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Type 2 Diabetes Mellitus (T2DM) is characterized by chronically elevated blood glucose

(hyperglycemia) and elevated blood insulin (hyperinsulinemia). When the blood glucose

concentration is 100 milligrams/deciliter the bloodstream of an average adult contains

about 5–10 grams of glucose. Carbohydrate-restricted diets have been used effectively

to treat obesity and T2DM for over 100 years, and their effectiveness may simply be

due to lowering the dietary contribution to glucose and insulin levels, which then leads

to improvements in hyperglycemia and hyperinsulinemia. Treatments for T2DM that lead

to improvements in glycemic control and reductions in blood insulin levels are sensible

based on this pathophysiologic perspective. In this article, a pathophysiological argument

for using carbohydrate restriction to treat T2DM will be made.

Keywords: type 2 diabetes, insulin resistance, pre-diabetes, carbohydrate-restricted diets, hyperinsulinemia,

hyperglycemia

INTRODUCTION

Type 2 Diabetes Mellitus (T2DM) is characterized by a persistently elevated blood glucose, or
an elevation of blood glucose after a meal containing carbohydrate (1) (Table 1). Unlike Type 1
Diabetes which is characterized by a deficiency of insulin, most individuals affected by T2DM have
elevated insulin levels (fasting and/or post glucose ingestion), unless there has been beta cell failure
(2, 3). The term “insulin resistance” (IR) has been used to explain why the glucose levels remain
elevated even though there is no deficiency of insulin (3, 4). Attempts to determine the etiology of
IR have involved detailed examinations of molecular and intracellular pathways, with attribution
of cause to fatty acid flux, but the root cause has been elusive to experts (5–7).

HOW MUCH GLUCOSE IS IN THE BLOOD?

Keeping in mind that T2DM involves an elevation of blood glucose, it is important to understand
how much glucose is in the blood stream to begin with, and then the factors that influence the
blood glucose—both exogenous and endogenous factors. The amount of glucose in the bloodstream
is carefully controlled—approximately 5–10 grams in the bloodstream at any given moment,
depending upon the size of the person. To calculate this, multiply 100 milligrams/deciliter × 1
gram/1,000 milligrams× 10 deciliters/1 liter× 5 liters of blood. The “zeros cancel” and you are left
with 5 grams of glucose if the individual has 5 liters of blood. Since red blood cells represent about
40% of the blood volume, and the glucose is in equilibrium, there may be an extra 40% glucose
because of the red blood cell reserve (8). Adding the glucose from the serum and red blood cells
totals about 5–10 grams of glucose in the entire bloodstream.
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TABLE 1 | Definition of type 2 diabetes mellitus.

Diagnosis HgbA1c Fasting glucose OGTTa Insulin Glucose in bloodb

mg/dL (mmol/L) mg/dL (mmol/L) uIU/L (pmol/L) grams

Normal <5.7% <100 (5.6) <140 (7.8) <10 (60) <5.0

Pre-diabetes 5.7–6.4% 100–125 (5.6–6.9) 140–199 (7.8–11) >10 (60) 5.0–6.25

Type 2 diabetes ≥6.5% >125 (6.9) ≥200 (11.1) >10 (60) >6.25

aOGGT, oral glucose tolerance test. At 2 h after drinking 75 grams of glucose. bAssuming 5L of blood.

Source: American Diabetes Association (1).

MAJOR EXOGENOUS FACTORS THAT
RAISE THE BLOOD GLUCOSE

Dietary carbohydrate is the major exogenous factor that raises
the blood glucose. When one considers that it is common for an
American in 2021 to consume 200–300 grams of carbohydrate
daily, and most of this carbohydrate is digested and absorbed
as glucose, the body absorbs and delivers this glucose via the
bloodstream to the cells while attempting to maintain a normal
blood glucose level. Thinking of it in this way, if 200–300
grams of carbohydrates is consumed in a day, the bloodstream
that holds 5–10 grams of glucose and has a concentration of
100 milligrams/deciliter, is the conduit through which 200,000–
300,000milligrams (200 grams= 200,000milligrams) passes over
the course of a day.

MAJOR ENDOGENOUS FACTORS THAT
RAISE THE BLOOD GLUCOSE

There are many endogenous contributors that raise the blood
glucose. There are at least 3 different hormones that increase
glucose levels: glucagon, epinephrine, and cortisol. These
hormones increase glucose levels by increasing glycogenolysis
and gluconeogenesis (9). Without any dietary carbohydrate, the
normal human body can generate sufficient glucose though the
mechanism of glucagon secretion, gluconeogenesis, glycogen
storage and glycogenolysis (10).

MAJOR EXOGENOUS FACTORS THAT
LOWER THE BLOOD GLUCOSE

A reduction in dietary carbohydrate intake can lower the
blood glucose. An increase in activity or exercise usually
lowers the blood glucose (11). There are many different
medications, employing many mechanisms to lower the
blood glucose. Medications can delay sucrose and starch
absorption (alpha-glucosidase inhibitors), slow gastric emptying
(GLP-1 agonists, DPP-4 inhibitors) enhance insulin secretion
(sulfonylureas, meglitinides, GLP-1 agonists, DPP-4 inhibitors),
reduce gluconeogenesis (biguanides), reduce insulin resistance
(biguanides, thiazolidinediones), and increase urinary glucose
excretion (SGLT-2 inhibitors). The use of medications will also
have possible side effects.

MAJOR ENDOGENOUS FACTORS THAT
LOWER THE BLOOD GLUCOSE

The major endogenous mechanism to lower the blood glucose
is to deliver glucose into the cells (all cells can use glucose).
If the blood glucose exceeds about 180 milligrams/deciliter,
then loss of glucose into the urine can occur. The blood
glucose is reduced by cellular uptake using glut transporters
(12). Some cells have transporters that are responsive to
the presence of insulin to activate (glut4), others have
transporters that do not require insulin for activation. Insulin-
responsive glucose transporters in muscle cells and adipose
cells lead to a reduction in glucose levels—especially after
carbohydrate-containing meals (13). Exercise can increase the
glucose utilization in muscle, which then increases glucose
cellular uptake and reduce the blood glucose levels. During
exercise, when the metabolic demands of skeletal muscle
can increase more than 100-fold, and during the absorptive
period (after a meal), the insulin-responsive glut4 transporters
facilitate the rapid entry of glucose into muscle and adipose
tissue, thereby preventing large fluctuations in blood glucose
levels (13).

WHICH CELLS USE GLUCOSE?

Glucose can used by all cells. A limited number of cells can only
use glucose, and are “glucose-dependent.” It is generally accepted
that the glucose-dependent cells include red blood cells, white
blood cells, and cells of the renal papilla. Red blood cells have
no mitochondria for beta-oxidation, so they are dependent upon
glucose and glycolysis. White blood cells require glucose for the
respiratory burst when fighting infections. The cells of the inner
renal medulla (papilla) are under very low oxygen tension, so
therefore must predominantly use glucose and glycolysis. The
low oxygen tension is a result of the countercurrent mechanism
of urinary concentration (14). These glucose-dependent cells
have glut transporters that do not require insulin for activation—
i.e., they do not need insulin to get glucose into the cells.
Some cells can use glucose and ketones, but not fatty acids.
The central nervous system is believed to be able to use
glucose and ketones for fuel (15). Other cells can use glucose,
ketones, and fatty acids for fuel. Muscle, even cardiac muscle,
functions well on fatty acids and ketones (16). Muscle cells
have both non-insulin-responsive and insulin-responsive (glut4)
transporters (12).
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POSSIBLE DUAL ROLE OF AN
INSULIN-DEPENDENT
GLUCOSE-TRANSPORTER (GLUT4)

A common metaphor is to think of the insulin/glut transporter
system as a key/lock mechanism. Common wisdom states that
the purpose of insulin-responsive glut4 transporters is to facilitate
glucose uptake when blood insulin levels are elevated. But, a lock
serves two purposes: to let someone in and/or to keep someone
out. So, one of the consequences of the insulin-responsive glut4
transporter is to keep glucose out of the muscle and adipose cells,
too, when insulin levels are low. The cells that require glucose
(“glucose-dependent”) do not need insulin to facilitate glucose
entry into the cell (non-insulin-responsive transporters). In a
teleological way, it would “make no sense” for cells that require
glucose to have insulin-responsive glut4 transporters. Cells that
require glucose have glut1, glut2, glut3, glut5 transporters—none
of which are insulin-responsive (Back to the key/lock metaphor,
it makes no sense to have a lock on a door that you want
people to go through). At basal (low insulin) conditions, most
glucose is used by the brain and transported by non-insulin-
responsive glut1 and glut3. So, perhaps one of the functions of the
insulin-responsive glucose uptake in muscle and adipose to keep
glucose OUT of the these cells at basal (low insulin) conditions,
so that the glucose supply can be reserved for the tissue that is
glucose-dependent (blood cells, renal medulla).

WHAT CAUSES IR AND T2DM?

The current commonly espoused view is that “Type 2 diabetes
develops when beta-cells fail to secrete sufficient insulin to keep
up with demand, usually in the context of increased insulin
resistance.” (17). Somehow, the beta cells have failed in the face
of insulin resistance. But what causes insulin resistance? When
including the possibility that the environment may be part of
the problem, is it possible that IR is an adaptive (protective)
response to excess glucose availability? From the perspective
that carbohydrate is not an essential nutrient and the change in
foods in recent years has increased the consumption of refined
sugar and flour, maybe hyperinsulinemia is the cause of IR and
T2DM, as cells protect themselves from excessive glucose and
insulin levels.

INSULIN IS ALREADY ELEVATED IN IR
AND T2DM

Clinical experience of most physicians using insulin to treat
T2DM over time informs us that an escalation of insulin
dose is commonly needed to achieve glycemic control (when
carbohydrate is consumed). When more insulin is given to
someone with IR, the IR seems to get worse and higher levels
of insulin are needed. I have the clinical experience of treating
many individuals affected by T2DM and de-prescribing insulin
as it is no longer needed after consuming a diet without
carbohydrate (18).

DIETS WITHOUT CARBOHYDRATE
REVERSE IR AND T2DM

When dietary manipulation was the only therapy for T2DM,
before medications were available, a carbohydrate-restricted diet
was used to treat T2DM (19–21). Clinical experience of obesity
medicine physicians and a growing number of recent studies have
demonstrated that carbohydrate-restricted diets reverse IR and
T2DM (18, 22, 23). Other methods to achieve caloric restriction
also have these effects, like calorie-restricted diets and bariatric
surgery (24, 25). There may be many mechanisms by which these
approaches may work: a reduction in glucose, a reduction in
insulin, nutritional ketosis, a reduction in metabolic syndrome,
or a reduction in inflammation (26). Though there may be many
possible mechanisms, let’s focus on an obvious one: a reduction
in blood glucose. Let’s assume for a moment that the excessive
glucose and insulin leads to hyperinsulinemia and this is the
cause of IR. On a carbohydrate-restricted diet, the reduction in
blood glucose leads to a reduction in insulin. The reduction in
insulin leads to a reduction in insulin resistance. The reduction in
insulin leads to lipolysis. The resulting lowering of blood glucose,
insulin and body weight reverses IR, T2DM, AND obesity. These
clinical observations strongly suggest that hyperinsulinemia is a
cause of IR and T2DM—not the other way around.

WHAT CAUSES ATHEROSCLEROSIS?

For many years, the metabolic syndrome has been described
as a possible cause of atherosclerosis, but there are no RCTs
directly targeting metabolic syndrome, and the current drug
treatment focuses on LDL reduction, so its importance remains
controversial. A recent paper compared the relative importance
of many risk factors in the prediction of the first cardiac event
in women, and the most powerful predictors were diabetes,
metabolic syndrome, smoking, hypertension and BMI (27).
The connection between dietary carbohydrate and fatty liver
is well-described (28). The connection between fatty liver and
atherosclerosis is well-described (29). It is very possible that the
transport of excess glucose to the adipose tissue via lipoproteins
creates the particles that cause the atherosclerotic damage
(small LDL) (Figure 1) (30–32). This entire process of dietary
carbohydrate leading to fatty liver, leading to small LDL, is
reversed by a diet without carbohydrate (26, 33, 34).

DISCUSSION

Reducing dietary carbohydrate in the context of a low
carbohydrate, ketogenic diet reduces hyperglycemia and
hyperinsulinemia, IR and T2DM. In the evaluation of an
individual for a glucose abnormality, measure the blood glucose
and insulin levels. If the insulin level (fasting or after a glucose-
containing meal) is high, do not give MORE insulin—instead,
use an intervention to lower the insulin levels. Effective ways
to reduce insulin resistance include lifestyle, medication, and
surgical therapies (23, 35).
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FIGURE 1 | Key aspects of the interconnection between glucose and lipoprotein metabolism.

The search for a single cause of a complex problem is fraught
with difficulty and controversy. I am not hypothesizing that
excessive dietary carbohydrate is the only cause of IR and T2DM,
but that it is a cause, and quite possibly the major cause.
How did such a simple explanation get overlooked? I believe
it is very possible that the reductionistic search for intracellular
molecular mechanisms of IR and T2DM, the emphasis on
finding pharmaceutical (rather than lifestyle) treatments, the
emphasis on the treatment of high total and LDL cholesterol,
and the fear of eating saturated fat may have misguided
a generation of researchers and clinicians from the simple
answer that dietary carbohydrate, when consumed chronically
in amounts that exceeds an individual’s ability to metabolize
them, is the most common cause of IR, T2DM and perhaps
even atherosclerosis.

While there has historically been a concern about the role
of saturated fat in the diet as a cause of heart disease, most
nutritional experts now cite the lack of evidence implicating
dietary saturated fat as the reason for lack of concern of it in the
diet (36).

The concept of comparing medications that treat IR by
insulin-sensitizers or by providing insulin itself was tested
in the Bari-2D study (37). Presumably in the context of

consuming a standard American diet, this study found no
significant difference in death rates or major cardiovascular
events between strategies of insulin sensitization or
insulin provision.

While lifestyle modification may be ideal to prevent or cure
IR and T2DM, for many people these changes are difficult to
learn and/or maintain. Future research should be directed toward
improving adherence to all effective lifestyle or medication
treatments. Future research is also needed to assess the effect of
carbohydrate restriction on primary or secondary prevention of
outcomes of cardiovascular disease.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

Frontiers in Nutrition | www.frontiersin.org 4 August 2021 | Volume 8 | Article 707371

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Westman Perspective on Type 2 Diabetes

REFERENCES

1. American Diabetes Association. Classification and diagnosis of diabetes.

Diabetes Care. (2016) 39 (Suppl. 1):S13–22. doi: 10.2337/dc16-S005

2. Bogardus C, Lillioja S, Howard BV, Reaven G, Mott D. Relationships between

insulin secretion, insulin action, and fasting plasma glucose concentration in

nondiabetic and noninsulin-dependent diabetic subjects. J Clin Invest. (1984)

74:1238–46. doi: 10.1172/JCI111533

3. Reaven GM. Compensatory hyperinsulinemia and the development of

an atherogenic lipoprotein profile: the price paid to maintain glucose

homeostasis in insulin-resistant individuals. EndocrinolMetab Clin North Am.

(2005) 34:49–62. doi: 10.1016/j.ecl.2004.12.001

4. DeFronzo RA, Ferrannini E. Insulin resistance. A multifaceted

syndrome responsible for NIDDM, obesity, hypertension, dyslipidemia,

and atherosclerotic cardiovascular disease. Diabetes Care. (1991)

14:173–94. doi: 10.2337/diacare.14.3.173

5. Eckel RH, Grundy SM, Zimmet PZ. The metabolic syndrome. Lancet. (2005)

365:1415–28. doi: 10.1016/S0140-6736(05)66378-7

6. Yaribeygi H, Farrokhi FR, Butler AE, Sahebkar A. Insulin resistance: review

of the underlying molecular mechanisms. J Cell Physiol. (2019) 234:8152–

61. doi: 10.1002/jcp.27603

7. Shulman GI. Cellular mechanisms of insulin resistance. J Clin Invest. (2000)

106:171–6. doi: 10.1172/JCI10583

8. Guizouarn H, Allegrini B. Erythroid glucose transport in health and disease.

Pflugers Arch. (2020) 472:1371–83. doi: 10.1007/s00424-020-02406-0

9. Petersen MC, Vatner DF, Shulman GI. Regulation of hepatic glucose

metabolism in health and disease. Nat Rev Endocrinol. (2017) 13:572–

87. doi: 10.1038/nrendo.2017.80

10. Tondt J, Yancy WS, Westman EC. Application of nutrient

essentiality criteria to dietary carbohydrates. Nutr Res Rev. (2020)

33:260–70. doi: 10.1017/S0954422420000050

11. Colberg SR, Hernandez MJ, Shahzad F. Blood glucose responses to

type, intensity, duration, and timing of exercise. Diabetes Care. (2013)

36:e177. doi: 10.2337/dc13-0965

12. Mueckler M, Thorens B. The SLC2 (GLUT) family of membrane transporters.

Mol Aspects Med. (2013) 34:121–38. doi: 10.1016/j.mam.2012.07.001

13. Bryant NJ, Govers R, James DE. Regulated transport of the glucose transporter

GLUT4. Nat Rev Mol Cell Biol. (2002) 3:267–77. doi: 10.1038/nrm782

14. Epstein FH. Oxygen and renal metabolism. Kidney Int. (1997) 51:381–

5. doi: 10.1038/ki.1997.50

15. Cahill GF. Fuel metabolism in starvation. Annu Rev Nutr. (2006) 26:1–

22. doi: 10.1146/annurev.nutr.26.061505.111258

16. Murashige D, Jang C, Neinast M, Edwards JJ, Cowan A, Hyman MC, et al.

Comprehensive quantification of fuel use by the failing and nonfailing human

heart. Science. (2020) 370:364–8. doi: 10.1126/science.abc8861

17. Skyler JS, Bakris GL, Bonifacio E, Darsow T, Eckel RH, Groop L, et al.

Differentiation of diabetes by pathophysiology, natural history, and prognosis.

Diabetes. (2017) 66:241–55. doi: 10.2337/db16-0806

18. Westman EC, Yancy WS, Mavropoulos JC, Marquart M, McDuffie JR. The

effect of a low-carbohydrate, ketogenic diet versus a low-glycemic index

diet on glycemic control in type 2 diabetes mellitus. Nutr Metab. (2008)

5:36. doi: 10.1186/1743-7075-5-36

19. Allen F. The treatment of diabetes. Boston Med Surg J. (1915) 172:241–

7. doi: 10.1056/NEJM191502181720702

20. OslerW,McCrae T. The Principles and Practice of Medicine. 9th ed. New York

and London: Appleton & Company (1923).

21. Lennerz BS, Koutnik AP, Azova S, Wolfsdorf JI, Ludwig DS. Carbohydrate

restriction for diabetes: rediscovering centuries-old wisdom. J Clin Invest.

(2021) 131:e142246. doi: 10.1172/JCI142246

22. Steelman GM, Westman EC. Obesity: Evaluation and Treatment Essentials.

2nd ed. Boca Raton: CRC Press, Taylor & Francis Group (2016). 340 p.

23. Athinarayanan SJ, Adams RN, Hallberg SJ, McKenzie AL, Bhanpuri NH,

Campbell WW, et al. Long-term effects of a novel continuous remote care

intervention including nutritional ketosis for the management of type 2

diabetes: a 2-year non-randomized clinical trial. Front Endocrinol. (2019)

10:348. doi: 10.3389/fendo.2019.00348

24. Lim EL, Hollingsworth KG, Aribisala BS, Chen MJ, Mathers JC, Taylor

R. Reversal of type 2 diabetes: normalisation of beta cell function in

association with decreased pancreas and liver triacylglycerol. Diabetologia.

(2011) 54:2506–14. doi: 10.1007/s00125-011-2204-7

25. Isbell JM, Tamboli RA, Hansen EN, Saliba J, Dunn JP, Phillips SE, et al.

The importance of caloric restriction in the early improvements in insulin

sensitivity after Roux-en-Y gastric bypass surgery. Diabetes Care. (2010)

33:1438–42. doi: 10.2337/dc09-2107

26. Bhanpuri NH, Hallberg SJ, Williams PT, McKenzie AL, Ballard KD,

Campbell WW, et al. Cardiovascular disease risk factor responses to

a type 2 diabetes care model including nutritional ketosis induced by

sustained carbohydrate restriction at 1 year: an open label, non-randomized,

controlled study. Cardiovasc Diabetol. (2018) 17:56. doi: 10.1186/s12933-018-

0698-8

27. Dugani SB, Moorthy MV, Li C, Demler OV, Alsheikh-Ali AA, Ridker PM, et

al. Association of lipid, inflammatory, and metabolic biomarkers with age at

onset for incident coronary heart disease in women. JAMA Cardiol. (2021)

6:437–47. doi: 10.1001/jamacardio.2020.7073

28. Duwaerts CC, Maher JJ. Macronutrients and the adipose-liver axis in

obesity and fatty liver. Cell Mol Gastroenterol Hepatol. (2019) 7:749–

61. doi: 10.1016/j.jcmgh.2019.02.001

29. Zhang L, She Z-G, Li H, Zhang X-J. Non-alcoholic fatty liver disease: a

metabolic burden promoting atherosclerosis. Clin Sci Lond Engl. (1979)

134:1775–99. doi: 10.1042/CS20200446

30. Horton TJ, Drougas H, Brachey A, Reed GW, Peters JC, Hill JO. Fat and

carbohydrate overfeeding in humans: different effects on energy storage. Am

J Clin Nutr. (1995) 62:19–29. doi: 10.1093/ajcn/62.1.19

31. Packard C, Caslake M, Shepherd J. The role of small, dense low density

lipoprotein (LDL): a new look. Int J Cardiol. (2000) 74 (Suppl. 1):S17–

22. doi: 10.1016/S0167-5273(99)00107-2

32. Borén J, Chapman MJ, Krauss RM, Packard CJ, Bentzon JF, Binder CJ,

et al. Low-density lipoproteins cause atherosclerotic cardiovascular disease:

pathophysiological, genetic, and therapeutic insights: a consensus statement

from the European Atherosclerosis Society Consensus Panel. Eur Heart J.

(2020) 41:2313–30. doi: 10.1093/eurheartj/ehz962

33. Yancy WS, Olsen MK, Guyton JR, Bakst RP, Westman EC. A low-

carbohydrate, ketogenic diet versus a low-fat diet to treat obesity and

hyperlipidemia: a randomized, controlled trial. Ann Intern Med. (2004)

140:769. doi: 10.7326/0003-4819-140-10-200405180-00006

34. Tendler D, Lin S, Yancy WS, Mavropoulos J, Sylvestre P, Rockey DC, et al.

The effect of a low-carbohydrate, ketogenic diet on nonalcoholic fatty liver

disease: a pilot study. Dig Dis Sci. (2007) 52:589–93. doi: 10.1007/s10620-006-

9433-5

35. Pories WJ, Swanson MS, MacDonald KG, Long SB, Morris PG, Brown BM,

et al. Who would have thought it? An operation proves to be the most

effective therapy for adult-onset diabetes mellitus. Ann Surg. (1995) 222:339–

50. doi: 10.1097/00000658-199509000-00011

36. Astrup A, Magkos F, Bier DM, Brenna JT, de Oliveira Otto MC, Hill JO,

et al. Saturated fats and health: a reassessment and proposal for food-based

recommendations: JACC state-of-the-art review. J Am Coll Cardiol. (2020)

76:844–57. doi: 10.1016/j.jacc.2020.05.077

37. A randomized trial of therapies for type 2 diabetes and coronary artery disease.

N Engl J Med. (2009) 360:2503–15. doi: 10.1056/NEJMoa0805796

Conflict of Interest: EW receives royalties from popular diet books and is founder

of a company based on low-carbohydrate diet principles (Adapt Your Life, Inc.).

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Westman. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Nutrition | www.frontiersin.org 5 August 2021 | Volume 8 | Article 707371

https://doi.org/10.2337/dc16-S005
https://doi.org/10.1172/JCI111533
https://doi.org/10.1016/j.ecl.2004.12.001
https://doi.org/10.2337/diacare.14.3.173
https://doi.org/10.1016/S0140-6736(05)66378-7
https://doi.org/10.1002/jcp.27603
https://doi.org/10.1172/JCI10583
https://doi.org/10.1007/s00424-020-02406-0
https://doi.org/10.1038/nrendo.2017.80
https://doi.org/10.1017/S0954422420000050
https://doi.org/10.2337/dc13-0965
https://doi.org/10.1016/j.mam.2012.07.001
https://doi.org/10.1038/nrm782
https://doi.org/10.1038/ki.1997.50
https://doi.org/10.1146/annurev.nutr.26.061505.111258
https://doi.org/10.1126/science.abc8861
https://doi.org/10.2337/db16-0806
https://doi.org/10.1186/1743-7075-5-36
https://doi.org/10.1056/NEJM191502181720702
https://doi.org/10.1172/JCI142246
https://doi.org/10.3389/fendo.2019.00348
https://doi.org/10.1007/s00125-011-2204-7
https://doi.org/10.2337/dc09-2107
https://doi.org/10.1186/s12933-018-0698-8
https://doi.org/10.1001/jamacardio.2020.7073
https://doi.org/10.1016/j.jcmgh.2019.02.001
https://doi.org/10.1042/CS20200446
https://doi.org/10.1093/ajcn/62.1.19
https://doi.org/10.1016/S0167-5273(99)00107-2
https://doi.org/10.1093/eurheartj/ehz962
https://doi.org/10.7326/0003-4819-140-10-200405180-00006
https://doi.org/10.1007/s10620-006-9433-5
https://doi.org/10.1097/00000658-199509000-00011
https://doi.org/10.1016/j.jacc.2020.05.077
https://doi.org/10.1056/NEJMoa0805796
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Type 2 Diabetes Mellitus: A Pathophysiologic Perspective
	Introduction
	How Much Glucose Is in the Blood?
	Major Exogenous Factors That Raise the Blood Glucose
	Major Endogenous Factors That Raise the Blood Glucose
	Major Exogenous Factors That Lower the Blood Glucose
	Major Endogenous Factors That Lower the Blood Glucose
	Which Cells Use Glucose?
	Possible Dual Role of an Insulin-Dependent Glucose-Transporter (glut4)
	What Causes IR and T2DM?
	Insulin Is Already Elevated in IR and T2DM
	Diets Without Carbohydrate Reverse IR and T2DM
	What Causes Atherosclerosis?
	Discussion
	Data Availability Statement
	Author Contributions
	References


