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Abstract 

Background: Visceral obesity is known to negatively correlate with insulin sensitivity 

(IS), contributing to metabolic syndrome (MetS) and type 2 diabetes (T2D). It has pri-

marily been attributed to the insulin resistance (IR) of peripheral tissues and mitochon-

drial dysfunction in adipose tissue. Notably, previous studies indicated that Aldehyde 

dehydrogenase 6 family member A1 (ALDH6A1), an enzyme of valine catabolism, is 

associated with IR and mitochondrial oxidative pathways in obese patients with T2D. 

ALDH6A1 has been identified as a novel marker in the progression of T2D. Thus, it can 

be concluded that ALDH6A1 may regulate IS or oxidative phosphorylation (OXPHOS) 

pathways and therefore affect metabolism; however, no mouse model for ALDH6A1 has 

been described. 

Methods: A constitutive Aldh6a1-deficient mouse model (Aldh6a1-/-) generated via 

CRISPR-Cas9 technique was screened for tissue expression of Aldh6a1. Furthermore, 

male Aldh6a1-/- mice and wild type littermates (WT) were characterized during 12 weeks 

of normal diet (ND) or high-fat diet (HFD) to identify metabolic changes. Additionally, we 

measured their mitochondrial respiration and OXPHOS complexes ex vivo to evaluate 

mitochondrial function.  

Results: In Aldh6a1-/- mice, fasting glucose concentration was improved. Moreover, 

HFD-fed Aldh6a-/- mice revealed a downregulation of genes involved in branched chain 

amino acid (BCAA) and glucose transport in skeletal muscle, accompanied by a general 

lean mass increase. In addition, improved oxidative phosphorylation in adipose tissue 

and increased hepatic mitochondrial flexibility were observed in Aldh6a1-/- mice under 

HFD. However, insulin sensitivity of peripheral tissues was not altered either on ND or 

HFD. 

Conclusion: Aldh6a1-/- mice exhibited a slightly improved glucose metabolism during 

diet-induced obesity. However, against expectations, ALDH6A1 deficiency did not dete-

riorate the characteristics of obesity. 
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Zusammenfassung 

Hintergrund: Adipositas korreliert mit der Abnahme von Insulinsensitivität (IS) und trägt 

zu Metabolischem Syndrom (MetS) sowie Typ-2-Diabetes (T2D) bei. Insulinresistenz 

(IR) der peripheren Gewebe sowie mitochondriale Dysfunktion im Fettgewebes wird 

primär der Adipositas zugeschrieben. Studien zeigten, dass ALDH6A1, ein Mitglied der 

Aldehyddehydrogenase 6-Familie A1 (ein Enzym im Valin-Abbau, eine entscheidende 

Rolle bei IR- und mitochondrialen oxidativen Signalwegen bei adipösen Patienten mit 

T2D spielen. ALDH6A1 wurde als möglicher, neuer Marker für eine Progression von 

T2D identifiziert. Daher könnte Aldh6a1 eine bedeutende Rolle bei Insulinsensitivität 

und den Signalwegen der oxidativen Phosphorylierung spielen und damit den 

Stoffwechsel beeinflussen Bisher wurde jedoch kein Mausmodell für ALDH6A1 

beschrieben oder detailliert untersucht, welche Rolle ALDH6A1 im Stoffwechsel besitzt. 

Methoden: Ein konstitutives Aldh6a1-defizientes Mausmodells (Aldh6a1-/-), erzeugt 

mittels CRISPR-Cas 9, wurden auf die Expressionslevel von Aldh6a1 in verschiedenen 

Geweben untersucht. Des Weiteren wurden männliche Aldh6a1-/- Mäuse und Wildtyp-

Wurfgeschwister (WT) unter einer zwölfwöchigen Normal- (ND) und Hochfettdiät (HFD) 

charakterisiert, um metabolische Veränderungen zu identifizieren. Zusätzlich wurde 

deren mitochondriale Respiration und Schlüsselproteine der Atmungsketten ex vivo 

analysiert, um die Funktion der Mitochondrien und die oxidative Phosphorylierung unter 

Aldh6a1 Defizienz zu beurteilen. 

Ergebnis: Unsere Analysen ergaben, dass Aldh6a1-/- Mäuse eine verbesserte 

Blutglukose unter Fasten aufweisen. Weiterhin konnten wir zeigen, dass Aldh6a1-/- 

Mäuse unter HFD eine reduzierte Expression von Gene, die im verzweigtkettigen 

Aminosäurestoffwechsel (BCAA) und an der Regulation von Glukosetransportern im 

Muskel beteiligt sind, und eine erhöhte Zunahme von fettfreier Körpermasse haben. 

Darüber hinaus wurden bei Aldh6a1-/- Mäusen unter HFD eine verbesserte oxidative 

Phosphorylierung im Fettgewebe und eine erhöhte mitochondriale Flexibilität in der 

Leber entdeckt. Allerdings veränderten weder die HFD- noch die ND-Intervention die 

Insulinsensitivität peripherer Gewebe bei Aldh6a1-/- Mäusen. 

Schlussfolgerung: ALDH6A1 zeigte ein verbessertes Stoffwechselprofil unter HFD-

induzierte Adipositas. Entgegen der Vordatenlage verstärkte die ALDH6A1 Defizienz 

nicht die Folgen einer Adipositas. 
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1  Introduction 

1.1 Metabolic disease  

Metabolic pathways convert nutrients into energy to maintain cellular processes, tissue 

growth, cell survival and regeneration. The three branches of metabolism, represented 

by protein, lipid and carbohydrate, regulate whole-body energy balance. Metabolic 

characteristics often reveal the body’s state of health and enable early lifestyle modifica-

tion as same as avoidance of risk factors to prevent metabolic disease. Excessive nutri-

tion in combination with reduced physical activity promotes metabolic disorders, such as 

obesity, T2D and metabolic syndrome.  

1.1.1 Obesity 

The excess body fat accumulation which characterizes obesity is measured according 

to the WHO by body mass index (BMI), waist circumference, skinfold thickness or bi-

oimpedance. BMI is widely utilized by epidemiological studies. The WHO has issued the 

following classifications: BMI >25: overweight; BMI>30: obese1. 13% of adults were 

overweight or obese in 2016 and 39 million children were overweight in 20202. Indeed, 

the trend of increasing rates continues and is predicted to rise by 2025 with an obesity 

prevalence of 18% for men and 21% for women3. Early identification and intervention 

are clearly suitable strategies for a better quality of health and life. 

Fat deposition patterns are divided into visceral adipose tissue (VAT) that co-

vers/surrounds inner organs and subcutaneous adipose tissue (SAT). Both VAT and 

SAT have significance for health consequences. In line with this, patients with multiple 

symmetric lipomatosis and lipedema who predominantly have SAT show better meta-

bolic profiles4,5, whereas accumulation of VAT is positively correlated with insulin re-

sistance (IR), dyslipidemia, and inflammation6. VAT stores excess lipid predominantly 

through hypertrophy of adipocytes, while SAT regulates transcription factors, such as 

peroxisome proliferator-activated receptor-γ (PPARγ) and CCAAT/enhancer binding 

protein-α (C/EBPα), to promote differentiation of pre-adipocytes for hyperplasia7. As 

obesity progresses, white adipose tissue (WAT) fails to store surplus lipid, which is de-

posited ectopically. 

The chronic inflammation state of obesity drives the development of IR which, in turn, 

decreases the anti-lipolytic effect of insulin on WAT, increasing FFAs in circulation. If 
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FFAs surpass the maximal β-oxidative capacity of WAT, fat accumulates in non-adipose 

tissues, such as liver, muscle, heart, and pancreas. Hypertrophic WAT becomes dys-

functional and inflammatory factors (TNF-α, interleukin 6 (IL6), IL-8 and monocyte 

chemoattractant protein (MCP-1)) are elevated, while anti-inflammatory factors such as 

IL-10 are reduced8. Dysfunctional WAT also upregulates the production of adipokines, 

such as leptin and resistin, while adiponectin release declines. High leptin levels have 

occasionally been identified as a risk factor for central obesity, hypertension and  meta-

bolic syndrome (MetS)9,10, whereas adiponectin is thought to protect β-cells and pre-

serve insulin sensitivity11,12. Low-grade inflammation impairs insulin signaling and is 

positively correlated with adipogenesis and remodeling13. Thus, obesity and its fat dis-

tribution are associated with adverse metabolic effects and contribute to developing 

T2D, and finally MetS. 

1.1.2 Type 2 Diabetes (T2D) 

Diabetes is a heterogeneous disease involving chronic hyperglycemia and the metabol-

ic disorders of lipids, proteins and carbohydrates homeostasis14. T2D is strongly related 

to a history of family obesity and characterized by insulin deficiency or dysfunction15. Its 

common symptoms include thirst, hunger, passing more urine extreme fatigue, blurry 

vision, cut/bruises that are slow to heal and tingling/pain/numbness in the hands/feet. 

Examination shows hyperglycemia in the blood. As T2D progresses, it would trigger the 

micro- and macro-vascular complications, including coronary heart disease and periph-

eral neuropathy, long known for their contribution to CVD. In addition, diabetic foot and 

infectious diseases are also common in patients with elevated blood glucose, all of 

which combine to increase mortality from T2D16. 

A recent epidemiological survey estimated that 451 million people currently suffer from 

diabetes, which will increase to 693 million by 204517. T2D accounts for around 90% of 

diabetes cases18. Differences in the prevalence of T2DM remain in the developed and 

developing world. Rates show modest increases in the United States and Japan, but 

much steeper changes in China and India (9.7% and 12.1%, respectively)19,20. Moreo-

ver, T2D rates are rising in children, teenagers and adolescents, following the trend of 

obesity in three groups)21. 

Some susceptibility loci have been identified by genome-wide association studies 

(GWAS)22-28, and only 10% of variance in glycemic genetic traits could be correlated 

with T2DM29. Transcriptomic studies have revealed further genes related to T2D and 
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obesity30. there are some high-risk factors for T2D, such as obesity, incretin effects, 

changes in gut microbiota, immune dysregulation and inflammation, have exposed po-

tential therapeutic targets31. Microbial dysbiosis may activate defense mechanisms, 

such as anti-microbial and oxidative stress exacerbating the pro-inflammatory state32. 

Vitamin D and K1 deficiency also adversely affect glycemia control33 and insulin sensi-

tivity (IS)34. However, obesity is the highest risk of developing T2D, especially visceral 

obesity. Obesity is always caused by sedentary lifestyles and energy-dense diets. In the 

clinic, most T2D patients are overweight and accompanied with IR, while their IR would 

be improved after healthy life control and exercise regularly35,36. 

In summary, T2D incidence has increased along with obesity. Obesity is not only the 

strongest risk factor for T2D but also contributes to developing MetS.  

 

 

Figure 1 An overview of risk factors, mechanism and blood vessel complications of T2DM. Risk 

factors (A), mechanism (B), blood vessel complications (C). Created with BioRender.com. 
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1.1.3 Metabolic syndrome (MetS) 

MetS, also known as syndrome X, is a metabolic disorder, including abdominal obesity, 

IR/T2D, dyslipidemia and hypertension. The rising numbers of MetS have attracted 

global attention, although the condition has diverse definitions (Tab. 1)37. The US Na-

tional Health and Nutrition Examination Survey (NHNES) identified an increase in inci-

dence from 25.3% to 34.2% in US adults, particularly among non-Hispanic white men 

(higher rates than in non-Hispanic black men)38 and non-Hispanic black women (higher 

rates than in non-Hispanic white women38. The prevalence of MetS rose by 10.6% in 

urban China and by 5.3% in rural areas39. South-east Asia has, hitherto, a lower inci-

dence of MetS, probably due to economic factors, but rates are catching up with those 

of the Western world. 

Table 1 The three most popular definitions of MetS. IR: insulin resistance, BMI: body mass in-

dex, HDL: high-density lipoprotein. WHO: World Health Organization, NCEP ATPIII: National 

Cholesterol Education Program-Adult, IDF: international diabetes federation. 

 WHO 1999 NCEP ATPIII 2005 IDF 2006 

Criteria Requirement (*) + two or 

more of the following 

Three or more of the 

following: 

Requirement (*) + two or 

more of the following: 

Obesity Waist/hip ratio >0.9 in 

me, >0.85 in women, or 

BMI >30 kg/m2 

Waist >102 cm in 

men, >88 cm in women 

*Waist >94 cm in 

men, >80 cm in women 

Blood 

glucose 

*IR or glucose >6.1 

mmol/L (110 mg/dl), 2h 

glucose >7.8 mmol/L 

(140 mg/dl) 

Glucose >5.6 mmol/L 

(100 mg/dl) or drug 

treatment 

Glucose >5.6 mmol/L 

(100 mg/dl) or diabetes 

HDL 

cholesterol 

<0.9 mm/L (35 mg/dl) in 

men, <1.0 mml/L (40 

mg/dl) in women 

<1.0 mml/L (40 mg/dl) in 

men, <1.3 mml/L (50 

mg/dl) in women or drug 

treatment 

<1.0 mml/L (40 mg/dl) in 

men, <1.3 mml/L (50 

mg/dl) in women or drug 

treatment 

Triglycerides <1.7 mml/L (150 mg/dl) <1.7 mml/L (150 mg/dl) or 

drug treatment 

<1.7 mml/L (150 mg/dl) 

Blood 

pressure 

>140/90 mmHg >130/85 mmHg or drug 

treatment 

>130/85 mmHg or drug 

treatment 
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Currently, the pathophysiology of MetS is complex and remains mostly unclear. Its eti-

ology is based on a cluster of distinct pathologies associated with visceral obesity, IR 

(which often coincide) and dyslipidemia. The development of MetS is generally consid-

ered to be the interaction of IR with fatty acid flux40. The misfunction of insulin to inhibit 

lipolysis in adipose tissue drives the accumulation of free fatty acids (FFAs) in the circu-

lation. A vicious cycle results from chronic inflammation induced by high FFAs which 

stimulate the production of tumor necrosis factor alpha (TNFα), interleukin 6 (IL-6), and 

increased levels of apolipoprotein B, which contributes to low-density lipoprotein (LDL) 

generation and indirectly aggravates IR41. Pancreatic β cells compensate for IR in liver 

and peripheral tissues by an increased output of insulin and the resulting hyperinsu-

linemia promotes the expression of transcription factors, i.e, forkhead box protein o1 

(Foxo1) and sterol regulatory element binding protein (Srebp-1), which contribute to he-

patic steatosis and hypertriglyceridemia42. Excessive FFAs are lipotoxic to pancreatic β 

cells and contribute to the development of T2D and hyperlipidemia. Adipose tissue se-

cretes a range of cytokines, including IL-6, TNFα, adipokines, adiponectin and leptin. 

Increasing IL-6 drives the production of C-reactive protein (CRP) and fibrinogen, leading 

to the prothrombotic state43, while TNFα induces inactivation of the insulin receptor and 

reduces adiponectin secretion44. Thus, the progression of obesity reduces the produc-

tion of the anti-inflammatory and anti-atherogenic, adiponectin, whereas leptin levels 

increase. The abundance of pro-inflammatory cytokines, in combination with IR, con-

tributes to the activation of the rennin-angiotensin system (Ras), leading to hypertension 

and cardiovascular disease (CVD)45. 

1.2 The correlation of obesity between MetS and T2D  

Central obesity is known to contribute to T2D and correlate with MetS following a com-

pensation period of hyperinsulinemia and a decompensation period of hyperglycemia. 

During compensation, WAT releases inflammatory factors and adipokines promoting IR 

in liver and peripheral tissues. Thus, insulin fails to inhibit WAT lipolysis and plasma 

FFAs further impairing insulin signaling. Hepatic insulin clearance is downregulated by 

impairment of CEACAM146 and the pancreas secretes higher, compensatory amounts 

of insulin. Pancreatic lipotoxicity plus islet inflammation due to CD68+ and CD11+ mac-

rophages can lead to a drop in insulin secretion47. The point at which pancreatic com-
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pensation fails to maintain euglycemia marks the commencement of the decompensa-

tion period and development of T2D.  

1.3 Branched-chain amino acids (BCAA) and insulin resistance in obesity or T2D  

There is an increasing awareness of the crucial role of branched-chain amino acids 

(BCAAs) dysfunction as potential biomarkers for development of obesity-induced dis-

eases like MetS, T2D, and CVD48,49. 

BCAAs, including valine, leucine and isoleucine, account for 35-40% of the essential 

amino acid content of muscle protein in mammals and humans50. The interplay of hy-

perlipidemia and BCAA dysfunction may contribute to obesity and T2D, and elevated 

circulatory BCAAs have been identified as their predictors51,52. Indeed, mice fed a diet 

low in BCAA exhibit lower body weight, fat gain and higher energy expenditure53. Fur-

thermore, mice during diet-induced obesity revealed improved body composition, glu-

cose tolerance and insulin sensitivity if dietary Isoleucine or valine were restricted, alt-

hough leucine restriction had no effect54. Intermediates of BCAA catabolism, including 

glutamine, alanine, 3HIBA55, and C3/C5 acylcarnitines56, are known to related to insulin 

action in obesity57,58 , and a potential mechanism is the overactivation of the mTOR-

S6K1 pathway, which inhibits IRS-1 and causes a negative feedback loop in obese indi-

viduals59-61. Further investigations are required to fully elucidate the mechanisms in-

volved. 

1.4  Aldehyde dehydrogenase 6 family member A1 (Aldh6a1)  

Members of the aldehyde dehydrogenase (ALDH) superfamily play a critical role in pro-

tecting cells against the cytotoxic and carcinogenic effects of aldehydic compounds62. 

Aldehyde dehydrogenase 6 family member A1 (Aldh6a1, UniProtKB-Q02252) is located 

on chromosome 14q24 and encodes the enzyme methylmalonate semialdehyde dehy-

drogenase (MMSDH, OMIM: 614105) which catalyzes the irreversible oxidative decar-

boxylation of malonate and methylmalonate semialdehydes to acetyl-CoA and propio-

nyl-CoA during valine and pyrimidine catabolism. The enzyme is abundant in rat kidney, 

liver, heart, muscle, and brain, and the mRNA expression of kidney is higher than liver63. 

Clinical MMSDH deficiency is characterized by homozygous or compounds heterozy-
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gous mutation of the Aldh6a1 gene64-67, although additional homozygous variants have 

also been identified68.  

 

Figure 2 Overview of branched chain amino acid catabolism (BCAA) and Aldh6a1 function. 

3MGH: 3-methylglutaconic acid, MHBD: 2-methyl-3-hydroxybutyryl-CoA dehydrogenase, 

HIBCH: 3-hydroxyisobutyrate dehydrogenase, 3-HIBA: 3-hydroxyisobutyric acid, HIBDH: hy-

droxyisobutyrate dehydrogenase, AIBA: aminoisobutyric acid, MMSA: methylmalonic semialde-

hyde, MMSDH: methylmalonate semialdehyde dehydrogenase, PCCA: propionyl-CoA carbox-

ylase, MMUT: methylmalonyl-CoA mutase, SCS: succinyl-CoA synthetase. (Created with Bio-

Render.com) 

1.4.1 Studies investigating valine metabolism show opposing effects 

Aldh6a1 is crucial for valine and thymine catabolism, producing propionyl-CoA, which 

enters the TCA (tricarboxylic acid) cycle. The catabolites of valine and thymine include 

3-hydroxyisobutyric acid (3-HIBA) and aminoisobutyric acid (AIBA). Increased BCAA 

catabolic flux leading to elevated 3-HIBA has been shown to increase trans-endothelial 

FA import into muscle55. The knockdown of enzymes involved 3-HIBA formation caus-

ing WAT and BAT lipid accumulation69. Supraphysiological 3-HIBA treatment has been 

shown to inhibit mitochondrial oxidation and glycolytic metabolism in myotubes70, while 

AIBA stimulates hepatic fatty acid β-oxidation and WAT browning, which also are nega-
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tively related to cardiometabolic risk factors71. Therefore, it seems that intermediates of 

valine have opposing effects on the metabolic profile. 

1.4.2 The clinical case reports, related diseases and research outcomes of ALDH6A1 

mutation 

MMSDH deficiency is a rare autosomal recessive disease. To date, 7 case reports of 

patients with ALDH6A1 mutation have been published. An overview of clinical parame-

ters and treatments are summarized here (Tab. 2). In 1985, a mutation in the MMSDH 

coding region changing arginine to glycine was identified in a 3-week-old boy with high-

er urinary excretion of 3-hydroxypropionic acid, 2-hydroxymethyl butyric acid, 2-

ethylhydracrylic acid, β-alanine and 3-amino isobutyric acid being found64. Between 

1991 and 2020, further cases of disparate ALDH6A1 mutations were identified with 

strikingly different metabolic profiles, but all showed elevated urinary 3-HIBA, aminoiso-

butyric acid (AIBA) and β-alanine65-67. 

Table 2 Features of published MMSDH case reports. EEG: electroencephalogram; ECG: elec-

trocardiogram; MRI: magnetic resonance imaging; OCR: oxygen consumption rate. 

Case 

reports 

Patients 

(age/sex) 

Clinical 

manifesta-

tion 

Brain devel-

opment 

Examination altera-

tions 

Treatment/ 

outcome 

1985 

Pollott 

et al.64 

17 days 

Male 

Diarrhea and 

vomiting 

Normal Urine: β-alanine ↑, 3-

HIBA ↑, 3-AIBA ↑, 3-

Hydroxypropionate ↑ 

2-butyruc acid ↑; 

Plasma: methionine 

↑ 

Low-methionine 

diet; Biotin, thi-

amin, hydrochlo-

ride, pyridoxine, 

folic acid and 

hydroxocobala-

min treatment 

1991 Ko 

et al.72 

6 years 

Male 

Vomiting, 

acidosis and 

dehydration 

Failure to 

thrive; EEG: 

the persistent 

vertex spike 

discharge 

Muscle biopsy: Type 

I (68%) >Type II 

(32%); Electron mi-

croscopy: glycogen 

↑; ECG: hypertrophy; 

Echo: normal; Urine: 

lactate ↑, 3-HIBA ↑, 

3-AIBA ↑; Plasma: 

creatinine ↑ 

Carnitine treat-

ment; Protein 

restriction diet 
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1998 

Roe et 

al.73 

18 months 

Male (A); 

20 months 

Male (B) 

Recurrent 

emesis (A); 

Development 

delay (B) 

Skull films; 

EEG, MRI: 

Normal (B) 

Plasma: MMA ↑ (A); 

Urine amino acid, 

EEG, Skin fibro-

blasts: Normal (B) 

Surgery (gut-

malrotation and 

Meckel’s diver-

ticulum) 

2001 

Shield 

et al.65 

Newborn 

Female 

Microphthal-

mia with 

cataracts and 

hypotonia 

MRI: Delayed 

myelination 

thin corpus 

callosum 

Plasma: lactate ↑ 

Urine: 3-HIBA ↑ 

3-Hydroxypropionate 

↑ 

Protein re-

striction diet; 

carnitine sup-

plementation 

2012 

Sass et 

al.66 

12 months 

Male (A); 

Newborn 

Female (B) 

Developmen-

tal delay (A); 

Microphthal-

mia with 

cataracts and 

hypotonia (B) 

No examina-

tion reported 

Urine: β-alanine ↑ 3-

HIBA ↑, 3-AIBA ↑, 3-

Hydroxypropionate ↑ 

Death: Hepatic 

encephalopathy 

(A) 

2019 

Aghajan

pour et 

al.74 

4 years 

male 

Cardiac dis-

ease (mild 

dilatation of 

left ventricle 

and left atri-

um-mitral 

value regur-

gitation) 

No examina-

tion reported 

Urine: β-alanine ↑, 3-

HIBA ↑, 3-

Hydroxypropionate ↑; 

Plasma: Lactate, 

pyruvate, TC, TG↑ 

Valine restriction 

diet 

2020 

Do-

browol-

ski et 

al.68 

Newborn 

female 

Weight loss, 

gas-

troesopha-

geal reflux, 

mild hypoto-

nia 

MRI: normal Plasma/urine: β-

alanine ↑,3-HIBA↑, 3-

AIBA ↑; Urine: 3-

Hydroxypropionate ↑; 

Fibroblast cells: Ba-

sal OCR ↓, ATP pro-

duction ↓; Superox-

ide in mitochondrial ↑ 

Valine restriction 

diet 

 

Transcriptomic studies of VAT and SAT from obese women with normal glucose toler-

ance (NGT) or T2D implicated down-regulation of the acetyl-CoA network in the patho-

physiology of T2D. Four novel genes involved in acetyl-CoA metabolism were shown to 

be linked to T2D and weight loss-related recovery: ALDH6A1, ACAT1, ACACA and 

MTHFD175. Moreover, ALDH6A1, which is involved in oxidative phosphorylation, has 

been identified as a risk marker for T2D and obesity76,77. Diabetes is not only associated 

with increased circulating BCAAs78,79 but also with those of the valine degradation prod-
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ucts, 3-HIBA or ABIA69. Recently, lower ALDH6A1 has been identified as a new marker 

of muscle IR80. ALDH6A1 has also been linked to reactive oxygen species (ROS) and 

nitric oxide (NO) production, hepatocellular carcinoma (HCC), and renal cell carcinoma. 

ALDH6A1 was identified as a cerebrospinal fluid (CSF) biomarker for Alzheimer’s dis-

ease in mice and humans81, 82, 83. In conclusion, a clinical and potential biochemical 

phenotype has been assigned the MMSDH deficiency and there is evidence for the 

function of ALDH6A1. However, further investigations are still required to elucidate its 

role in IR and oxidative phosphorylation fully. 

1.5  Hypothesis and objectives  

Although ALDH6A1 has been described as an obesity/T2D risk gene, there is barely 

any information about its role in IS and oxidative phosphorylation during obesity and 

T2D. The contribution of ALDH6A1 to insulin resistance (IR) still needs to be clarified. 

To investigate the metabolic features of Aldh6a1, we established an Aldh6a1-deficient 

mouse model (Aldh6a1-/-) using CRISPR/Cas 9 in our lab. Our objectives were metabol-

ic profile, IS and oxidative phosphorylation in Aldh6a1-/- mice. This involved characteri-

zation of expression in male and female tissues to evaluate the metabolic profiles in 

Aldh6a1-/- mice with high fat diet-induced obesity (DIO); It was further verified whether 

Aldh6a1-/- mice alter IS and mitochondrial oxidative phosphorylation (OXPHOS). 
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2 Methods 

2.1 Materials 

Table 3 Buffers 

Buffer Reagent Final concentration 

RIPA NaCl 150mM 

PH: 8 Tris 50mM  

 Triton 1% 

 Sodium deoxycholate 1% 

 EDTA 5mM 

 In H2O  

10x Running buffer Tris base 250mM 

PH: 8.3 Glycine 1.92M 

 SDS 2% 

 In H2O  

10x Transfer buffer Tris base 250mM 

 Glycine 1.92M 

 SDS 2% 

 In H2O  

10x TBS Tris Base 200mM 

PH: 7.6 NaCl 1.5M 

 In H2O  

1x TBST 10x TBS 

Tween 20 

1x 

0.1% 
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Homogenization-buffer 

 

Saccharose 

HEPES 

EDTA 

250mM 

20mM 

1mM 

KRBH buffer 

PH: 7.4 

HEPES 

KH2PO4 

MgSO4 

CaCl2 

NaCl 

KCl 

20mM 

5mM 

1mM 

1mM 

136mM 

4.7mM 

 

Table 4 Antibodies for Western blots 

Antibody Source Dilution Catalog number  

ALDH6A1 Santa Cruz 1:1000, 5% BSA Sc-365160 

Beta-actin (β-actin) Cell signaling 1:1000, 5% BSA 4970 

Alpha-tubulin (α-Tubulin) NEB 1:1000, 5% BSA 2144 

GAPDH Cell signaling 1:1000, 5% BSA 2118 

Phosphorylated AKT 

Tyr403 (pAKT) 

Cell signaling 1:1000, 5% BSA 9271 

AKT Cell signaling 1:1000, 5% BSA 9272 

OXPHOS Abcam 1:1000, 5% skim milk Ab110413 
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Table 5 Primer sequence for RT-PCR. 

Gene Orienta-

tion 

Sequence 

Aldehyde dehydrogenase 6 

family member 1(Aldh6a1 PM)  

Fwd 

Rev  

5-AGCCGTTGAGTCCTGCAAAC-3 

TCCCTTGTTCCAGTGTGATTAAC 

Aldehyde dehydrogenase 6 

family member 1(Aldh6a1 

HRM) 

=>genotyping 

Fwd 

Rev 

5-TGTGTACCACTGCATCAGACA-3 

TGATGAGGAAGAGAAGGAGGA 

Propionyl-Coenzyme A car-

boxylase, alpha (Pcca) 

Fwd 

Rev 

5-TTCATACCAATGCCTAGTGGTGT-

3 

GACAGCCTCATCCGCCATTTT 

Methylmalonyl-Coenzyme A 

mutase (Mmut) 

Fwd 

Rev 

5-TTTTTGCTATCGCCCCATTACC-3 

CCTCTGGGTTTTTGCCTTTCAG 

Succinate-Coenzyme A ligase, 

ADP-forming (Scs) 

Fwd 

Rev 

5-ACCCTTTCGCTGCATGAATAC-3 

CCTGTGCCTTTATCACAACATCC 

Branched chain ketoacid de-

hydrogenase E1, alpha (Bck-

dha) 

Fwd 

Rev 

5-CTCCTGTTGGGACGATCTGG-3 

CATTGGGCTGGATGAACTCAA 

Branched chain aminotrans-

ferase 1 (Bcat1) 

Fwd 

Rev 

5-CCCATCGTACCTCTTTCACCC-3 

GGGAGCGTGGGAATACGTG 

Branched chain aminotrans-

ferase 2 (Bcat2) 

Fwd 

Rev 

5-CAGCCACACTAGGACAGGTCT-3 

CAGCCTTGTTATTCCACTCCAC 

Beta actin   

(β-actin) 

Fwd 

Rev 

5-GCCAACCGTGAAAAGATGACC-3 

CCCTCGTAGATGGGCACAGT 

https://www.thermofisher.com/order/catalog/product/10336022?tsid=Email_POE_OC_OrderConfirm%20%20_SKULINK
https://www.thermofisher.com/order/catalog/product/10336022?tsid=Email_POE_OC_OrderConfirm%20%20_SKULINK
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Peptidylprolyl isomerase A  

(Ppia) 

Fwd 

Rev 

5-TCAACCCCACCGTGTTCTTC-3 

CCAGTGCTCAGAGCTCGAAA 

18S ribosomal RNA   

(18s) 

Fwd 

Rev 

5-TTGACGGAAGGGCACCACCAG-3 

GCACCACCACCCACGGAATCG 

Glucose-6phosphatase  

(G6pc) 

Fwd 

Rev 

5-CGAGGAAAGAAAAAGCCAAC-3 

GGGACAGACAGACGTTCAGC 

Peroxisome proliferator-

activated receptor gamma 

(Pparg) 

Fwd 

Rev 

5-CCCTGGCAAAGCATTTGTAT-3 

ACCTCTTTGCTCTGCTCCTG 

Peroxisome proliferator-

activated receptor alpha (Ppa-

ra) 

Fwd 

Rev 

5-AGACCCTCGGGGAACTTAGA-3 

GTGGGGAGAGAGGACAGATG 

Acetyl-CoA carboxylase 1 

(Acc1) 

Fwd 

Rev 

5-TCAGTAACCTGGTGAAGCTGG-3 

TGGCGATAAGAACCTTCTCAATTA 

Acetyl-CoA carboxylase 2 

(Acc2) 

Fwd 

Rev 

5-ACAGAGATTTCACCGTTGCGT-3 

CGCAGCGATGCCATTGT 

ATP Citrate Lyase  

(Acly) 

Fwd 

Rev 

5-CAGCCAAGGCAATTTCAGAGC-3 

CTCGACGTTTGATTAACTGGTCT 

Fatty Acid Synthase  

(Fasn) 

Fwd 

Rev 

5-GGAGGTGGTGATAGCCGGTAT-3 

TGGGTAATCCATAGAGCCCAG 

Erythroid derived 2  

(Nrf2) 

Fwd 

Rev 

5-TAGATGACCATGAGTCGCTTGC-3 

GCCAAACTTGCTCCATGTCC 

Kelch-like ECH-associated 

protein 1(Keap1) 

Fwd 

Rev 

5-TGCCCCTGTGGTCAAAGTG-3 

GGTTCGGTTACCGTCCTGC 
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Hormonsensitive lipase 

(Hsl) 

Fwd 

Rev 

5-AGCGGATCACACAGAACCTG-3 

CAGGTCACAGGAGATGAGCC 

Carnitine palmitoyltransferase 

1 (Cpt1) 

Fwd 

Rev 

5-ACCTGGTGCTCAAGTCATGG-3 

CCATGACCGGCTTGATCTCTT 

Glucose transporter type 4 

(Glut4) 

Fwd 

Rev 

5-GGCTGTGCCATCTTGATGAC-3 

AAGACGTAAGGACCCATAGCAT 

Insulin receptor substrate 1 

(Irs1) 

Fwd 

Rev 

5-TCCCAAACAGAAGGAGGATG-3 

CATTCCGAGGAGAGCTTTTG 

Peroxisome proliferator-

activated receptor gamma 

coactivator 1 (Pgc1) 

Fwd 

Rev 

5-

CCCAGGCAGTAGATCCTCTTCAA-3 

CCTTTCGTGCTCATAGGCTTCATA 

Forkhead box protein O1 

 (Foxo1) 

Fwd 

Rev 

5-ATCACCAAGGCCATCGAGAG-3 

GTGAAGGGACAGATTGTGGC 
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2.2 Animals 

Aldh6a1-deficient (Aldh6a1-/-) experiments were conducted according to institutional 

ethical guidelines and approved by LAGeSo (Landesamt für Gesundheit und Soziales) 

Berlin under T 0180/16, T-CH19/21 and G 0160/19. 

The Aldh6a1-deficient mice were generated by CRISPR/Cas 9 technology on a 

C57BL/6J mice background. Heterozygous mice were bred in the FEM to obtain WT 

and Aldh6a1-/- littermates. For experiments, mice were transferred to our animal facility 

and housed (2-3/cage) with a 12-hour light-dark cycle, controlled temperature (21.5 ± 

1.5°C), with food and water ad libitum, and regular bedding changes. The diets were the 

normal maintenance chow (ND, sniff R/M GmbH) and high fat (HFD: D12492; Research 

Diets, with 60% kcal fat and 20% kcal carbohydrate).  

2.3 In vivo metabolic experiments 

2.3.1 Experimental arrangement 

8 to 11-weeks-old-mice (n = 10/group) were assigned to ND and HFD (60% kcal fat + 

20% kcal carbohydrate; Research Diets) groups for 12 weeks with weekly food and 

drink intake measurements. 

Body composition was determined monthly by 1H-magnetic resonance spectroscopy 

(NMR) using a Minispec LF50 Body Composition Analyzer (Bruker BioSpin, Billerica, 

USA). Monthly facial blood samples were taken, and serum was isolated by centrifuga-

tion (Thermo Fisher Scientific, USA) and stored at -80°C. Plasma glucose was meas-

ured in duplicate (≤10%) with a Contour XT glucometer (Ascensia). After 12 weeks ND 

or HFD, indirect calorimetry and activity were evaluated with the TSE LabMaster Sys-

tem (LM, labmaster) for a mouse in an individual cage for 48h (12h adaption/36 h for 

analysis: 1 light phase and mean of two-night phases). Intraperitoneal glucose tolerance 

tests (ipGTT) and insulin tolerance tests (ipITT) were conducted at 14 and 15 weeks, 

respectively. Mice were sacrificed at 16 weeks and organs were harvested and stored 

at -80°C. The experimental protocol is presented in the flowchart below (Fig. 3). 
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Figure 3 Schematic overview of the experiment design. Food and drink intake were recorded 

weekly. NMR was performed every 3 weeks and blood taken monthly. WT: wild-type mice, KO: 

Aldh6a1-/- mice, NCD: normal control diet, HFD: high fat diet, NMR: body composition, TB: tak-

ing blood, LM: metabolic cage (labmaster), ipGTT: intraperitoneal glucose tolerance test, ipITT: 

intraperitoneal insulin tolerance test. 

2.3.2 Indirect calorimetry analysis (Labmaster) 

All mice were allowed one day’s adaption to the water bottles used before starting Lab 

master analysis. Each chamber had new bedding, food (ND, HFD) and water. The TSE 

LabMaster System (TSE Systems, Bad Homburg, Germany) was used to monitor met-

abolic parameters and perform 24 h analysis. Oxygen consumption and carbon dioxide 

production were measured at 30 min intervals and the respiratory exchange rate (RER) 

was calculated (ratio of CO2 production: O2 consumption). O2 consumption, CO2 pro-

duction, energy expenditure (EE) and locomotor activity were adjusted for body weight. 

2.3.3 Intraperitoneal glucose and insulin tolerance test 

An intraperitoneal glucose tolerance test was performed after 12 weeks. Following a 5h 

fast, the basal tail vein blood glucose and body weight were measured, and serum was 

collected before an intraperitoneal bolus of glucose (HFD: 1 mg/g, ND: 2 mg/g) was in-

jected. Blood glucose levels were measured at 0, 15, 30, 60 and 120 min. ipITTs were 

performed on 3 h fasted HFD mice at 14 weeks. Basal blood glucose and body weight 

were measured and fasting serum collected before an intraperitoneal bolus of 0.75 

mU/g insulin was injected. Blood glucose levels were measured at 0, 15, 30, 45, 60, 90 

and 120 min. 
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2.3.4 Sample preparation 

The plasma and organs were collected after sacrificing the mice with CO2 and stored at 

-80°C. 

2.4 Ex vivo assays and measurements 

2.4.1 Adipocytes isolation and lipolysis, insulin stimulation 

Adipocytes were isolated from epididymal adipose tissue (eWAT) by collagenase diges-

tion. eWAT was minced and digested for 30 min at 37°C in Krebs-Ringer HEPES buffer 

with 4.5 g/l glucose, 2% bovine serum albumin (BSA) and 1.0 mg/ml type I collagenase. 

The digested tissues were filtered through a 250 μm strainer to acquire floating adipo-

cytes and washed once with KRBH buffer. Adipocytes were stimulated with 

0/1/10/25/50 nM isoprenaline at 37°C, 300 rpm, and 3.5h for incubation. The sublayer of 

adipocytes was collected to measure non-esterified fatty acids (NEFA) levels.  

2.4.2 Ex vivo insulin stimulation and glucose uptake in adipocytes 

Adipocytes were deprived of substrates for 30 min. Adipocytes were stimulated with 4.5 

g/L glucose, 10 nM/100 nM/1000 nM insulin for 15 min. Cooling RIPA was added in-

stead of buffer for 30 min on ice and eventually adipocytes were harvested for protein 

extraction. 

We performed ex vivo 2-DG uptake analysis in adipocytes with glucose or insulin stimu-

lation (concentrations shown above) for 15 min. This was followed by collecting sublay-

er of adipocytes with ice-cold lysis buffer (NaOH: 50 mM) for 2-DG uptake measure-

ment using liquid scintillation counting. 

2.4.3 Ex vivo insulin stimulation in muscle. 

Fresh SOLs (soleus) were fasted for 30 min, 37°C and stimulated with 100 nM insulin 

for 15 min. Cooling RIPA was added instead of buffer for 30 min on ice and eventually 

SOLs were harvested for protein extraction. 

2.4.4 Tissue measurement (mitochondrial respiration in tissues) 

Liver, eWAT, brown adipose tissue (BAT) and muscle were excised quickly, and biop-

sies of diameter 1.0mm (liver) or 1.5 mm (muscle, eWAT, BAT) were taken. Samples 

were placed in a 96-well seahorse plate in PBS and changed for assay medium before 
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measurement (DMEM 5030, pH 7.4, 2 mM glutamine, 2 mM glucose). The sensor plate 

with calibration buffer was incubated in CO2 free incubator for 1h. A micro-BCA assay 

was used to measure protein for normalization. The oxygen consumption rate (OCR) 

was measured with an XF96 extracellular flux analyzer (Agilent). 5μM FCCP (Sigma) 

was used to measure maximal OCR, and then to calculate spare capacity (%) to evalu-

ate the mitochondrial capability. 2.5μM antimycin A (complex III inhibitor, Sigma) and 

2.5μM rotenone (complex I inhibitor, Sigma) were given to indicate non-mitochondrial 

respiration.  

All data were normalized to the total protein content of each biopsy as determined by 

the Micro BCA Protein Assay Kit (Thermo Fisher Scientific). 

2.5 Biochemical analysis 

2.5.1 Real-time PCR 

Quantitative real-time PCR was performed on a LightCycler 96 (Roche) with the SYBR 

green DNA PCR kit (Applied Biosystems). RNA was isolated from snap-frozen tissue 

samples using TRIzol reagent and DNA digested with DNase. An Aliquot of 1 mg RNA 

was transcribed into cDNAwith RevertAid Reverse Transcriptase. Relative fold changes 

in RNA were calculated by the 2-△△Ct method with glyceraldehyde-3-phosphate dehy-

drogenase (Gapdh) and 18s ribosomal RNA (18s) as housekeeping genes. The primers 

for quantitative real-time PCR (RT-PCR) are shown (Tab. 5). 

2.5.2 Western blot 

Frozen tissues were homogenized in RIPA buffer (Tab. 3) using a Speedmill or tissue 

homogenizer. Loading samples were prepared by BCA Protein analysis. Following sep-

aration, the proteins were transferred onto nitrocellulose membrane, and blots were 

blocked with 5% skimmed milk in TBST for 1h at room temperature (RT). The blots with 

primary antibodies were incubated overnight at 4℃. Membranes were probed with HRP-

conjugated secondary antibodies for 1h at RT, and incubated with imaging solution. 

The blotting was achieved with the following antibodies (Tab. 4): anti-ALDH6A1, anti-β 

actin, anti-GAPDH, anti-α Tubulin, anti–phosphorylated AKT Tyr403, and anti-Akt). The 

protein signals were visualized using the Image Lab system. 
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2.5.3 Oxidative phosphorylation 

Frozen tissues with homo-buffer (Tab. 3) were homogenized through a Speedmill or 

tissue homogenizer. The following steps are the same as for the Western blot, using 

total OXPHOS antibody-cocktail (Tab. 4). 

2.5.4 Histology 

Snap frozen liver specimens were embedded in O.C.T. Compound (Sakura) and 5-µm-

thick sections were cut using a Jung Frigocut 2800E (Leica) and stained with Oil Red O 

for inspection using 20x magnification on a BZ-9000 microscope (Keyence). The mean 

percentage of Oil Red O-covered area was estimated with Image J (V1.52a). 

2.5.5 Biochemical parameters in serum or tissue 

Serum insulin levels were detected with a mouse insulin ELISA kit (Mercodia). A NEFA-

HR (2) kit (FUJIFILM Wako Diagnostics, U.S.A.) and triglycerides Kit (Diagnostic Sys-

tems GmbH, Germany) were used to measure NEFAs and Triglycerides, respectively. 

2.6 Statistical analysis 

All data are presented as mean ± SEM. Normally distributed data were analyzed by 

Shapiro-Wilk test and equality of variance by Levene’s test. The student’s t-test or 

Welch’s test or Mann-Whitney U test were performed to compare the differences be-

tween two groups according to data distribution. Two-way ANOVA was used for multiple 

comparison (Bonferroni correction). The threshold for statistical significance was p < 

0.05. Statistical analyses and graphs were completed using SPSS 27 (IBM, New York, 

NY, USA) and Graph Pad Prism 9 (Graph Pad Software, La Jolla, CA). 

 



 31 

3. Results 

3.1 Aldh6a1 expression in mice 

First, we determined ALDH6A1 protein abundance in WT male and female mice to 

evaluate its expression in relevant metabolic tissue. The high abundance of ALDH6A1 

protein was found in heart, liver, muscle, BAT, pancreas and WAT of female, and heart, 

muscle, BAT, liver, kidney and WAT of male adult mice (Fig. 4C). As previous case re-

ports showed more males (6) than females (3) with ALDH6A1 mutation (Tab. 2), and 

taking into consideration potential changes of the estrous cycle and gonadal 

hormones84, we decided to use  male mice for further experiments. 
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Figure 4 The ALDH6A1 protein abundance in different tissues between male and female mice. 

The protein abundance in different tissues were determined by Western blot, and the signal 

intensities are presented and normalized to α-tubulin (male: n = 4, female: n = 5). Representa-

tive Western blots of ALDH6A1 in male (A) and female mice (B). (C)Summary of ALDH6A1 pro-

tein abundance in both groups of mice. Statistical testing, Mann-Whitney test. BAT: brown adi-

pose tissue, QD: quadriceps, Gas: gastrocnemius, eWAT: epididymal white adipose tissue, 

iWAT: inguinal white adipose tissue, pWAT: perirenalmetrial white adipose tissue, Intest.: intes-

tine, Panc.: pancreas. 
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To verify the successful deletion of the Aldh6a1 gene (Aldh6a1-/- mice) via 

CRISPR/Cas9 on RNA and protein levels, Aldh6a1 expression was assessed in liver, 

muscle, eWAT, heart, kidney and BAT via qPCR and Western blot. As expected, 

Aldh6a1 mRNA was significantly decreased in Aldh6a1-/- mice relative to WT controls (p 

<0.03, Figure 5A). Consistently, ALDH6A1 protein was reduced by at least 95% in the 

examined tissues of Aldh6a1-/- mice (p <0.004, Fig. 5B-E). 
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Figure 5 RNA and protein expression in Aldh6a1-/- mice. (A) Aldh6a1 mRNA expression in liver, 

QD, eWAT, heart, kidney, and BAT between wild type (WT) and Aldh6a1-/- mice. Liver, heart, 

kidney were normalized to 18s and eWAT, BAT, QD to Ppia. Western blot analysis of ALDH6A1 

from liver, QD, eWAT (B, C) and Heart, Kidney, BAT (D, E) in WT and Aldh6a1-/- mice. β-Actin 

and GAPDH were used as loading control. Values are presented as box with median and 

whiskers from minimum to maximum. n = 6/5, *p < 0.05, **p < 0.01. Statistical testing, Mann-

Whitney test (A, C, E). AU: arbitrary units. KO: Aldh6a1-/-, WT: wild type. 
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3.2 Body composition and intake of Aldh6a1-/-mice under dietary interventions 

WT and Aldh6a1-/- mice were fed an ND or HFD for 12 weeks. The mice showed increased 

body weight regardless of genotype or diet effect (Fig. 6A, B), and became obese after 3-4 

weeks during HFD intervention. No difference in body weight gain was found between WT and 

Aldh6a1-/- mice during the ND (Fig. 6A， left side) or HFD (Fig. 6B， left side). ND and HFD-fed 

Aldh6a1-/- mice had slightly reduced fat mass relative to WT mice, but no significant difference 

(Fig. 6C, D). Interestingly, Aldh6a1-/- mice on HFD showed more lean mass gain compared to 

the WT group (p = 0.049, Fig. 6F), but no effect with ND (Fig. 6E). There were no different ob-

servations in food (Fig. 6G) and water intake (Fig. 6I) between Aldh6a1-/- and WT mice on ND, 

while Aldh6a1-/- mice fed more on the HFD during the entire intervention (p = 0.006, Fig. 6H). 

Furthermore, during the HFD, Aldh6a1-/- mice also drank 22% more water (p = 0.0003, Fig. 6J). 



 36 

 

Figure 6 The body composition, food and water intake in WT and KO Aldh6a1-/-mice with diets 

intervention. The development of body weight in each group over a period of 12 weeks with ND 

(A, right side: the corresponding body gain relative to baseline) and HFD (B, right side: the cor-

responding body gain relative to baseline), ND: 10/9, HFD: n = 10/10. Fat gain (C, D) and lean 

gain (E, F) measured after 12 weeks-ND/HFD feeding in mice relative to 0 weeks. Mean daily 
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food intake (G, H) and water intake (I, J) in mice over entire ND and HFD intervention. *p <0.05; 

**p <0.01 and ***p <0.001. Values are presented as mean ± SEM. Statistical testing, two-tailed 

unpaired Student’s t-test (A-J). 

3.3 Metabolites activity of Aldh6a1 deficient mice fed a HFD 

We performed indirect calorimetry analysis to explore the energy expenditure (EE) and 

activity of Aldh6a1-/- mice. At baseline before starting dietary interventions energy ex-

penditure (Fig. 7A) and activity (Fig. 7B) were similar between genotypes. After comple-

tion of the interventions, the HFD decreased RER because of the utilization of fat burn-

ing to support energy (Diet effect: F (1, 35) = 291.4, d = 8.047, Fig. 7C). Moreover, 

Aldh6a1-/- mice fed the ND showed an increased tendency of daily EE compared to WT 

mice, close to significance (p = 0.054, Fig. 7D), but there is no difference in mice with 

HFD intervention (Fig. 7E). No difference was evident in locomotor activity between WT 

and Aldh6a1-/- mice fed the ND (Fig. 7F), whether during the light phase or dark phase. 

While the activity of HFD-fed Aldh6a1-/- mice was higher in the light phase (p = 0.03, Fig. 

7G) but similar during the dark phase and missed significance as mean over 24 h. 

In summary, HFD caused lower RER in mice of both genotypes, however deficiency of 

Aldh6a1 did not affect activity regardless of dietary intervention. Interestingly, ND-fed 

Aldh6a1-/- mice exhibited increased EE slightly relative to WT mice. 
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Figure 7 The respiration exchange ratio (RER), energy expenditure (EE) and physical activity in 

HFD- or ND-fed Aldh6a1-/- mice and WT littermates. Metabolic cage analysis was performed 

after 12 weeks of HFD, all mice were placed in individual cages over 24 hours. Locomotor activ-

ity (A) and EE (B) measured at baseline of ND in WT and Aldh6a1-/- mice over 24. Averaged 

RER per hour (C) and total 24h EE (D, E) in mice with ND and HFD. The assessment of activity 

(F, G) during light and dark phase in mice fed ND and HFD. ND: n = 9/9, HFD: n = 10/10, *p 

<0.01, ***p <0.001. Data are presented as mean ± SEM. Statistical testing, two-tailed unpaired 
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Student’s t test (A, D-G); Mann-Whitney test (B); Two-way ANOVA with multiple comparisons 

(C). 

3.4 No impact of HFD on glucose or insulin tolerance in Aldh6a1-/- mice 

Next, we examined whether Aldh6a1 deficiency affected glycemic control and insulin 

sensitivity. To evaluate this, we obtained monthly plasma samples of non-fasted mice 

during the intervention and performed an ipGTT as well as an ipITT at the end. Feeding 

glucose without apparent difference was found between WT and Aldh6a1-/- mice regard-

less of dietary intervention (Fig. 8A, B). However, both ND and HFD-fed Aldh6a1-/- mice 

had lower fasting glucose compared with WT mice at fasting 1h (ND: p = 0.013, Fig. 8C, 

HFD: p = 0.02, Fig. 8D), consisting of fasting 3h with HFD feeding (p = 0.015, Fig. 8D), 

but with no difference if fasting 3h between WT and Aldh6a1-/- mice fed the ND (Fig. 8C). 

Glucose curves of ND and HFD groups were similar as ND groups received 2 g/kg glu-

cose bolus, whereas HFD mice were injected 1 g/kg glucose. We did not observe a sig-

nificant difference between genotypes during the HFD (Fig. 8F); however, glucose tol-

erance had a minor improvement in Aldh6a1-/- fed a ND at only the 15min time point (p 

= 0.02, Fig. 8E). Insulin sensitivity remained similar for WT and Aldh6a1-/- mice (Fig. 8G, 

H). Neither WT nor Aldh6a1-/- mice showed a strong impairment of glucose or insulin 

handling. HFD feeding elevated the insulin level (F (1, 35) = 11.71, d=1.613, Fig 8I) and 

decreased plasma NEFA (F (1, 36) = 35.13, d = 2.794, Fig. 8J) in WT and Aldh6a1-/- 

mice relative to baseline, showing the anti-lipolytic effect of insulin, albeit without obvi-

ous differences between genotypes. 
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Figure 8 The parameters of glycemic control and NEFA, insulin levels in Aldh6a1-/- and WT 

mice. Fed glucose (A, B) and fasting blood glucose at 1h and 3h (C, D) in mice with ND and 

HFD for 12 weeks normalized by lean mass. GTT (E, F) and ITT (G, H) were performed in 

Aldh6a1-/- and WT mice fed with ND and HFD intervention. Insulin concentration (I) and NEFA (J) 

in serum shown at the baseline (0 week) and 12 weeks of HFD intervention. *p<0.05, **p<0.01 

and ***p<0.001. Values are presented as mean ± SEM. ND: n=10/9, HFD: n=10/10. Statistical 

testing, two-tailed unpaired Student’s t test (A-H); Two-way ANOVA with multiple comparisons (I, 

J). GTT: intraperitoneal glucose tolerance test, ITT: Insulin tolerance test. 
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3.5 Mitochondrial respiration and oxidative phosphorylation of Aldh6a1-

deficient mice feeding HFD 

As MMSDH is possibly involved in mitochondrial processes, Aldh6a1 being involved mostly in 

oxidative phosphorylation pathway has been reported76. We investigated its impact on mito-

chondrial respiration in various tissues to explore whether Aldh6a1 is associated with oxidative 

phosphorylation. To measure mitochondrial respiration and key mitochondrial complexes, we 

performed seahorse and Western blot analysis with samples of HFD-fed WT and Aldh6a1-/-mice. 

After 12 weeks, the oxygen consumption rate (OCR) in freshly isolated biopsies from BAT was 

similar between Aldh6a1-/- and WT mice (The data is not shown in my thesis). Interestingly, we 

discovered a higher maximal OCR in liver biopsies (p = 0.04, Fig. 9A, C). This resulted in an 

increase of spare capacity (SC) (p = 0.06, Fig. 9C), which indicates an improved ability of 

Aldh6a1-/- deficient liver to respond to an increased energy demand during DIO. However, 

OXPHOS protein did not alter in genotype after HFD feeding (Fig. 9E, G). A similar trend was 

found in the mitochondrial respiration of eWAT biopsies, but missing significance. (Basal OCR: 

p = 0.07, maximal OCR: p = 0.08, Fig. 9B, D). Consistently, OXPHOS complex IV was signifi-

cantly elevated in Aldh6a1-/- mice, which is the most relevant protein for oxidative respiration in 

mitochondrial (p = 0.04, Fig. 9F, H). In addition, no difference was observed in the mitochondrial 

respiration of liver and eWAT in mice with ND (Fig. 9L, K). 
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Figure 9 The mitochondrial respiration and oxidative phosphorylation (OXPHOS) complexes I-V 

of Aldh6a1-/- mice in liver and eWAT with HFD and ND. The curve and caculation of the oxygen 

consumption rate (OCR) in liver (A, C) and eWAT (B, D) of mice fed the HFD (HFD: n = 9/10). 

Representative Western blots of OXPHOS complexes in liver (E), eWAT (F) in WT and Aldh6a1-

/- mice with HFD feeding. The corresponding quantification of OXPHOS proteins was calculated 
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relative to β-actin in liver (G) and eWAT (H). n = 4/4. The basal, maximal OCR and spare 

capacity (SC) of liver (I) and eWAT (J) in WT and Aldh6a1-/- mice with ND is shown. ND: Liver 

and eWAT (n = 10/9). *p <0.05. Values are presented as mean ± SEM. Statistical testing, two-

tailed unpaired Student’s t test (A-J). OCR: Oxygen consumption respiration, F: Fluoro-

carbonyl cyanide pheylhydrazone, R: Rotenone, A: Antimycin. CI: ATP5A, CII: SDHB, CIII: 

UQCRC2, CIV: MTCO1, CV: NDUFB8. 

3.6 Modulation of lipid, glucose and BCAA parameters in HFD-fed Aldh6a1-/- 

mice 

Hypothesizing an Aldh6a1-/- deficiency would downregulate BCAA metabolism by block-

ing valine catabolism, we wondered whether lipid or glucose metabolism would com-

pensate or bypass such a BCAA breakdown defect. Hence, we investigated lipid accu-

mulation and measured transcriptomic regulation of metabolic-relevant genes in this 

pathway within liver, adipose and skeletal muscle tissue. We observed large but similar 

storage of ectopic hepatic lipids in liver section for both genotypes (Fig. 10A, B). Tri-

glyceride levels also did not differ in plasma (Fig. 10C), but in liver there may have been 

a reduction in Aldh6a1-/- (Fig. 10D); however, this missed statistical significance. We 

also did not find a major regulation of relevant genes, rather only slight tendencies for 

single genes (Fig. 10E).  
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Figure 10 The hepatic lipid metabolism and related genes in HFD-induced mice. Representa-

tive images of Oil-Red O staining sections of liver (A) in WT and Aldh6a1-/- mice fed HFD. Im-

ages were taken on a 20x field. Average lipid area was evaluated in liver (B). Triglyceride con-

tent in plasma (C) and liver (D) from two groups is shown, n = 4/4. Quantitative real-time PCR 

analysis of genes involved in BCAA, glucose, and lipid metabolism in liver (E), n = 6/6. All data 

are presented as mean ± SEM. Statistical testing, two-tailed unpaired Student’s t-test (B-E). 
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Interestingly, insulin receptor substrate 1 (IRS1), an enzyme participating in the insulin 

signaling pathway, was significantly downregulated in eWAT (p=0.02, Fig. 11A) of 

Aldh6a1-/- mice under DIO. Therefore, we examined whether this IRS-1 difference may 

impact on insulin sensitivity in primary adipocytes from Aldh6a1-/- mice stimulat-

ed/challenged by glucose or insulin ex vivo. However, phosphorylation of AKT (Fig. 11B, 

C) in the insulin signaling pathway was similar, and the same as glucose uptake (Fig. 

11D) between genotypes, and also analyzing lipolytic response showed analog NEFA 

release (Fig. 11E). 

 

Figure 11 The alterations of the relevant genes in adipose tissue and muscle from WT and 

Aldh6a1-/- mice after HFD feeding. Quantitative real-time PCR analysis of eWAT in HFD-

induced obese mice (A), n = 6/6. Western blot analysis of glucose (4.5 g/L, ex vivo), insulin (L-I: 
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10 nM, M-I: 100 nM, H-I: 1000 nM, ex vivo) stimulated pAKT and total AKT in adipocytes from 

WT and KO mice on the HFD with 6% sucrose (B), with densitometric quantification of them on 

the left side (C), n = 4/4. (D) Ex vivo uptake of 2-deoxy-glucose in adipocytes from 12-week 

mice on the WD, n = 4/4. (E) Isoprenaline-stimulated non-esterified fatty acid (NEFA) analysis in 

ex vivo adipocytes from 12-week mice on the HFD. n = 6/6, *p <0.05. Values are presented as 

mean ± SEM. Statistical testing, two-tailed unpaired Student’s t-test (A-E). 

As skeletal muscle is a crucial peripheral tissue for maintaining glucose homeostasis, 

which usually extracts 1/3 of glucose loading85, we analyzed qPCR, muscle OCR 

measurements and insulin signaling ex vivo in muscle. However, muscle of Aldh6a1-/ 

mice showed a decreased expression of genes involved in BCAA catabolism (Bckdha, p 

= 0.03, Bcat, p = 0.03, Fig. 12A) and glucose transport (Glut 4, p= 0.01, Fig. 12A). Glut 

4 is insulin-regulated glucose transporter in muscle. Thus, we next performed insulin 

signaling in SOL by stimulation with insulin and Nacl ex vivo to detect the insulin sensi-

tivity of muscle. But no difference in pAKT abundance (Fig. 12B, C) of SOL was ob-

served between WT and Aldh6a1-/ mice with the HFD. Interestingly, there was down-

regulation of succinyl-CoA synthetase (Scs, p = 0.01, Fig. 12A), an enzyme of succinate 

synthesis, in Aldh6a1-/ mice relative to the WT group during the HFD. Given that suc-

cinates are the substrates of the TCA cycle, we further identified whether it affects mito-

chondrial oxidative, and both WT and Aldh6a1-/ mice showed a similar tendency of mi-

tochondrial respiration in muscle (Fig. 12D, E) 
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Figure 12 The regulation of genes in muscle from WT and Aldh6a1-/- mice after HFD feeding. 

Quantitative real-time PCR analysis from QD in HFD-induced obese mice (A), n = 6/6. Western 

blot analysis of phosphorylation AKT (pAKT) and total protein of SOL stimulated by Nacl (0.9%, 

ex vivo), insulin (100 nM, ex vivo) in mice (B), and densitometric quantification of them both (C), 

n = 4/4. The mitochondrial respiration (D) and the corresponding calculation of OCR (E) in Gas 

are shown, n = 4/4. *p <0.05. Values are presented as mean ± SEM. Statistical testing, two-

tailed unpaired Student’s t-test (A, C, E). 
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4. Discussion 

This work investigates the metabolic role of the Aldh6a1-deficient mouse model during 

DIO and its molecular function. Previous research described ALDH6A1 as a new mark-

er of muscle IR and its possible involvement in adipose tissue-related oxidative phos-

phorylation in obese patients with T2D75-77,80,86. Therefore, we supposed that Aldh6a1-/- 

mice would aggravate DIO and affect the mitochondrial oxidative during HFD interven-

tion. In contrast, our study revealed that Aldh6a1-/- mice slightly resist DIO by increasing 

lean mass, in line with enhanced diet and water consumption as well as improved fast-

ing glucose. Our results analyzing mitochondrial respiration further showed that 

Aldh6a1-/- mice had elevated liver mitochondrial respiration if there was high-energy 

demand. A slightly increased mitochondrial respiration in eWAT was observed by trend, 

together with increased abundance of mitochondrial complex IV in HFD-fed Aldh6a1-/- 

mice. However, we did not observe an effect of Aldh6a1 ablation in GTT or ITT, but a 

downregulation of genes related to glucose transport in skeletal muscle (quadriceps). 

These results suggest that ALDH6A1 slightly improves the metabolic profile during DIO. 

Further investigations are warranted to elucidate the potential mechanism underlying 

this phenotype. 

4.1  Tissue expression and validation of Aldh6a1 deficiency 

Our work employed an Aldh6a1-deficient mouse line, in which the murine Aldh6a1 was 

targeted in all tissues by CRISPR-Cas9, resulting in an 11 bp deletion within exon 2 of 

the Aldh6a1 gene. Aldh6a1-/- mice have a slight residual expression of Aldh6a1 mRNA 

in qPCR, which is absent at the protein level, presumably because of transcribed but 

not translated pre-mRNA. Since Aldh6a1 encodes the enzyme MMSDH, the protein is 

essential for its function and we consider our mouse model as successful and 

ALDH6A1/MMSDH as dysfunctional. We found a high abundance of ALDH6A1 in heart, 

liver, muscle, kidney, BAT and adipose tissue of male WT mice. A previous study 

showed a different pattern of expression and abundance rank in rat tissues, perhaps 

due to species difference63. We used only male mice to study metabolic profiles due to 

estrogen effects in females84 and male-dominant cases in the clinic. We did not observe 

any abnormal (body) development, signs of motor deficit or weight loss in Aldh6a1-/- 

mice. Therefore, homozygous Aldh6a1 deletion is not lethal and its deficiency seems to 



 49 

be circumvented or covered in our mouse model. For human patients with ALDH6A1 

mutation, heterogeneous clinical manifestations are described including weight loss, 

severe developmental delays or hypotonia65,66,68. Besides those clinical manifestations, 

some patients have gastroesophageal reflux or diarrhea dehydration, which indicates 

heterogeneity of clinical symptoms in patients. 

4.2  The effects of Aldh6a1 ablation on HFD-induced obesity 

To study the impact of whole-body Aldh6a1 deficiency, we analyzed Aldh6a1-/- and WT 

mice during the ND, and also challenged the with the HFD to characterize metabolic 

parameters such as body composition, daily food and drink consumption. Both geno-

types gained weight during 12 weeks of ND and HFD feeding. A slightly increased body 

weight, as well as lean mass, were found in Aldh6a1-/- mice under the ND by trend, 

while fat mass gain was slightly decreased. 

During the HFD Aldh6a1-/- mice showed that they had gained more lean mass - howev-

er, without a significant difference in fat mass- and, interestingly, the body weight was 

only slightly higher but not statistically different. Lean, i.e., fat-free mass, which mainly 

consists of muscles and organs, is considered as a predictor of mortality, that is better 

than BMI87. Usually, HFD feeding decreases food and water intake in mice compared to 

the ND. This lower HFD intake is probably driven by a feedback loop of satiety signals, 

whereby over-nutrition elevates circulatory fuel substrates, such as glucose and fatty 

acids, to stimulate brain nutrient-sensing systems88. Previous studies have shown that 

rats fed an HFD had lower water intake than standard chow-fed rats89-91. Interestingly, 

Aldh6a1-/- mice during DIO exhibited increased diet intake, presumably caused by va-

line-deficient supply, resulting in increased demand of leucine and isoleucine. Since 

leucine and isoleucine may replace the function of valine catabolism, such as for propi-

onyl-Co A production, this might lead to more water consumption immediately after eat-

ing food to reduce the osmotic and volumetric stimulation of thirst92. Increased water 

and food intake affect body composition, which is consistent with increased lean mass 

in Aldh6a1-/- mice fed on the HFD. Notably, Aldh6a1-/- mice gain more lean mass with a 

slightly decreased tendency of fat gain, whereas the literature describes that 3-4 weeks 

of HFD feeding are sufficient to increase fat mass, leading to obesity86. Aldh6a1-/- mice 

may have maintained better hydration to resist obesity due to increased lean mass. A 

previous study found a 30% increase in the metabolic rate 30-40 min after drinking 500 
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ml water in both men and women93. In addition, increased water intake may lower the 

vasopressin level and improve the metabolic profile94. Obese rats with low vasopressin 

levels have been demonstrated to have improved liver steatosis and reduced hepatic 

lipogenesis95. Furthermore, another possibility is that increased food intake caused by 

isoleucine and leucine compensation would contribute to lean mass gain, as it has been 

reported that isoleucine is critical in regulating body weight, leading to muscle protein 

synthesis96. Similarly, 80% of leucine is used for protein synthesis, and leucine and its 

metabolites (HMB hydroxyl-beta-methylbutyrate, α-KIC α-ketoisocaproate) in protein 

synthesis contribute to increased lean body mass97.  

The mechanism behind this could be increased food intake caused by isoleucine and 

leucine compensation leading to take more water intake, which leads to a gaining of 

lean mass by improving hydration and lipid mobilization under DIO. Sympathetic activa-

tion and stimulation of β-adrenergic receptors or body hydration may be responsible. 

Overall, the increased diet intake combined with elevated water consumption of 

Aldh6a1-/- mice during the HFD may be the reason for the pronounced lean mass in-

crease instead of fat accumulation, without affecting total body weight. 

4.3  Energy balance in Aldh6a1-/- mice fed an HFD 

Energy balance consists of energy intake, energy expenditure and energy storage and 

is in a positive state during obesity. Diet consists of protein, fat and carbohydrates, and 

energy output is classified as EE, food-induced thermogenesis and physical activity98. In 

our study, no difference of EE and physical activity was obvious in Aldh6a1-/- mice at 

baseline. However, after 12 weeks of ND, Aldh6a1-/- mice exhibited an increased EE 

that just missed significance. Consistently, increased total EE has been reported in iso-

leucine, valine or leucine-deprived mice99. Furthermore, research showed that 

C57BL/6J mice fed a diet low in AA, specifically in BCAA, had increased RER and EE, 

and restoration of valine alone had only minimal effects on these parameters54. Since 

an enhanced EE without hyperphagia was observed in rats with a protein-restricted 

diet100, it may be supposed that increased EE is the first response to a low BCAA diet 

by blocking valine metabolism. However, Aldh6a1-/- mice during the HFD showed no 

difference in EE, while inconsistently, a WD (HFD+6% sucrose) with low BCAA promot-

ed EE in mice53. This may imply that excess glucose needs to be consumed through EE 

to resist obesity under the WD. Due to the increased HFD intake and unchanged EE, 
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Aldh6a1-/- mice exhibited a positive energy balance, which may be required for the ele-

vated lean mass gain, in line with the increased lean mass gain in our Aldh6a1-/- mice. 

Activity did not differ between genotypes under the ND and HFD. This is in line with the 

unchanged physical activity of mice fed a low valine diet99.  

In conclusion, we only found slightly increased EE in Aldh6a1-/- mice with ND, but no 

difference in EE during the HFD. A negative feedback mechanism compensating the 

Aldh6a1 deficiency cannot be excluded as, e.g., an upregulation of leucine and isoleu-

cine caused by valine deficiency may neutralize increased EE due to the blocking of 

valine. There is evidence of isoleucine and leucine-restricted diets as well as valine dep-

rivation to increasing EE in mice101,102. Further investigations are warranted to examine 

the BCAA metabolism in Aldh6a1-/- mice. 

4.4  HFD-fed Aldh6a1-/- mice showed improved fasting glucose 

Next, we studied glucose and insulin tolerance to evaluate glucose homeostasis and 

insulin sensitivity in HFD-fed Aldh6a1-/- mice. First, we revealed lower fasting glucose 

levels of ND-fed Aldh6a1-/- mice after short-term fasting of 1 h, but not 3 h. Notably, this 

was accompanied by an improved peak glucose after 15 min of the ipGTT, whereas 

insulin tolerance remained unchanged. Therefore, glucose homeostasis seems mildly 

affected by the genotype, which is in agreement with Yu et al., showing mice fed a low 

valine diet had a trend toward improved glucose tolerance (p = 0.06) along with normal 

insulin tolerance54. Since ALDH6A1 is associated positively with fasting IS109, we hy-

pothesize that Aldh6a1-/-mice may exhibit IR and worse glucose control under DIO. In 

contrast, HFD-fed Aldh6a1-/- mice showed lower blood glucose at 1 h and 3 h of fasting 

after being normalized by lean mass, but no differences in glucose or insulin tolerance 

compared with WT mice during DIO. These results indicate that downregulation of 

ALDH6A1 is the consequence of IR in T2D, but Aldh6a1 deficiency is not causative for 

IR. Consistently, previous research showed decreased fasting blood glucose and insulin 

in mice fed a WD with low BCAA53. It is implied that more glucose supplies hepatic and 

muscle glycogen production in Aldh6a1-/- mice due to valine deficiency (glycogenic ami-

no acid). Thus, Aldh6a1-/- mice had improved fasting glucose when either fed ND or 

HFD. We suppose that the Aldh6a1 knockout mimics low BCAA diets and, therefore, 

may contribute to improve fasting glucose. 
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4.5  The improved oxidative phosphorylation in liver and adipose tissue in 

Aldh6a1-/- mice fed an HFD 

In 2020, a case report of ALDH6A1 mutation showed reduced oxygen with increased 

superoxide production in patient fibroblasts68. However, we did not observe alterations 

of mitochondrial respiration and complexes in muscle. This is in line with another case 

report of ALDH6A1 mutation, in which no changes of the respiratory chain were ob-

served in frozen muscle and skin fibroblasts by electron microscopy103. Interestingly, we 

observed an increased ability of Aldh6a1-/- liver to respond to higher energy demand. 

We assume that blocking valine catabolism decreases the 3HIBA level, which could be 

one reason for improved mitochondrial oxidative in liver. The previous study indicated 

that high circulating 3-HIBA reflect reduced fatty acid oxidation, and therapies of lower-

ing 3HIBA may increase fatty acid oxidation in liver104. Our results may reflect that 

Aldh6a1-/- mice increased the capacity of hepatic mitochondrial oxidative during DIO due 

to the lowering of 3-HIBA by valine deficiency. A dysregulated oxidative phosphorylation 

pathway was found in both obese adipose tissue and atherosclerotic plaques, while 

Aldh6a1 has been identified as a high-ranking gene related to oxidative 

phosphorylation76. In contrast, we discovered an enhanced abundance of OXPHOS 

complex IV with a slightly increased mitochondrial respiration in the eWAT of Aldh6a1-/- 

mice fed an HFD. Consistently, 3HIBA is a potentially important regulator of adipocyte 

mitochondrial respiration, and adipocytes decreased maximal mitochondrial respiration 

if 3HIBA was added105. Thus, lowering 3HIBA may contribute to improved mitochondrial 

respiration of WAT by increasing complex IV in Aldh6a1-/- mice. 

4.6  Regulation of BCAA and glucose catabolic genes in HFD-fed muscle 

The liver is an essential organ regulating glucose homeostasis, however we found no 

impact of aldh6a1 deficiency on hepatic key genes involved in glycolysis, lipid synthesis, 

lipolysis and BCAA catabolism during HFD. Beyond this, we identified a downregulation 

of Irs1 in eWAT and Glut4 in muscle in Aldh6a1-/- mice during the HFD. DIO induces IR 

in peripheral tissue (such as adipose tissue and muscle) due to a chronic inflammatory 

state. However, our ex vivo assessment of insulin signaling did not reveal differences in 

glucose transport and insulin sensitivity, although previous studies reported a positive 

correlation of ALDH6A1 with fasting IR in the muscle of patients with metabolism dis-

ease106 along with a decreased ALDH6A1 expression as a new marker of muscle IR in 
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T2DM patients80. We assume a compensatory mechanism circumventing the 

Aldh6a1/MMSDH deficiency may decrease intermediates of the blocked valine catabo-

lism (3HIBA, AIBA) in Aldh6a1-/- mice. Lower 3HIBA could counteract the supposed ad-

vantages of lower AIBA due to their opposing effects in the IR of peripheral tissues. 

3HIBA is positively related to adipose IR in T2DM and obesity69 and promotes FFA 

transport by endothelial cells, thereby increasing muscle lipid content and amplifying IR 

in mice55. AIBA, on the other hand, not only improves IR and inflammation in muscle 

after exercise107,108, but also enhances EE by increasing fatty acids β-oxidation71.  

In summary, downregulation of genes related to BCAA catabolism and glucose 

transport were found in muscle but did not alter the insulin signaling in Aldh6a1-/- mice 

during the HFD. Therefore, future experiments are necessary to evaluate the regulation 

of valine, leucine, isoleucine and their intermediates 3HIBA, AIBA in Aldh6a1-/- mice to 

elucidate their specific metabolic role. 
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5. Conclusions  

In conclusion, we showed a comprehensive metabolic analysis of a novel Aldh6a1-

deficient mouse model. Aldh6a1 deficiency slightly attenuated diet-induced obesity in 

male mice with increased lean mass gain and improved fasting glucose, accompanied 

by downregulation of insulin signaling genes transcriptionally without IR in peripheral 

tissues. Additionally, we indicated an enhanced hepatic mitochondrial flexibility and a 

better mitochondrial oxidative of adipose tissue in Aldh6a1-/- mice with DIO. We demon-

strated that Aldh6a1 is not the key for insulin sensitivity or oxidative phosphorylation 

pathway. Furthermore, our study contributes to recognition of the function of ALDH6A1. 
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 6. Limitation 

Our study did not investigate female Aldh6a1-/- mice for the reported changes, since we 

considered that female mice may exhibit different phenotypes due to estrogen effects. 

Moreover, the Aldh6a1-/- mouse line was a whole-body knockout, so might specific 

Aldh6a1-/- in muscle of mice could have different phenotype. Further experiments are 

necessary to evaluate metabolites of valine catabolism and AA Profile to elucidate their 

specific compensatory mechanism. 
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