tissue to identify 392 

alternative enzymes that catalyze the conversion of erythrose to erythritol (32). The modest 393 
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expression of ADH1 and SORD in skeletal muscle may also have blunted the effect of 394 

Adh1/Sord knockout on plasma erythritol levels. 395 

A limitation of this study is that protein intake was not constant between the 30% sucrose 396 

and the water control groups. Ad libidum access to sucrose solution reduced solid food intake in 397 

both LFD with 30% sucrose and HFD with 30% sucrose mice, resulting in a decrease in protein 398 

intake. Future studies may be able to account for protein intake with pair feeding, which is 399 

beyond the scope of this work. Circulating erythritol was proportional to the amount of sucrose 400 

water consumed, suggesting that sucrose was the primary determinant of elevated erythritol 401 

levels in the present study. 402 

In conclusion, we found that sucrose intake significantly elevated erythritol synthesis and 403 

excretion in mice. Erythritol synthesis and excretion is a novel pathway for the disposal of 404 

glucose carbons when dietary sugar is in excess. Future studies in humans should assess if there 405 

is an association between simple sugar intake and erythritol in plasma and/or skeletal muscle. 406 
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 539 

Figures540 

 541 

Figure 1. Single base deletion in exon 4 eliminates liver and kidney SORD protein. SORD 542 

protein is absent in A) liver and B) kidney of 8-week-old KO mice. Data points represent tissues 543 

harvested from individual mice (n=3). ATUB: alpha tubulin; KO: knockout; SORD: sorbitol 544 

dehydrogenase; WT: wildtype. 545 
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 546 

Figure 2. Loss of SORD does not affect plasma erythritol in mice fed LFD or HFD. Plasma 547 

erythritol in SORD WT and KO mice following A) 2 weeks, B) 5 weeks, and C) 8 weeks of 548 

treatment with LFD or HFD. Data presented as mean ± SD. HFD: high-fat diet; KO: knockout; 549 

LFD: low-fat diet; WT: wildtype.  550 

 551 

Figure 3. Loss of SORD does not affect tissue erythritol in mice fed LFD or HFD. Relative 552 

erythritol content of A) liver and B) kidney of SORD WT and KO mice after 8 weeks on 553 

experimental diets. Data presented as mean ± SD. *p<0.05, **p<0.01. HFD: high-fat diet; KO: 554 

knockout; LFD: low-fat diet; WT: wildtype. 555 
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 556 

Figure 4. Sord genotype does not impact TKT or ADH1 levels in liver and kidney. 557 

Representative western blot and densitometry quantification of enzymes TKT and ADH1 in A) 558 

liver and B) kidney of SORD WT and KO mice after 8 weeks of dietary treatment. Data points 559 

represent tissue harvested from individual mice (n=2) and quantification is presented as mean ± 560 

SD. Differences between groups are analyzed by two-way ANOVA. *p<0.05, **p<0.01, 561 

***p<0.001, ****p<0.0001. ADH1: alcohol dehydrogenase 1; ATUB: alpha tubulin; HFD: high-562 

fat diet; KO: knockout; LFD: low-fat diet; SORD: sorbitol dehydrogenase; TKT: transketolase; 563 

WT: wildtype. 564 
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 565 

Figure 5. Plasma erythritol is not impacted by Adh1 knockout. Plasma erythritol in ADH1 566 

WT and KO mice following A) 2 weeks, B) 5 weeks, and C) 8 weeks of treatment with LFD or 567 

HFD. Data presented as mean ± SD. HFD: high-fat diet; KO: knockout; LFD: low-fat diet; WT: 568 

wildtype. 569 

 570 

Figure 6. Adh1 deletion does not significantly decrease liver or kidney erythritol. Relative 571 

erythritol content of A) liver and B) kidney of ADH1 WT and KO mice after 8 weeks on 572 

experimental diets. Data presented as mean ± SD. HFD: high-fat diet; KO: knockout; LFD: low-573 

fat diet; WT: wildtype. 574 
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 575 

Figure 7. Adh1 genotype does not impact TKT or SORD expression in liver and kidney.  576 

Representative western blot and densitometry quantification of enzymes TKT and SORD in A) 577 

liver and B) kidney of ADH1 WT and KO mice after 8 weeks of dietary treatment. Data points 578 

represent tissue harvested from individual mice (n=2) and quantification is presented as mean ± 579 

SD. Differences between groups are analyzed by two-way ANOVA. ADH1: alcohol 580 

dehydrogenase 1; ATUB: alpha tubulin; HFD: high-fat diet; KO: knockout; LFD: low-fat diet; 581 

SORD: sorbitol dehydrogenase; TKT: transketolase; WT: wildtype. 582 
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 583 

Figure 8. Sucrose in drinking water significantly increased caloric intake, body weight and 584 

fat percentage. A) Weekly body weight in grams, asterisks indicate p-value comparing LFD to 585 

HFD and LFD + 30% sucrose to HFD + 30% sucrose, respectively, at the 8-week timepoint. B) 586 

Body fat percentage following 8 weeks of dietary treatment measured by NMR. C) Total 587 

cumulative caloric intake in kilocalories (kcal). D) Proportion of total caloric intake from 588 

protein, carbohydrates, and fat in each experimental diet. Asterisks represent results of a one-way 589 

Welch’s ANOVA comparing cumulative intake from carbohydrates. Data are expressed as mean 590 

± SD. **p<0.01, ***p<0.001, ****p<0.0001. CHO: carbohydrate; HFD: high-fat diet; LFD: 591 

low-fat diet; PRO: protein.  592 
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 593 

Figure 9. Sucrose in drinking water did not significantly impact fed or fasted blood glucose. 594 

Blood glucose in non-fasted mice at A) 2 weeks, B) 5 weeks, and C) 8 weeks of diet treatment. 595 

D) Blood glucose in fasted mice after 7 weeks of dietary treatment. Data are presented as mean ± 596 

SD. *p<0.05. HFD: high-fat diet; LFD: low-fat diet. 597 
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 598 

Figure 10. Plasma erythritol is significantly elevated by sucrose in fed, but not fasted mice. 599 

Plasma erythritol in non-fasted mice at A) 2 weeks, B) 5 weeks, and C) 8 weeks of diet 600 

treatment. D) Plasma erythritol in fasted mice after 7 weeks of dietary treatment. Data are 601 

presented as mean ± SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. HFD: high-fat diet; 602 

LFD: low-fat diet. 603 
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 604 

Figure 11. Urinary erythritol is elevated by sucrose in drinking water in fed mice. Relative 605 

urinary erythritol in non-fasted mice at A) 2 weeks, B) 5 weeks, and C) 8 weeks of diet 606 

treatment. D) Relative urinary erythritol in fasted mice after 7 weeks of dietary treatment. 607 

Erythritol was normalized to urinary creatinine content. Data are presented as mean ± SD. 608 

**p<0.01, ***p<0.001, ****p<0.0001. HFD: high-fat diet; LFD: low-fat diet. 609 
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 610 

Figure 12. Sucrose significantly elevates erythritol in kidney and quadriceps. Relative 611 

erythritol content of A) liver, B) kidney, and C) quadriceps of mice following 8 weeks of dietary 612 

treatment. Data are presented as mean ± SD. **p<0.01, ***p<0.001. HFD: high-fat diet; LFD: 613 

low-fat diet. 614 
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 615 

Figure 13. SORD null animals have reduced tissue erythritol in response to sucrose 616 

overfeeding. A) Non-fasted plasma erythritol, B) relative urine erythritol, and C) relative tissue 617 

erythritol in SORD WT and KO mice exposed to LFD with 30% sucrose. Data are presented as 618 

mean ± SD. *p<0.05. KO: knockout; WT: wildtype.  619 
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