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GLUCOSE METABOLISM IN WELLNESS AND DISEASE

PHILOSOPHICAL CONTEXT

* State of the Organism (internal and External Environments)
* Over Fed + Under Exercised = Diabetic State

BLOOD GLUCOSE (AKA BLOOD SUGAR)

* Expected Value = Between 70 mg/dL (3.9 mmol/L) and 100 mg/dL (5.6 mmol/L)
* Monitoring Required: Between 100 to 125 mg/dL (5.6 to 6.9 mmol/L)
* Lifestyle changes recommended
* Diabetes: 2126 mg/dL (7 mmol/L) on two separate tests
* Too Low: < 70 mg/dL (3.9 mmol/L)
» dizziness, sweating, palpitations, blurred vision
* Total Blood Glucose = 3.5-5.0 grams

GLUCOSE TOLERANCE TEST

e At fasting blood glucose — give 75 grams of glucose (oral)
e Monitor for 2 hours
o <140 mg/dL = normal
o 140-199 mg/dL = impaired
o >200 mg/dL = diabetes
e Glucose peak >30 mins was associated with a 4-fold increased odds of prediabetes

GLUCOSE

BASAL METABOLIC CALORIC (CARBS/FAT/PROTEIN) REQUIREMENTS/USE

» Skeletal Muscle - 14.5 kcal/kg/day

* Heart - 440 kcal/kg/day

* Kidney - 440 kcal/kg/day

* Brain - 240 kcal/kg/day (*must be glucose) This equals about 400kcal/day of glucose
* Liver - 200 kcal/kg/day

SKELETAL MUSCLE GLUCOSE USE (EXAMPLE: LEGS)

Resting <5 kcal/hour
Hargreaves, M., & Spriet, L. L. (2020). Skeletal muscle energy

Moderate Exercise = 100 — 150 kcal/hour metabolism during exercise. Nature metabolism, 2(9), 817-828.
Hard Exercise = 200 — 300 kcal/hour

Resistance Exercise (Lifting Weights) burns glycogen

® 8sets— 10 representatives = {,23% Slow Twitch Glycogen --- \,42% Fast Twitch Glycogen (Koopman, et al. 2006)
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INACTIVE MUSCLE CONSUMES VERY LITTLE GLUCOSE!

SKELETALMUSCLEGLUCOSE CARACITY Burke, L. M., van Loon, L. J., & Hawley, J. A. (2017). Postexercise

Untrained: 80 — 85 mmoI/kg of muscle muscle glycogen resynthesis in humans. Journal of applied physiology.

Trained = 120 mmol/kg wet weight

Skeletal muscle glycogen stores = 300 — 700 grams

**xA bigger, trained muscle holds much more carbohydrate (glycogen). Small, untrained muscle is
a much poorer consumer of carbohydrates.

GLUCOSE TRANSPORTERS (GLUTS)

Glucose enters Liver, Muscle, and Pancreas via “facilitated diffusion”

Intermembrane transporters (GLUTSs) facilitate transport from outside to inside the cell
GLUT2

Tissues (LIVER and PANCREAS)

Low Affinity

High Capacity

Cell Membrane (no translocation needed)

O O O O

GLUT4

(@]

Tissues (SKELETAL MUSCLE and FAT)

High Affinity

o Translocation (it is activated by moving it from the cytosol to the membrane)
= AMP

= |nsulin

(@]

ENZYMES

HEXOKINASE (SKELETAL MUSCLE)

e Low Km (runs fast at low concentrations)
e Inhibited by its product (G6P)
o It will run very fast, even at low glucose levels, provided the cell is using its product

GLUCOKINASE (LIVER)

e High Km (runs slowly at low concentrations)
e Regulatory Protein (Inhibits the enzyme)
o Keeps it sequestered in the nucleus and inactive LOCKED IN THE NUCLEUS!
o Freed by high glucose and fructose
e NOT Inhibited by its product (G6P)

LIVER IS THE “CONTROLLER” OF BLOOD GLUCOSE

o The liver gets blood glucose back down whenever it goes higher
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o Runs fast whenever blood glucose is high
o Regulatory protein inhibits whenever blood glucose is low

GLUCOKINASE (PANCREAS)
High Km (runs slowly at low concentrations)

e NO Regulatory Protein (No inhibition!)
e NOT Inhibited by its product (G6P)

PANCREAS IS THE “SENSER” OF BLOOD GLUCOSE

o Beta cells make and secrete insulin when intracellular ATP is high
o Lots of glucose coming into the Beta cell causes glycolysis to run fast and produces lots of ATP
o High Glucose = High Beta Cell ATP = more insulin production and secretion

INTESTINE

e Multiple Glucose Transporters

o SGLT
= Active Transport
= Limited capacity

o GLUT1

o GLUT2
= Recruited to the apical membrane
= Very high capacity
* Inducible

o Paracellular Transport

It has a very large capacity to absorb whatever glucose you eat!

LIVER

e Receives portal circulation
e Retains 30-60% of glucose coming from portal circulation
o Depends on:
= Glucose concentration
= Fructose concentration
= Insulin concentration
e GLUT2
o Half speed at 300 mg/dL, but high capacity to take glucose
¢ Glucokinase
o Half speed at 150 mg/dL
Stimulated by fructose and glucose
Expression increased by insulin

o]
o]
o NOT inhibited by G6P
o]
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THE LIVER MAKES FAT AND CHOLESTEROL OUT OF EXCESS GLUCOSE

v IfATP is high;
v’ If glycogen is full;

v’ Glucose turns into fat and cholesterol

INFLAMMATION

e High fat production with high insulin leads to:
o More Diacylglycerol (DAG)
o More ceramide production
o Translocation/activation of protein kinase C (PKC)
= Stimulation of inflammatory pathways (NFKB)

PANCREAS
e Receives blood after the liver (systemic circulation)
o GLUT2

o Half speed at 300 mg/dL, but high capacity to take glucose
¢ Glucokinase

o Half speed at 150 mg/dL

o NOT inhibited by G6P

PANCREAS IS THE “SENSER” OF BLOOD GLUCOSE
Beta cells make and secrete insulin when intracellular ATP is high

Lots of glucose coming into the Beta cell causes glycolysis to run fast and produces lots of ATP
¢ High Glucose = High Beta Cell ATP = more insulin production and secretion

INSULIN

« Peptide hormone release from the Beta cells of the pancreas
«  PI3K pathway
«  MAPK pathway
« Stimulates liver glucokinase
« Stimulates translocation of GLUT4
—  Skeletal Muscle
- Adipocytes
« Stimulates mTORC1
— Transcription and translation of certain proteins

SKELETAL MUSCLE

Stores 300-700 grams of glucose (glycogen)

Overnight fast — minimal impact

Trained muscle can store 50% more glycogen (same volume)

Adding muscle = adding storage capacity

*  Resting muscle burns next to nothing

*  Working muscle burns lots of glucose (30-60 times more than resting!)
*  Muscle takes in lots of glucose after exercise (rebuild storage)

e o o o
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GLUCOSE TRANSPORTER (GLUT4)

*  90% inside the cell at rest

* Activated (brought to the cell membrane) via
— Insulin
— Muscle contraction (AMP and Calcium)

Insulin results in a 10-20-fold increase in muscle glucose uptake
Post-exercise insulin sensitivity 1~35-fold

Exercise results in a 100-fold increase in muscle glucose uptake

GLYCOGEN REPLETION

* Rapid Insulin Independent - Maximal activity during the first 30 minutes
. 30-60 minutes after intense exercise + Rapid decline to about one fifth by 60 minutes
+ Low glycogen levels AND lots of GLUT4 in the membrane - Reduced to about one ninth by 120 minutes
* Slower Insulin Dependent
* Several hours after exercise (insulin and carbohydrate present)
* Maximal Resynthesis Rates
*  ~300-500 kcal of carbohydrate per meal

ENZYME (HEXOKINASE 1)

* Predominant form in muscle
* Very low Km (runs even when glucose concentration is low)
* Moves between the cytosol and mitochondria
* Drives glycolysis when membrane-bound
* Insulin sensitive
* Mg++, Ca++ and glucose deprivation stimulate
* Glucose 6P and P; inhibit

Wasserman, D. H. (2022). Insulin, muscle
glucose uptake, and hexokinase: revisiting the
road not taken. Physiology, 37(3), 115-127.

Exercise results in muscle making more Hexokinase and GLUT4
More Powerful Glucose Consumer!

FAT (ADIPOSE TISSUE)

e Adipose Tissue = adipocytes, pre-adipocytes, endothelial cells, vascular precursor cells, immune cells,
and extracellular matrix

e SWAT: Subcutaneous White Adipose Tissue
e VWAT: Visceral White Adipose Tissue

FAT STATS
— Number of subcutaneous white fat cells is established around puberty
— turnover rate around 10%.
— Adipose tissue growth is exclusively through hypertrophy.
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ADIPOCYTE HYPERTROPHY

Bigger fat cells kick out more Free Fatty Acids (FFA)
o Oversupply of FFA leads to lipotoxicity in tissues

Hildebrandt, X., Ibrahim, M., & Peltzer, N. (2023).
Cell death and inflammation during obesity: “Know

Bigger fat cells secrete inflammatory cytokines my methods, WAT (son)”. Cell Death &

o TNFalpha
o IL-6

Differentiation, 30(2), 279-292.

o Recruit and activate immune cells

Bigger fat cells die.

o Fat cells reach a critical size > degenerate and die through pyroptosis.
o Crown-Like-Structures (CLS)

o INFLAMMATION

Bigger SWAT divert fat to visceral white adipose tissue and ectopic sites

VISCERAL FAT AND INFLAMMATION

MACROPHAGE INVASION

— VWAT undergoes major cell death and inflammation
— Adipocyte death causes a large influx of MACROPHAGES
— More macrophages AND more inflammatory type macrophages
* Macrophages switch (phenotype) from M2 to M1 (much more inflammatory)
* Switch is specifically observed in VWAT.
* Percent macrophages in the stromal vascular fraction goes from ~10% in lean to over
50% in obese individuals.

ADIPOCYTE SENESCENCE

Senescence is induced by various stress conditions
» Oxidative Stress - ROS (Reactive Oxygen Species)

Liu, Z., Wu, K. K., Jiang, X., Xu, A., & Cheng, K.
K. (2020). The role of adipose tissue

* Metabolic Insults - High glucose and toxic lipids senescence in obesity-and ageing-related

o (DAG — Ceramides)

metabolic disorders. Clinical science, 134(2),

* Visceral Adipocytes are more susceptible to senescence 315-330.

Hypertrophic Obesity - FFA Spillover into VWAT -> FFA Spillover into Ectopic Sites

ADDITIONAL ONLINE CONTINUING EDUCATION (WEINERT)

INTERMITTENT FASTING

GUT MICROBIOTA

MUSCLE MATTERS

GLUTEN AND CELIAC DISEASE

https://palmerce.learningexpressce.com/index.cfm?eventTypelD=08&categorylDs=&qg=weinert




Copyright 2024, Dan Weinert DC, PhD

REFERENCES

1. Althaher, A. R. (2022). An overview of hormone-sensitive lipase (HSL). The Scientific World Journal, 2022.

2. Bredella M, Ghomi R, Thomas B, ... MT-, 2010 undefined. Comparison of DXA and CT in the assessment of body composition
in premenopausal women with obesity and anorexia nervosa. Wiley Online Libr

3. Burke, L. M., van Loon, L. J., & Hawley, J. A. (2017). Postexercise muscle glycogen resynthesis in humans. Journal of applied
physiology.

4. Chung ST, et al. Time to glucose peak during an oral glucose tolerance test identifies prediabetes risk. Clin Endocrinol (Oxf).
2017 Nov;87(5):484-491. doi: 10.1111/cen.13416. Epub 2017 Aug 6. PMID: 28681942; PMCID: PMC5658251.

5. Cunnane, S.C. Et al. (2011). Brain fuel metabolism, aging and Alzheimer's disease. Nutrition. 27(1): 3-20.

6. Eyth E, Basit H, Swift CJ. Glucose Tolerance Test. [Updated 2023 Apr 23]. In: StatPearls [Internet]. Treasure Island (FL):
StatPearls Publishing; 2024 Jan-. Available from: https://www.ncbi.nlm.nih.gov/books/NBK532915/

7. Flores-Opazo, M., McGee, S. L., & Hargreaves, M. (2020). Exercise and GLUT4. Exercise and sport sciences reviews, 48(3),
110-118.

8. Fujisaka S. The role of adipose tissue M1/M2 macrophages in type 2 diabetes mellitus. Diabetol Int. 2020 Dec 15;12(1):74-
79. doi: 10.1007/s13340-020-00482-2. PMID: 33479582; PMCID: PMC7790922.

9. Hargreaves, M., & Spriet, L. L. (2020). Skeletal muscle energy metabolism during exercise. Nature metabolism, 2(9), 817-
828.

10. Herranz, N., & Gil, J. (2018). Mechanisms and functions of cellular senescence. The Journal of clinical investigation, 128(4),
1238-1246.

11. Hildebrandt, X., Ibrahim, M., & Peltzer, N. (2023). Cell death and inflammation during obesity:“Know my methods, WAT
(son)”. Cell Death & Differentiation, 30(2), 279-292.

12. lacobini, C., Vitale, M., Haxhi, J., Menini, S., & Pugliese, G. (2024). Impaired Remodeling of White Adipose Tissue in Obesity
and Aging: From Defective Adipogenesis to Adipose Organ Dysfunction. Cells, 13(9), 763.

13. lwayama, K., Onishi, T., Maruyama, K., & Takahashi, H. (2020). Diurnal variation in the glycogen content of the human liver
using 13C MRS. NMR in Biomedicine, 33(6), e4289.

14. lwayama, K., Tanabe, Y., Tanji, F., Ohnishi, T., & Takahashi, H. (2021). Diurnal variations in muscle and liver glycogen differ
depending on the timing of exercise. The Journal of Physiological Sciences, 71, 1-8.

15. Janssen, I., Heymsfield, S. B., Wang, Z., & Ross, R. (2000). Skeletal muscle mass and distribution in 468 men and women
aged 18-88 yr. Journal of applied physiology.

16. Javed F, He Q, Davidson LE, Thornton JC, Albu J, Boxt L, Krasnow N, Elia M, Kang P, Heshka S, Gallagher D. Brain and high
metabolic rate organ mass: contributions to resting energy expenditure beyond fat-free mass. Am J Clin Nutr. 2010
Apr;91(4):907-12. doi: 10.3945/ajcn.2009.28512. Epub 2010 Feb 17. PMID: 20164308; PMCID: PMC2844678.

17. Jentjens, R., & Jeukendrup, A. E. (2003). Determinants of post-exercise glycogen synthesis during short-term
recovery. Sports Medicine, 33, 117-144.

18. Kiens, B. et al. (2011). Factors regulating fat oxidation in human skeletal muscle. Obesity Reviews. 12, 852-858

19. Koopman, R., Manders, R. J., Jonkers, R. A., Hul, G. B., Kuipers, H., & van Loon, L. J. (2006). Intramyocellular lipid and
glycogen content are reduced following resistance exercise in untrained healthy males. European journal of applied
physiology, 96, 525-534.

20. Langhans, W., Watts, A. G., & Spector, A. C. (2023). The elusive cephalic phase insulin response: triggers, mechanisms, and
functions. Physiological reviews, 103(2), 1423-1485.

21. Liu Z, Wu KKL, Jiang X, Xu A, Cheng KKY. The role of adipose tissue senescence in obesity- and ageing-related metabolic

disorders. Clin Sci (Lond). 2020 Jan 31;134(2):315-330. doi: 10.1042/CS20190966. PMID: 31998947.



Copyright 2024, Dan Weinert DC, PhD

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Merz KE, Thurmond DC. Role of Skeletal Muscle in Insulin Resistance and Glucose Uptake. Compr Physiol. 2020 Jul
8;10(3):785-809. doi: 10.1002/cphy.c190029. PMID: 32940941; PMCID: PMC8074531.

Moiraghi M, Sciarini LS, Paesani C, Ledn AE, Pérez GT. Flour and starch characteristics of soft wheat cultivars and their effect
on cookie quality. J Food Sci Technol. 2019 Oct;56(10):4474-4481

Richter, E. A. (2021). Is GLUT4 translocation the answer to exercise-stimulated muscle glucose uptake?. American Journal of
Physiology-Endocrinology and Metabolism.

Roumans, K. H. (2021). Hepatic glycogen is not modulated by one night of prolonged fasting in people with non-alcoholic
fatty liver. Liver substrate metabolism in non-alcoholic fatty liver, 73.

Song, A., Mao, Y., & Wei, H. (2023). GLUTS5: structure, functions, diseases and potential applications. Acta Biochimica et
Biophysica Sinica, 55(10), 1519.

Thomas, P., Gallagher, M. T., & Da Silva Xavier, G. (2023). Beta cell lipotoxicity in the development of type 2 diabetes: the
need for species-specific understanding. Frontiers in Endocrinology, 14, 1275835.

Wang Z, Wang S, Xu Q, Kong Q, Li F, Lu L, Xu Y, Wei Y. Synthesis and Functions of Resistant Starch. Adv Nutr. 2023
Sep;14(5):1131-1144. doi: 10.1016/j.advnut.2023.06.001. Epub 2023 Jun 3. PMID: 37276960; PMCID: PMC10509415.

Wang, T., Wang, J., Hu, X., Huang, X. J., & Chen, G. X. (2020). Current understanding of glucose transporter 4 expression and
functional mechanisms. World journal of biological chemistry, 11(3), 76.

Wasserman, D. H. (2022). Insulin, muscle glucose uptake, and hexokinase: revisiting the road not taken. Physiology, 37(3),
115-127.

Xu, H., Barnes, G.T., Yang, Q., Tan, G., Yang, D., Chou, C.J. et al. (2003) Chronic inflammation in fat plays a crucial role in the
development of obesity-related insulin resistance. J. Clin. Investig. 112, 1821-1830, https://doi.org/10.1172/JC1200319451

Zhang, Z., Ji, G., & Li, M. (2023). Glucokinase regulatory protein: a balancing act between glucose and lipid metabolism in
NAFLD. Frontiers in Endocrinology, 14, 1247611.

Zhang, A. M., Wellberg, E. A., Kopp, J. L., & Johnson, J. D. (2021). Hyperinsulinemia in obesity, inflammation, and
cancer. Diabetes & metabolism journal, 45(3), 285-311.



