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Obesity- DM-Metabolic Syndrome – Cancer  

Roberti A, Fernández AF, Fraga MF. Nicotinamide N-methyltransferase: At the 
crossroads between cellular metabolism and epigenetic regulation. Mol Metab. 
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The pathogenesis of insulin resistance: 
integrating signaling pathways and 

substrate flux
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GLP1-RA

• GLP-1R activation initiates effects 
• decrease in blood glucose levels
• including potentiation of insulin secretion
• reduced glucagon secretion
• weight loss via satiety induction that results in increased insulin 

sensitivity

Holst JJ. The physiology of glucagon-like peptide 1. Physiol Rev. 2007 Oct;87(4):1409-
39. doi: 10.1152/physrev.00034.2006. PMID: 17928588.



GLP 1 RA

Marzook, Amaara, Alejandra Tomas, and Ben Jones. “The Interplay 
of Glucagon-Like Peptide-1 Receptor Trafficking and Signalling in 
Pancreatic Beta Cells.” Frontiers in Endocrinology 12 (2021). 
https://www.frontiersin.org/articles/10.3389/fendo.2021.678055.

https://www.frontiersin.org/articles/10.3389/fendo.2021.678055


The GLP-1R is well known to couple with the 
Gαs subunit, resulting in adenylate cyclase 
(AC) activation and cyclic adenosine 
monophosphate (cAMP) production GLP-1R-
stimulated pathways in pancreatic beta 
cells act within seconds to increase cAMP 
levels and minutes to potentiate GSIS



A rapid increase in cAMP is accompanied 
by activation of exchange protein 
activated by cAMP-2 (Epac2) and protein 
kinase A (PKA) . Activation of Epac2 
reduces the concentration of ATP 
required to achieve closure of 
KATP channels promoting membrane 
depolarisation, Ca2+ influx and 
subsequent Ca2+-induced Ca2+ release 
from intracellular stores, insulin priming 
and finally insulin granule exocytosis

Activated PKA also promotes 
membrane depolarisation by 
directly phosphorylating the 
sulfonylurea receptor 1 (SUR1) and 
a regulatory subunit of 
KATP channels



PKA-mediated activation of 
cyclin D1 and MAPK was found 
to be crucial in the G1/S phase 
transition during the cell cycle, 
promoting beta cell neogenesis



GLP-1R signalling also attenuates 
the development of ER stress in 
beta cells through cAMP-
dependent potentiation of 
Activating Transcription Factor 4 
(ATF4) translation

further support the claim that 
sustained GLP-1R agonism may 
result in disease modifying activity 
in people with T2D through 
enhancement or preservation of 
functional beta cell mass



Cellular Inefficiency- Based on Substrate Choice 
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UnFolded Protein Response (UPR)



GLP-1R also activates cAMP response 
binding element (CREB) which stimulates 
the expression of insulin transcription 
factor pancreatic and duodenal hombox
gene-1 (PDX-1) in a cAMP/PKA-
dependent manner 

CREB was also shown to stimulate Insulin 
Receptor Substrate 2 (IRS2) gene 
expression which is essential for beta 
cell growth and survival in isolated beta 
cells



Activation of Gαq leads to 
phospholipase C (PLC) activation, 
allowing phosphatidylinositol 4,5-
bisphosphate (PIP2) cleavage to 
generate DAG and IP3, with 
resultant effects on protein kinase 
C (PKC) activation and Ca2+ release 
from intracellular 
stores via IP3 receptor activation

NFAT proteins regulate cell 
cycle-, apoptosis-, 
angiogenesis- and metastasis-
related genes



GLP-1 facilitated β-cellulin release 
from the plasma membrane via β-
arrestin-1-mediated recruitment 
of c-Src, leading to transactivation 
of the epidermal growth factor 
receptor (EGFR), a β-cellulin
cognate receptor.



sequentially activated 
phosphoinositide 3-kinase (PI3K) 
and downstream effectors protein 
kinase B (PKB/Akt), p38 MAPK 
and PKC contributing to DNA 
synthesis, gene expression, 
insulin synthesis and reduced 
apoptosis

mediated via PKB and nuclear factor-κB 
(NF-κB), GLP-1 also exhibits protective 
effects on beta cell glucotoxicity,
lipotoxicity, glucolipotoxicity and 
stimulates transcription of the 
antiapoptotic genes Iap-2 and Bcl-2



Deleterious effects of free fatty acids (FFAs) on glucose 
homeostasis are commonly referred to as lipotoxicity

• PARP-1 over-activation attenuated the promotive effects of GPL-1-induced AMPK 
activation on ABCA1 protein expression

• PARP-1 could inhibit LXR-induced ABCA1 expression and cholesterol efflux from 
macrophages

• PARP1 synthesizes PAR for “PARylation” of both itself and other proteins (nuclear and 
cytoplasmic) using NAD+ and ATP, leading to the activation of transcription factors such 
as NF-κB and AP-1

• The natural and synthetic LXR agonists induce the transcriptional activity of LXR target 
genes, thus attenuate the imbalance of cholesterol metabolism and overactivation of 
microglia and astrocytes



AMPK

Li R, Sun X, Li P, Li W, Zhao L, Zhu L, Zhu S. GLP-1-Induced AMPK Activation Inhibits 
PARP-1 and Promotes LXR-Mediated ABCA1 Expression to Protect Pancreatic β-Cells 
Against Cholesterol-Induced Toxicity Through Cholesterol Efflux. Front Cell Dev Biol. 2021 
Jul 7;9:646113. doi: 10.3389/fcell.2021.646113. PMID: 34307343; PMCID: PMC8292745.

GLP-1 inhibits PARP-1 to 
protect islet β cell function 
against cholesterol-induced 
toxicity in vitro and in 
vivo through the enhancement 
of cholesterol efflux. GLP-1-
induced AMPK and LXR-
mediated ABCA1 expression are 
involved in GLP-1 protective 
effect



Tirzepatide GLP-1RA & GIPRA
• Tirzepatide approval to treat DM2 occurred in May 2022
• 15 mg/week
• 8 to 12% weight loss
• Superior effects on weight loss and HbA1c reduction when compared

to GLP-1RA
• Improved insulin sensitivity observed
• GIPRA component on the adipose tissue, favoring lipid entry into the 

adipocyte and lowering of their circulating levels
• reduction in apoB, apoC-III, triglyceride-rich lipoproteins, and small 

dense LDL levels
Pedrosa, Maurício Reis, Denise Reis Franco, Hannah Waisberg Gieremek, Camila Maia Vidal, Fernanda 
Bronzeri, Alexia de Cassia Rocha, Luis Gabriel de Carvalho Cara, Sofia Lenzi Fogo, and Freddy 
Goldberg Eliaschewitz. “GLP-1 Agonist to Treat Obesity and Prevent Cardiovascular Disease: What 
Have We Achieved so Far?” Current Atherosclerosis Reports 24, no. 11 (November 2022): 867–84. 
https://doi.org/10.1007/s11883-022-01062-2.

https://doi.org/10.1007/s11883-022-01062-2


GIP

GIP directly stimulates insulin secretion through the β cell 
GIPR. Indirectly, GIP potentiates α cell activity to enhance α to β 
cell communication through the GLP-1R/GCGR. Thus, GIP 
indirectly stimulates insulin secretion through the α cell.



Whats Next ? Add Glucagon?

• Triple gip/glp-1 and glucagon over ride glucagon
• Build a tripleagonist FGF21 also affected !!



Glucagon



Next steps

Galsgaard, Katrine D., Jens Pedersen, Filip K. Knop, Jens J. Holst, and Nicolai J. 
Wewer Albrechtsen. “Glucagon Receptor Signaling and Lipid Metabolism.” 
Frontiers in Physiology 10 (2019). 
https://www.frontiersin.org/articles/10.3389/fphys.2019.00413.

https://www.frontiersin.org/articles/10.3389/fphys.2019.00413


Potent unimolecular peptide GLP-1/GIP/GCG 
receptor triagonist
• integrating GIP activity into dual GLP-1 and GCG receptor agonism 

provides improved effects on weight loss and glycemic control while 
buffering the diabetogenic risk of chronic GCG receptor agonism

Bossart, Martin, Michael Wagner, Ralf Elvert, Andreas Evers, Thomas Hübschle, Tim 
Kloeckener, Katrin Lorenz, et al. “Effects on Weight Loss and Glycemic Control with 
SAR441255, a Potent Unimolecular Peptide GLP-1/GIP/GCG Receptor Triagonist.” Cell 
Metabolism 34, no. 1 (January 2022): 59-74.e10. https://doi.org/10.1016/j.cmet.2021.12.005.

https://doi.org/10.1016/j.cmet.2021.12.005


Sweetwyne, Mariya T., Jeffrey 
W. Pippin, Diana G. Eng, Kelly 
L. Hudkins, Ying Ann Chiao, 
Matthew D. Campbell, David 
J. Marcinek, et al. “The 
Mitochondrial-Targeted 
Peptide, SS-31, Improves 
Glomerular Architecture in 
Mice of Advanced Age.” 
Kidney International 91, no. 5 
(May 2017): 1126–45. 
https://doi.org/10.1016/j.kint
.2016.10.036.

https://doi.org/10.1016/j.kint.2016.10.036


Nhu, Nguyen Thanh, Shu-Yun Xiao, Yijie Liu, V. Bharath Kumar, Zhen-Yang Cui, and Shin-Da Lee. 
“Neuroprotective Effects of a Small Mitochondrially-Targeted Tetrapeptide Elamipretide in 
Neurodegeneration.” Frontiers in Integrative Neuroscience 15 (January 17, 2022): 747901. 
https://doi.org/10.3389/fnint.2021.747901.

https://doi.org/10.3389/fnint.2021.747901


AKG

• In the TCA cycle, AKG is decarboxylated to succinyl-CoA and CO2 by 
AKG dehydrogenase
• AKG can be generated from isocitrate by oxidative decarboxylation 

catalysed by isocitrate dehydrogenase (IDH)
• AKG can be produced anaplerotically from glutamate by oxidative 

deamination using glutamate dehydrogenase
• product of pyridoxal phosphate-dependent trans-amination reactions 

in which glutamate is a common amino donor

Wu, Nan, Mingyao Yang, Uma Gaur, Huailiang Xu, Yongfang Yao, and Diyan Li. “Alpha-Ketoglutarate: 
Physiological Functions and Applications.” Biomolecules & Therapeutics 24, no. 1 (January 2016): 
1–8. https://doi.org/10.4062/biomolther.2015.078.

https://doi.org/10.4062/biomolther.2015.078


Stem Cell Rejuvenation
• αKG in rejuvenating MSCs and ameliorating age-related osteoporosis
• α-KG suppresses ATP synthase and alterations of the energy metabolism 

trigger the nutritional sensors to down-regulate mTOR pathway
• αKG decreases the accumulations of H3K9me3 and H3K27me3

• reduces their enrichments on the promoters of Bmp2, Bmp4, and Nanog-(a master 
regulator of stem cell potency)

• upregulates BMP signaling and Nanog expression
• expression of the osteogenic-related genes, such as Runx2, Sp7, Col1a1, 

Alp, and Bglap, was upregulated in MSCs
Wang, Yuan, Peng Deng, Yuting Liu, Yunshu Wu, Yaqian Chen, Yuchen Guo, Shiwen Zhang, et al. 
“Alpha-Ketoglutarate Ameliorates Age-Related Osteoporosis via Regulating Histone Methylations.” 
Nature Communications 11, no. 1 (November 5, 2020): 5596. https://doi.org/10.1038/s41467-020-
19360-1.

https://doi.org/10.1038/s41467-020-19360-1


NAMPT

Khaidizar, Fiqri D., Yasumasa Bessho, and Yasukazu Nakahata. “Nicotinamide 
Phosphoribosyltransferase as a Key Molecule of the Aging/Senescence Process.” International Journal 
of Molecular Sciences 22, no. 7 (April 2, 2021): 3709. https://doi.org/10.3390/ijms22073709.

2 –oxoglutarate 
dependent 
dioxygenases

activation of prolidase, 
recycling of proline 
from collagen 
degradation products

P5C-Pathway

https://doi.org/10.3390/ijms22073709


AKG- Sensescence

• αKG in vitro, the lifespan of aged MSCs was extended and the 
senescence-associated hallmarks of MSCs were significantly 
downregulated
• mRNA level of SA genes (p16, p21, p53, and Il6)
• markers of nuclear architecture (Lamin A/C) 
• DNA damage marker γ-H2A.X, and SA-β-gal activities
• maintain the proliferation vitality
• enhanced the migration of MSCs 
• promoted osteogenic differentiation of aged MSCs

Wang, Yuan, Peng Deng, Yuting Liu, Yunshu Wu, Yaqian Chen, Yuchen Guo, Shiwen Zhang, et al. 
“Alpha-Ketoglutarate Ameliorates Age-Related Osteoporosis via Regulating Histone Methylations.” 
Nature Communications 11, no. 1 (November 5, 2020): 5596. https://doi.org/10.1038/s41467-020-
19360-1.

https://doi.org/10.1038/s41467-020-19360-1


α-KG

• AMPK pathway has also been significantly up-regulated with α-KG 
treatment observed in our study
• α-KG might delay follicle activation and senescence in mice via up-

regulating the phosphorylation of energy-sensing protein AMPK and 
down-regulating the phosphorylation of mTOR
• ornithine ɑ-ketoglutarate (OKG)
• ɑ-KG as promotes appetite and growth from the early life to late 

stages of life in human
Zhang, Zhenzhen, Changjiu He, Yu Gao, Lu Zhang, Yukun Song, Tianqi Zhu, Kuanfeng
Zhu, et al. “α-Ketoglutarate Delays Age-Related Fertility Decline in Mammals.” 
Aging Cell 20, no. 2 (2021): e13291. https://doi.org/10.1111/acel.13291.

https://doi.org/10.1111/acel.13291


Legendre, F., A. MacLean, V. P. Appanna, and V. D. Appanna. “Biochemical Pathways to α-
Ketoglutarate, a Multi-Faceted Metabolite.” World Journal of Microbiology and Biotechnology 36, no. 
8 (August 2020): 123. https://doi.org/10.1007/s11274-020-02900-8.

https://doi.org/10.1007/s11274-020-02900-8


Senescence- α-KG is insufficient 
• biochemical basis for this increase of α-KG is explained by starvation-

based anaplerotic gluconeogenesis, which activates glutamate-linked 
transaminases in the liver to provide carbon derived from amino acid 
catabolism
• physiological increases in α-KG levels -and in humans after physical 

exercise
• α-KG decreases TOR pathway activity through the inhibition of ATP 

synthase
• α-KG inhibits the activity of Complex V, Partial ATP inhibition

Chin, Randall M., Xudong Fu, Melody Y. Pai, Laurent Vergnes, Heejun Hwang, 
Gang Deng, Simon Diep, et al. “The Metabolite Alpha-Ketoglutarate Extends 
Lifespan by Inhibiting the ATP Synthase and TOR.” Nature 510, no. 7505 (June 
19, 2014): 397–401. https://doi.org/10.1038/nature13264.

https://doi.org/10.1038/nature13264


• enteric feeding of AKG supplements can significantly increase 
circulating plasma levels of such hormones as insulin, growth 
hormone and insulin like growth factor-1 (IGF-1)

Colomb V, Dabbas M, Goulet O, Talbotec C, Corriol O, Ricour C. Prepubertal growth in 
children with long-term parenteral nutrition. Horm Res Paediatr. 2004;58:2–6. 
doi: 10.1159/000064760



AKG - Glutamine and Glutamate 
• AKG -stimulates protein synthesis, inhibits protein degradation in muscle, and 

constitutes an important metabolic fuel for cells of the gastrointestinal tract
• AKG as a precursor of glutamine, is a main source of energy for intestinal cells 

and a preferred substrate for both enterocytes and other rapidly dividing cells
• glutamate, released from nerve fibers in bone tissue, is synthesized by the 

reductive amination of AKG in peri-vein hepatocytes and can give rise to an 
increase in proline synthesis, which plays a central role in the synthesis of 
collagen
• Glutamine has traditionally been considered to be a non-essential amino acid in 

health, but in catabolic states and stress, it is an essential fuel source for cells of 
the gastrointestinal tract, rapidly dividing leucocytes and macrophages in the 
immune system and can be rapidly depleted despite the significant release from 
muscle tissue

Wu, Nan, Mingyao Yang, Uma Gaur, Huailiang Xu, Yongfang Yao, and Diyan Li. “Alpha-
Ketoglutarate: Physiological Functions and Applications.” Biomolecules & Therapeutics
24, no. 1 (January 2016): 1–8. https://doi.org/10.4062/biomolther.2015.078.

https://doi.org/10.4062/biomolther.2015.078


• AKG is a cofactor of prolyl-4-hydroxylase (P4H)
• P4H is located within the endoplasmic reticulum (ER), and catalyze the 

formation of 4-hydroxyproline
• crucial for the formation of the collagen triple helix

• AKG contributes to facilitate collagen synthesis by increasing the pool 
of proline residues via glutamate 
• 25% of the dietary AKG is converted to proline in the enterocytes
• Proline is a primary substrate for collagen synthesis, and plays a central role in 

collagen metabolism.



NAMPT

Khaidizar, Fiqri D., Yasumasa Bessho, and Yasukazu Nakahata. “Nicotinamide 
Phosphoribosyltransferase as a Key Molecule of the Aging/Senescence Process.” International Journal 
of Molecular Sciences 22, no. 7 (April 2, 2021): 3709. https://doi.org/10.3390/ijms22073709.
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Osteoporosis
• AKG and its derivatives can play a role as a Fe2+ absorption enhancer both in 

rapidly growing animals and humans with Fe2+ insufficiency
• AKG, ascorbate and Fe2+ steer hydroxylation of peptide-bound proline to 

hydroxyproline via prolyl hydrolase, increasing the conversion of pro-collagen to 
collagen and bone matrix formation
• AKG influence on bone tissue results from its impact on the endocrine system

• Glutamine and glutamate is transformed in ornithine and then to arginine

• ornithine and arginine stimulate the secretion of growth hormone (GH) and insulin-like 
growth factor I (IGF-I)

Tocaj A, Filip R, Lindergard B, Wernerman J, Studzinski T, Ohman K, Pierzynowski
S. Alpha-ketoglutarate (AKG) inhibit osteoporosis development in 
postmenopausal women; Journal of Bone and Mineral Research; 2003. pp. 
S267–S267. Amer Soc Bone & Mineral Res 2025 M St, Nw, Ste 800, Washington 
Dc 20036-3309 USA.



Immune System

• AKG as a glutamine homologue has immuno-enhancing properties,
• maintain a gut barrier
• increase immune cells and the activity of neutrophils and phagocytosis,
• reduce bacterial translocation

Wu, Nan, Mingyao Yang, Uma Gaur, Huailiang Xu, Yongfang Yao, and Diyan Li. “Alpha-Ketoglutarate: 
Physiological Functions and Applications.” Biomolecules & Therapeutics 24, no. 1 (January 2016): 
1–8. https://doi.org/10.4062/biomolther.2015.078.

https://doi.org/10.4062/biomolther.2015.078


Wu, Nan, Mingyao Yang, Uma Gaur, Huailiang Xu, Yongfang Yao, and Diyan Li. “Alpha-Ketoglutarate: 
Physiological Functions and Applications.” Biomolecules & Therapeutics 24, no. 1 (January 2016): 
1–8. https://doi.org/10.4062/biomolther.2015.078.

https://doi.org/10.4062/biomolther.2015.078


Gyanwali, Bibek, Zi Xiang Lim, Janjira Soh, Clarissa Lim, Shou Ping Guan, Jorming Goh, Andrea 
B. Maier, and Brian K. Kennedy. “Alpha-Ketoglutarate Dietary Supplementation to Improve 
Health in Humans.” Trends in Endocrinology & Metabolism 33, no. 2 (February 2022): 136–46. 
https://doi.org/10.1016/j.tem.2021.11.003.

https://doi.org/10.1016/j.tem.2021.11.003


Reproduction

• fecundity reduction with aging is referred as the reproductive aging 
which comes earlier than that of chronological aging
• The ovarian reservation and oocyte competence decline with 
• Ovarian aging occurs much earlier than general aging



Cell Model –Oocyte 

Zhang, Zhenzhen, Changjiu He, Yu Gao, Lu Zhang, Yukun Song, Tianqi Zhu, 
Kuanfeng Zhu, et al. “α-Ketoglutarate Delays Age-Related Fertility Decline in 
Mammals.” Aging Cell 20, no. 2 (2021): e13291. 
https://doi.org/10.1111/acel.13291.

https://doi.org/10.1111/acel.13291


• ATP synthase subunit β is a novel binding protein of AKG
• AKG inhibits ATP synthase
• leads to reduced ATP content
• decreased oxygen consumption
• increased autophagy

• AMPK is activated - inhibition of TOR
• when the AMP/ATP ratio is high and subsequently
• activated AMPK inhibits TOR signaling by activating phosphorylation of the 

TOR suppressor TSC2
• adjusting the cell’s metabolic program to energy status



Studies 
• Bone tissue
• Tocaj A, Filip R, Lindergard B, Wernerman J, Studzinski T, Ohman K, 

Pierzynowski S. Alpha-ketoglutarate (AKG) inhibit osteoporosis development 
in postmenopausal women; Journal of Bone and Mineral Research; 2003. pp. 
S267–S267. Amer Soc Bone & Mineral Res 2025 M St, Nw, Ste 800, 
Washington Dc 20036-3309 USA

• Kidney
• Riedel E, Nundel M, Hampl H. alpha-Ketoglutarate application in hemodialysis 

patients improves amino acid metabolism. Nephron. 1996;74:261–265. 
doi: 10.1159/000189319
• AKG has a beneficial effect on nitrogen metabolism  and in reducing toxicity 

levels of ammonium ions as a protective agent for kidney function in the 
body



• SKIN Collagen
• Son, E.D. et al. (2007) Alpha-ketoglutarate stimulates procollagen production in cultured 

human dermal fibroblasts, and decreases UVB-induced wrinkle formation following topical 
application on the dorsal skin of hairless mice. Biol. Pharm. Bull. 30, 1395–1399

• Burn patients
• Coudray-Lucas, C. et al. (2000) Ornithine alpha-ketoglutarate improves wound healing in 

severe burn patients: a prospective randomized double-blind trial versus isonitrogenous 
controls. Crit. Care Med. 28, 1772–1776

• Gastrointestinal- Microbiome 
Chen, S. et al. (2017) Alpha-ketoglutarate (AKG) lowers body weight and affects intestinal innate 
immunity through influencing intestinal microbiota. Oncotarget 8, 38184–38192

• Post Operative 
• Wirén, M. et al. (2002) Alpha-ketoglutarate-supplemented enteral nutrition: effects on 

postoperative nitrogen balance and muscle catabolism. Nutrition 18, 725–728



Fertility Decline

• α-KG is a key intermediate in the Krebs cycle, coming after isocitrate 
and before succinyl-CoA.” (Zhang et al., 2021, p. 7)
• α-KG increases the number of follicle and preserves telomere length, 

as well as the quantity and quality of oocyte
• mTOR was significantly down-regulated by α-KG
• AMPK was significantly up-regulated in α-KG
• genes involved in mitochondria, inflammation or immune response 

and telomere/telomerase-related genes are regulated by α-KG
Zhang, Zhenzhen, Changjiu He, Yu Gao, Lu Zhang, Yukun Song, Tianqi Zhu, 
Kuanfeng Zhu, et al. “α-Ketoglutarate Delays Age-Related Fertility Decline in 
Mammals.” Aging Cell 20, no. 2 (2021): e13291. 
https://doi.org/10.1111/acel.13291.

https://doi.org/10.1111/acel.13291


Oocyte
• mitochondria area primary target of α-KG
• α-KG reduced these abnormalities in oocytes of mammals with 

increased age
• Aneuploidy
• DNA oxidative damage
• meiotic spindle impairments
• mitochondrial aggregation oocytes 
• quality (oocytes with abnormal spindles and mitochondria) 
• quantity (good MII and total oocytes) of oocytes significantly reduced

• α-KG delays the decreases of oocyte quality and quantity with aging
Zhang, Zhenzhen, Changjiu He, Yu Gao, Lu Zhang, Yukun Song, Tianqi Zhu, 
Kuanfeng Zhu, et al. “α-Ketoglutarate Delays Age-Related Fertility Decline in 
Mammals.” Aging Cell 20, no. 2 (2021): e13291. 
https://doi.org/10.1111/acel.13291.

https://doi.org/10.1111/acel.13291


Telemorase

• Telomere dysfunction may cause meiotic defects related to 
reproductive aging, miscarriage, and infertility
• Telomerase deficiency and shorter telomeres contribute to the age-

related decline in ovarian follicle number and infertility
• ɑ-KG significantly reduced the telomere short of the ovaries
• Inhanced expressions of telomerase reverse transcriptase (Tert), 

telomerase RNA component ( Terc), and sirtuin 6 (Sirt6) in ovaries

Zhang, Zhenzhen, Changjiu He, Yu Gao, Lu Zhang, Yukun Song, Tianqi Zhu, 
Kuanfeng Zhu, et al. “α-Ketoglutarate Delays Age-Related Fertility Decline in 
Mammals.” Aging Cell 20, no. 2 (2021): e13291. 
https://doi.org/10.1111/acel.13291.

https://doi.org/10.1111/acel.13291


Immune Response 

• IL-6 was significantly lower in the ovaries
• immune response-related genes were significantly modified by 

α-KG

Zhang, Zhenzhen, Changjiu He, Yu Gao, Lu Zhang, Yukun Song, Tianqi Zhu, 
Kuanfeng Zhu, et al. “α-Ketoglutarate Delays Age-Related Fertility Decline in 
Mammals.” Aging Cell 20, no. 2 (2021): e13291. 
https://doi.org/10.1111/acel.13291.

https://doi.org/10.1111/acel.13291


m-TOR/AMPK
• gene and protein level of mTOR in ovary, spleen, and kidney of α-KG 

treated 
• twofold to fourfold reduction in mTOR activity would preserve 

ovarian function and normal birth numbers
• AMPK pathway has alsobeen significantly up-regulated with α-KG
• α-KG might delay follicle activation and senescence via up-regulating

the phosphorylation of energy-sensing protein AMPK and down-
regulating the phosphorylation  of mTOR

Zhang, Zhenzhen, Changjiu He, Yu Gao, Lu Zhang, Yukun Song, Tianqi Zhu, 
Kuanfeng Zhu, et al. “α-Ketoglutarate Delays Age-Related Fertility Decline in 
Mammals.” Aging Cell 20, no. 2 (2021): e13291. 
https://doi.org/10.1111/acel.13291.

https://doi.org/10.1111/acel.13291


Gyanwali, Bibek, Zi Xiang Lim, Janjira Soh, Clarissa Lim, Shou Ping Guan, Jorming Goh, Andrea 
B. Maier, and Brian K. Kennedy. “Alpha-Ketoglutarate Dietary Supplementation to Improve 
Health in Humans.” Trends in Endocrinology & Metabolism 33, no. 2 (February 1, 2022): 136–
46. https://doi.org/10.1016/j.tem.2021.11.003.

https://doi.org/10.1016/j.tem.2021.11.003


Driving Factors for Cell Efficiency Increased expression of the 
NADase CD38 is responsible 
for NAD decline and 
mitochondrial dysfunction in 
older mice in an SIRT3-
dependent manner

CD38 also metabolizes the 
NAD precursor NMN and 
modulates the response to 
NAD-replacement therapy in 
vivo

NADase CD38 increase
activated  immune function 
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Liu, Shaojuan, Liuqin He, and Kang Yao. “The Antioxidative Function of 
Alpha-Ketoglutarate and Its Applications.” BioMed Research International
2018 (March 21, 2018): 3408467. https://doi.org/10.1155/2018/3408467.

Nonenzymatic oxidative 
decarboxylation
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Bilirubin
• non-pathologic elevations in bilirubin concentrations occur in healthy 

individuals due to upregulation of the HO system in response to stress or 
extreme exercise
• inhibit protein and lipid peroxidation 

• Bilirubin has powerful antioxidant activity and has been shown to be capable of 
protecting from 10,000 fold molar excess of hydrogen peroxide

• Roughly, 80% of bilirubin is made from the breakdown of hemoglobin in 
senescent red blood cells, and prematurely destroyed erythroid cells in the 
bone marrow. The remainder originates from the turnover of various 
heme-containing proteins found in other tissues, primarily the liver and 
muscles

Adin, Christopher A. “Bilirubin as a Therapeutic Molecule: Challenges and 
Opportunities.” Antioxidants 10, no. 10 (October 2021): 1536. 
https://doi.org/10.3390/antiox10101536.
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Bilirubin
• Plasma levels of unconjugated bilirubin have been found to correlate 

inversely with risk for metabolic syndrome and diabetes in prospective 
epidemiological studies, as confirmed in a recent meta-analysis
• direct hormonal binding between bilirubin and PPARα resulting in the 

induction of genes such as fibroblast growth factor 21 (Fgf21) and 
angiopoietin like 4 (Angptl4)—both regulators of cellular glucose uptake 
• bilirubin downregulates components of ER stress pathways to 

rescue Glut4 expression and normalize glucose and insulin sensitivities.
• ∼95% of bilirubin-modulated gene expression in hepatocytes is mediated 

by PPARα  likely via prometabolic PPARα pathways that improve glucose 
regulation

Nano J , Muka T , Cepeda M , et al . Association of circulating total bilirubin with the metabolic 
syndrome and type 2 diabetes: a systematic review and meta-analysis of observational 
evidence. Diabetes Metab 2016;42:389–97.doi:10.1016/j.diabet.2016.06.002
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Current definitions of “low 
bilirubin” vary, but reference 
ranges <10 µM in males and 
<8 µM in females are generally 
cited

Bilirubin conversion mg/dl- µM/L 
http://www.scymed.com/en/smnxp
c/pcxdk123_c.htm

Creeden, Justin F., Darren M. Gordon, David E. Stec, and Terry D. Hinds. “Bilirubin as a Metabolic Hormone: The 
Physiological Relevance of Low Levels.” American Journal of Physiology - Endocrinology and Metabolism 320, 
no. 2 (February 1, 2021): E191–207. https://doi.org/10.1152/ajpendo.00405.2020.
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Spirulina

• supplementing spirulina at 2–8 g/ day may improve lipid profiles, reducing TC, 
TG and LDL-c 
• improving HDL-c 
• Improving apolipoprotein A1 
• reducing apolipoprotein B
• aiding weight loss and reducing BMI
• Spirulina improves insulin resistance, antioxidant/anti-inflammatory 

properties, blood glucose and blood pressure as discussed in this article

DiNicolantonio JJ, Bhat AG, OKeefe J. Effects of spirulina on weight loss and blood 
lipids: a review. Open Heart. 2020;7(1):e001003. Published 2020 Mar 8. 
doi:10.1136/openhrt-2018-001003



Spirulina – Microbiome 
• However, SPL95 treatment decreased the expression of SREBP-1c, ACC, and 

HMG-CoA. It has improved the AMPK-related signaling pathway in HFD-fed 
induced hyperlipidemic rats. Significant changes in gene expression associated 
with SREBP-1c may be responsible for lowering TG levels and inhibiting the 
synthesis of fatty acids [25]. The above results indicated that SPL95 ameliorated 
the fat synthesis-related genes in hyperlipemia rats by regulating the SREBP-1c 
and HMG-CoA reductase signaling pathway, providing compelling evidence for 
the potential application of SPL95 on hyperlipidemia.
• Moreover, SPL95 has decreased the percentage of Firmicutes and increased the 

percentage of Bacteroidetes in cecal contents. These results were in accordance 
with the theory that body fat percentage correlates positively with the 
abundance of Firmicutes in the gut microbiota in humans and mice. In addition, 
changes in body weight and serum LDL-c were positively correlated 
with Firmicutes.
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