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Abstract: Low-carbohydrate diets are increasingly used to help patients with obesity and type 2
diabetes. We sought to provide an overview of the evidence for this treatment approach,
considering the epidemiology and pathophysiology of obesity and diabetes in terms of
carbohydrate excess. We describe the mechanistic basis for the clinical benefits associated with
nutritional ketosis and identify areas of practice where the evidence base could be improved. We
summarize the key principles which inform our approach to treating patients with low-
carbohydrate diets. The scientific controversy relating to these diets is real but is consistent with the
known challenges of any dietary interventions and also the limitations of nutritional epidemiology.
Secondly, notwithstanding any controversy, international guidelines now recognize the validity
and endorse the use of these diets as a therapeutic nutritional approach, in appropriate patients.
Thirdly, we have found that early de-prescription of diabetes medications is essential, in particular
insulin, sulphonylureas, and sodium-glucose cotransporter (SGLT2) inhibitors. Fourthly, we
encourage patients to eat ad libitum to satiety, rather than calorie counting per se. Furthermore, we
monitor cardiovascular risk factors frequently, as with all patients with obesity or diabetes, but we
do not necessarily consider an increase in low-density lipoprotein (LDL)-cholesterol as an absolute
indication to stop these diets, as this is usually related to large LDL particles, which are not
associated with increased cardiovascular risk. In the absence of large randomized controlled trials
with cardiovascular and other hard endpoints, adopting a low-carbohydrate diet is a legitimate and
potentially effective treatment option for patients with diabetes or obesity.

Keywords: low-carbohydrate diets; diabetes remission; lifestyle modification; obesity treatment;
type 2 diabetes

1. Introduction

With the rising prevalence of obesity and diabetes [1,2], the need to develop effective treatment
options for affected individuals continues to increase. Several studies have confirmed the benefits of
structured lifestyle interventions in different patient subgroups, including those with non-diabetic
hyperglycemia [3], prevalent cardiovascular disease [4], or established type 2 diabetes [5,6]. However,
meaningful, sustained reductions in weight over time are difficult to achieve with lifestyle
modification alone [7]. In a large general practice-based cohort study of severely obese adults in the
UK, the annual probability of achieving 5% weight loss was one in eight for men and one in seven
for women [8]. Some suggest a meaningful improvement in health requires a weight loss of 10% [6].

Int. ]. Environ. Res. Public Health 2020, 17, 2557; doi:10.3390/ijerph17072557 www.mdpi.com/journal/ijerph



Int. ]. Environ. Res. Public Health 2020, 17, 2557 2 of 18

Meal replacement programs can achieve typical initial weight loss of this magnitude and
improve glycemic control [5,9] but weight regain can limit their longer-term efficacy [7,10]. Though
usually well tolerated, these may have side effects, including constipation, dizziness, alopecia,
headache, and cholelithiasis [11]. While participant retention in some meal replacement studies is
good, attrition rates of 50% have been seen [7,12]. Furthermore, commercial meal replacement
programs can be expensive, with some analyses suggesting they are prohibitively cost ineffective
[13]. Drug treatments are available [14], but as with lifestyle interventions, there is heterogeneity both
in how much weight is lost and the improvements seen in glycemic control with different medications
[15]. Bariatric surgery is efficacious and cost effective [16], particularly in patients with type 2
diabetes, where sustained remission is feasible for a substantial proportion of patients [17]. However,
only 10% of eligible patients would choose this option [18].

Low-carbohydrate diets have recently been advocated by some clinicians and professional
societies as a valid and effective therapeutic option for diabetes and obesity [19]. However, this is a
scientific area that is rife with controversy and conflicting findings which have polarised expert
opinion and can cause confusion for health care professionals and their patients. In fact treating
obesity and diabetes in this way is not new: Over 200 years ago, the Scottish physician John Rollo
described resolution of glycosuria with carbohydrate restriction [20]. In the first proposal for its
routine use in clinical practice in 1869 [21], William Banting recognised even then the inevitable
controversy and reputational risk it would evoke. In 1923, the “Dr. Elliot Joslin Diabetic Diet”
consisted of “meats, poultry, game, fish, clear soups, gelatin, eggs, butter, olive oil, coffee, tea” with
approximately 5% of calories from carbohydrates, 20% from protein, and 75% from fat [22].

We sought to conduct a narrative review of the role of low-carbohydrate diets for treating
obesity and type 2 diabetes, to explore some of the controversies and to identify potential areas for
clinical research prioritization and provide a better evidence base for patient care. In so doing we
have endeavoured to put aside our personal “preferences” and biases and instead conduct a
dispassionate, objective overview of the various issues giving rise to controversy and confusion.

2. What is a Low Carbohydrate Diet?

The continuum of the degree of carbohydrate restriction that exists in contemporary clinical
practice is illustrated in Table 1 [23], with general agreement that less than 20 g per day is a “very
low” carbohydrate intake (though some use a threshold of less than 50 g), equivalent to about 10% of
total energy intake. The threshold for “low” carbohydrate intake is usually accepted as less than 130
g/day, equivalent to less than 26% of total energy from carbohydrates. Consumption greater than 230
g per day is consistent with no restriction of carbohydrate, although we find that many of our patients
with diabetes or obesity exceed several times this amount on a daily basis. In general, the greater the
degree of carbohydrate restriction, the greater the degree of ketogenesis, such that carbohydrate
intakes of more than 50 g per day are not usually sufficient for ketogenesis [10]. Hence, “low-
carbohydrate” and “ketogenic” are not synonymous dietary terms, but do overlap.

International consensus guidelines on the dietary management of type 2 diabetes now endorse
carbohydrate restriction as a legitimate therapeutic strategy [19,24,25]. Clinical trials lasting up to two
years have shown that low-carbohydrate diets (in which total and saturated fats have replaced
carbohydrates) have had beneficial effects on excess body weight, lipids (including high-density
lipoprotein (HDL) cholesterol and triglycerides, but not low-density lipoprotein LDL cholesterol) and
glucose metabolism [26-28]. These findings come at a time when pervading nutritional
epidemiological dogma around the harms of dietary fat is starting to change. As an expert panel
commissioned by the British Medical Journal to address this uncertainty and controversy recently
put it, “Despite decades of dietary advice that the lower the total fat content, the healthier the diet,
researchers and public health authorities now agree that to consider the effect of total fat intake alone
on health is meaningless [and that] different types of fats must be considered” [29].
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Table 1. Suggested definitions of different carbohydrate diets (Adapted from Feinman et al.) [23].

Description Grams per Day Energy from Carbohydrate (%)

Ketogenic diet

(very low carbohydrate diet) <200 <10

Low Carbohydrate <130 g <26
Moderate Carbohydrate 130230 g 2645

High Carbohydrate >230 g >45

3. Evolving Observational Evidence

A recent large multinational observational study (PURE—Prospective Urban Rural
Epidemiology) of more than 135,000 individuals from 18 countries provided strong evidence for the
health benefits of dietary fats and other macronutrients [30]. Somewhat unexpectedly, higher intakes
both of total fat but also of saturated, monounsaturated, and polyunsaturated fats were associated
with lower all-cause mortality, but not cardiovascular mortality. Moreover, there was an inverse
association between saturated fat consumption and stroke incidence. Remarkably, higher
carbohydrate intake was associated with increased total mortality. Although the usual caveats
relating to causal inference (association rather than causation) from observational studies apply, these
findings add to concerns that dietary guidelines which focus on limiting the intake of total and
saturated fats, not to mention encouraging carbohydrate intake, may do more harm than good.
However, as with many nutritional epidemiological studies, the PURE study was subject to criticism
for reasons such as imprecise quantification of dietary intake, estimated sodium intake, and residual
socioeconomic confounding [31,32]. Moreover, the findings were unexpected because they appeared
to contradict other observational studies, such as an apparent 20% increased mortality in those
consuming a low carbohydrate diet, according to a large recent meta-analysis by Seidelmann et al.
[33], and increased cardiovascular, cancer and all-cause mortality associated with a lower
carbohydrate intake in Greek adults [34]. A critically important limitation of all these studies, at least
in terms of their relevance and generalizability to considerations of the safety and efficacy of
carbohydrate restriction, is that the “low” carbohydrate groups still consumed 25% and up to 40% of
their total energy intake from carbohydrates, well above the typical thresholds considered for
carbohydrate restriction. Whether utilizing therapeutic carbohydrate restriction or not, all clinicians
caring for patients with obesity and type 2 diabetes ought to be aware of the limitations of applying
findings from large observational population-based studies, where even relatively low carbohydrate
intake was well above that used clinically in low-carbohydrate interventions.

Recently, the methodological flaws and potential biases in Ancel Keys’ “Seven Countries Study”
have been described [35]. This work impacted on dietary strategies to reduce cardiovascular risk for
decades, demonizing dietary fats and leading to the “diet-heart hypothesis” [36]. It is important to
concede, however, that some more recent and methodologically rigorous epidemiological studies
have further supported Keys’” hypothesis. For example, in one study patients with newly diagnosed
diabetes who adhere to current “low fat” dietary guidelines had better outcomes than patients who
don’t adhere to the guidelines [37]. Moreover, a very large and robust prospective cohort study of US
healthcare workers suggested that low-carbohydrate intake was associated with “a modest increase
in overall mortality” of 12%, comparing extreme deciles, but without a statistically significant trend
across the overall population [38]. So, while some of the older epidemiological observations were
prone to bias and weak design, clinicians advocating carbohydrate restriction in their patients must
be aware that large, contemporaneous, well-conducted, rigorous, and objective studies do not
necessarily universally support this approach.

But even the largest, best-conducted observational studies in nutritional epidemiology have
several limitations that have been well described previously [39,40] and are beyond the scope of this
paper. Framed another way, the study above [38] tells us that American doctors and nurses who ate
fewer carbohydrates in the 1980s and 1990s had higher mortality rates than those who ate more
carbohydrates. However, it is at least plausible that health care professionals who weren’t adhering
to healthy eating advice at the time were less inclined to have healthy behaviors in other domains,
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only some of which (e.g., smoking) could be quantified. The extent to which unmeasured and residual
confounding affected these observational findings, so that what we see is “association not causation”
is difficult to say and is in fact a generic and substantial problem in these types of studies.

Getting back to carbohydrates, it has been established for some time that different types of
carbohydrate have varying effects on metabolism and health [41]. For example, fructose exerts
particularly deleterious effects on the liver, driving fat accumulation [42]. While consideration is often
made of “refined” (sugary) versus “unrefined” (starchy) carbohydrates in population-based studies,
precise quantification of macronutrient subgroup composition is often impossible with self-reported
diet recall methods. In considering the relevance of these observational nutritional epidemiological
studies to clinical practice, we would contest that they should certainly not constitute grounds for
dismissal of the validity or utilization of low-carbohydrate diets. Indeed, a comprehensive synthesis
of the evidence supporting low-carbohydrate diets by Feinman et al. [23] identified twelve distinct
points of evidence supporting carbohydrate restriction as a first-line therapy for type 2 diabetes. The
authors eloquently argue how the epidemiologic measurements are supported by biochemical
mechanisms and that the benefits of dietary carbohydrate restriction do not always require weight
loss, something the authors of this paper have seen in their own clinical practice.

4. “A Calorie is a Calorie”, and Hunger

Contrasting with the complexities and nuances of nutritional epidemiological discourse, the
reductionist view that “a calorie is a calorie” and that overall energy balance is what determines body
weight appeals to many scientists, clinicians and the general public alike. However, perhaps this is
overly simplistic. It is of course true that weight gain is a manifestation of a relative excess of calories
ingested compared to those expended. Indeed, this has been the basis for “isocaloric substitution” of
different macronutrients in observational modeling studies and mechanistic dietary interventions
[43,44], in order that modelled differences in body weight and related health outcomes from differing
levels of macronutrients don’t arise from differences in calories consumed. However the fallibility of
this “energy in, energy out” adage has been highlighted by overfeeding studies [45], where
considerable inter-individual heterogeneity in the magnitude of weight gain is found in those
exposed to similar relative caloric excess, reflecting variable activation of compensatory adaptive
mechanisms.

What if the type of food ingested affects appetite and so also “calories in”? Put another way,
what if the calories acquired from eating, for example, potatoes (which have a higher glycemic index
[46] and act in an equivalent way to glucose gels used by elite athletes [47], but which feature
prominently in healthy eating guidelines) produce a different physiological effect on dietary
behaviors than, say, the same amount of calories from an avocado? If an individual is hungrier in the
hours after the former compared to the latter, then the isocaloric substitution approach may nullify
potentially important differences between the effects on appetite, satiety, and eating behavior of
different macronutrients. Anecdotally, many of our patients often report reduced hunger and
increased satiety after changing to a low-carbohydrate diet, something which has been studied in a
randomized controlled trial (RCT) [48] in which the low-carb diet group was less bothered by hunger
compared to the low-fat diet group, but which warrants further assessment in mechanistic studies
and trials.

5. Limitations of Interventional Nutrition Research

Without understating the importance of RCT’s, which may often improve our understanding of
the efficacy of dietary interventions, we should be cautious on relying on RCTs or meta-analysis
alone. One of authors (T.K.) is a registered dietitian and has significant experience in using different
dietary approaches for the management of type 2 diabetes and obesity with patients. While there are
further controversies, which are outside the scope of this paper, as to whether nutritional
epidemiology and RCTs are in fact “gold standard” for nutrition research, one cannot fail to mention
the importance of patient choice and preference when counselling a patient through any dietary
intervention.
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Dietary intake is influenced by many environmental, social, cultural, and economic factors.
Relying strictly on RCT evidence does not allow us to take into account the critical influences of these
factors on personal choice. Which of us, if allocated to a diet we found unacceptable as part of an
RCT, would stick to it for even a few months let alone the years needed to supply long-term evidence?

6. Putative Physiological Mechanisms

It has been proposed that a shift from a hunter-gatherer “Paleolithic” diet in recent history has
driven the epidemics of obesity, diabetes, and cardiovascular disease [49]. This would have had a
relatively low proportion of carbohydrate, with (apart from honey) a low glycemic index [50]. By
comparison, today’s western diets contain “dense acellular” carbohydrates with a higher glycemic
index which could, among other things, promote an inflammatory microbiota leading to leptin
resistance and obesity [51]. Twenty years ago, a study comparing subsistence horticulturalist native
Papua New Guinea islanders with matched Northern European controls noted that their relative
leanness and low burden of cardiovascular risk factors was associated with much lower insulin levels
[52]. Carbohydrates have a much greater effect than fat or protein on insulin levels. High insulin
levels are known to reduce satiety [53] and influence eating behavior [54] while down regulating
lipolysis [55], Figure 1 depicts the mechanism by which carbohydrate reduction is thought to reduce
insulin resistance [56]. A recent trial demonstrated that carbohydrate restriction is more beneficial for
patients with higher insulin levels [44]. This is consistent with insulin [57,58] influencing the so-called
“set point” [59] of eating behavior and body weight regulation, in the same way that efficacious
interventions such as drug therapy [60] and surgery [61] do but which calorie restriction in isolation
can’t [62]. Ketosis has been shown to attenuate the increases in ghrelin and appetite that occur with
dietary restriction [63] and there is growing interest in the role of therapeutic ketosis in weight loss
interventions [64].

The “carbohydrateinsulin model” predicts that diets with lower carbohydrate and higher fat
(but identical calories) would reduce insulin secretion, leading to increased fat mobilization and
oxidation [65]. Ultimately this would affect hunger and satiety, increasing body fat loss and energy
expenditure compared with an isocaloric diet with higher carbohydrates and higher insulin secretion.
This theory was recently refuted in a robust meta-analysis of 32 controlled feeding studies by Hall et
al., where isocaloric substitution of carbohydrate for fat led to both reduced rather than increased
energy expenditure and fat loss [66]. However, we would suggest that the same caveats as above
should apply in discounting the effects of carbohydrates (as well as insulin or ketones) on dietary
behavior and that the isocaloric substitution approach is potentially a misleading fallacy.
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Reduced carbohydrate intake
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Reduce circulating insulin
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Figure 1. A simplistic model describing the mechanism by which reducing overall energy and
carbohydrate intake may reverse the pathogenesis of type 2 diabetes. This model has been adapted
with kind permission from Professor Roy Taylor, of the Diabetes Remission Clinical Trial (DiRECT)
trial showing remission of type 2 diabetes in 46% of cases after one year when following a very low
calorie diet.

7. Clinical Effects of Nutritional Ketosis

The influence of nutritional ketosis from very low carbohydrate diets (VLCKDs) in adults with
diabetes, obesity, and metabolic syndrome has been well described. Overweight adults with
atherogenic dyslipidemia who were on such a diet for twelve weeks had favorable improvements in
circulating free fatty acids and reductions in markers of vascular inflammation compared to those on
an isocaloric low fat diet [67]. This amelioration in vascular inflammation has been shown to be
mediated by beta-hydroxybutyrate (BOHB), inhibiting expression of the NLRP3 inflammasome [68].
BOHB also inhibits histone deacetylases, thus reducing oxidative stress [69]. Mechanistic studies in
humans [70] and animals [71] suggest that infusion of BOHB improves left ventricular function in
heart failure. While the effects of the diet on hepatic steatosis are thought to be both rapid and
substantial [72], with animal studies [73] and post-hoc analyses in human trials [74] suggesting
ketosis improves or prevents fatty liver, prospective randomized evidence is currently lacking.
Similarly, reports of reductions in blood pressure and antihypertensive medication usage in
observational studies and non-randomized trials are encouraging [75,76], but need to be assessed in
prospective controlled trials. Conversely, there is good trial evidence that in patients with metabolic
syndrome, adopting a low carbohydrate ketogenic diet is superior to other dietary strategies at
improving lipid profiles [27,77].

Arguably the most significant and relevant therapeutic domain for nutritional ketosis is diabetes
mellitus. In a recent small trial of patients with recently diagnosed type 2 diabetes, after 90 days of
consuming less than 30 g of carbohydrate per day, mean weight loss was 9 kg, systolic and diastolic
blood pressure reduced by 10.7 and 7.3 mmHg respectively, and mean Haemoglobin Alc (HbAlc)
came down from 8.9% to 5.6% [78]. However, this study had just 11 patients and no control group,
so while the validity of the findings is not in doubt, their generalizability and reproducibility remain



Int. ]. Environ. Res. Public Health 2020, 17, 2557 7 of 18

to be determined. In a randomized controlled trial in overweight adults with an HbAlc above 6.0%,
those on a VLCKD compared to moderate carbohydrate reduction lost more weight, had greater
reductions in HbAlc, and stopped diabetes medication at twelve months [79]. A meta-analysis of
nine studies with 734 patients suggested that low-carbohydrate (not necessarily ketogenic) diets in
patients with type 2 diabetes led to 1.18 kg more weight loss and 0.44% greater reduction in HbAlc
than normal- or high-carbohydrate diets [26]. A subsequent larger meta-analysis noted similar but
less pronounced benefits across 18 studies, but also noted a high risk of bias, particularly performance
bias in these studies, thus potentially diminishing internal validity [80]. However, lack of
methodological rigor is a generic challenge in randomized controlled trials of dietary interventions.
In a systematic review of 45 trials of dietary weight loss maintenance interventions in obese adults,
only 10 had robust allocation concealment, 17 described some form of blinding, and 25 were deemed
to handle incomplete data well. Others have confirmed that poor allocation concealment and blinding
are particularly prevalent in these trials [81]. This creates potential for bias, residual confounding,
and type 1 errors in some studies. Given the paucity of effective therapeutic nutritional strategies to
reverse diabetes [82] and the potential promise shown by low carbohydrate and VLCKD diets [83],
there is a need for their formal assessment in methodologically rigorous randomized controlled trials.

In the meantime, it is important not to dismiss the findings from other well-conducted studies,
bearing in mind that inferences around efficacy, effectiveness, and safety need to be tempered
according to study design. For example, several papers have described the effects of a commercial
VLCKD programme, Virta® Health, for patients with type 2 diabetes, using a cohort analysis of
changes over time without a randomized control group. They have demonstrated rapid
improvements in diabetes control within 70 days [84] with early down-titration of insulin and other
diabetes medications [64] and with sustained improvements after two years [85]. These changes were
associated with a reduction in cardiovascular risk [76] and fatty liver disease [74] and improved sleep
[86] after a year. Weight loss of 12% was sustained after two years and retention was good [85]. On
the face of it, providing patients with the opportunity to participate in such an intervention (in routine
clinical practice, not just in academic research studies) seems appropriate and logical while we await
higher-level evidence from randomized controlled trials.

Notwithstanding this, criticism of low-carbohydrate and ketogenic diets is widespread and
pervasive, ever since early descriptions of their use by Jerome Conn, of eponymous
hyperaldosteronism syndrome fame [87]. One recent commentary [88] noted negative results from
some randomized controlled trials. However, the risk of type 2 statistical error may be significant. In
one study, 60% of patients dropped out of the low-carbohydrate arm at two years, and the difference
in weight loss between the groups of 0.2 versus 1.5 kg (favoring low-carbohydrate) may have been
due to a lack of statistical power, not efficacy [89]. Furthermore, it is worrying that the supervising
author was an investigator for a “competing” commercial weight loss program (Weightwatchers®),
which wasn’t disclosed. Another “negative” low-carbohydrate trial had only 26 participants from a
single center and while the duration of follow-up was two years, the low-carbohydrate intervention
lasted only three months [90].

8. Clinical Practice Considerations

All of this controversy and uncertainty is reflected in the clinical practice of even the most
qualified experts of all to provide therapeutic nutritional intervention —dietitians. A recent survey of
their clinical practice in the UK found that only 48% of dietitians advised patients to restrict
carbohydrate intake “occasionally or frequently”, with 35% of dietitians stating that they would
consider between 30% and 39% of total energy intake from carbohydrates to be “realistic” [91].
Reflecting on our own extensive combined clinical experience with utilization of low-carbohydrate
diets in patients with obesity or type 2 diabetes, we identified the following five points for
consideration.
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8.1. Guidelines Endorse Low-Carbohydrate and VLCKD Diets.

Doctors, nurses and other health care professionals ought to be aware that the use of low-
carbohydrate and VLCKD diets in patients with obesity or type 2 diabetes is in fact supported by
several sets of guidelines from international bodies and professional groups, as outlined in Table 2.
For example, the most recent guidance from the American Diabetes Association is unequivocal in
stating that “Reducing overall carbohydrate intake for individuals with diabetes has demonstrated
the most evidence for improving glycemia and may be applied in a variety of eating patterns that
meet individual needs and preferences.” [86]. In the UK, pragmatic infographic resources based on
the glycaemic load of various foods are available from the National Institute for Health and Care
Excellence (NICE) (created by one of the authors (D.U.) [92]. See Figure 2 for an example. These help
patients understand the glycemic “consequences” of their dietary choices. For example, a 150 g bowl
of boiled rice has approximately an equivalent impact on blood glucose levels as ten standard
teaspoons of table sugar.

Serving |How does each food effect blood glucose
Food item size compared with one 4g teaspoon
ing/ml |of table sugar?

Bran flakes 30
Milk 125
Brown toast, 1 slice |30

Pure Apple juice
Total for breakfast 16.3 teaspoons

Figure 2. A NICE (National Institute of Clinical Excellence) endorsed infographic based on glycaemic
load data, created by author D.U. showing the possible glycaemic consequence of a meal.

Authors (T.K,, E.F., D.U.) find these infographics extremely useful when explaining to patients the potential
glycaemic consequences of a “healthy” breakfast. The authors acknowledge glycaemic response varies from
individual to individual but find that a simple visual representation of the effect that certain foods have on blood
glucose levels is helpful in supporting patients with their dietary choices.8.2. Early De-Prescription is Important

8.2. Early De-Prescription is Important

Although research data are relatively scarce on optimal patterns of medication usage early in
low-carbohydrate and ketogenic diets, we have found that early and intensive de-prescribing is often
required, particularly in patients with diabetes [93]. In particular, rapid titration of insulin is
obviously important in order to prevent potentially serious hypoglycemia. (This clearly applies only
to patients with an established diagnosis of insulin requiring type 2 diabetes, as opposed to type 1
diabetes: Low-carbohydrate diets have been shown to reduce adverse events and improve control in
observational studies in patients with type 1 diabetes [94], but we have not considered this further
here.) In general, we tend to stop all fast-acting insulin at the time of initiation of VLCKD and, if not
stopping basal insulin completely, by then reducing the dose by between 50% and 80%. This
mandates four-times-daily monitoring of capillary blood glucose levels in the hours and days after
significant decreases in carbohydrate intake. We have found that it is essential that these patients
have immediate access to a diabetes nurse, primary care doctor, consultant or dietitian with
experience of low-carbohydrate diets during this time. In addition, we tend to stop sulphonylurea
drugs completely at initiation of the diet because of the risk of hypoglycemia. Conversely, we tend to
continue metformin given its insulin-sensitizing effects, cardiovascular benefits. and very low risk of
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hypoglycemia. We take an individualized approach to titrating gliptins or glitazones, informed by
baseline HbAlc and patient preference. We often continue glucagon-like peptide-1 (GLP1) receptor
agonists. Given the potential risk of euglycemic diabetic ketoacidosis [95] in patients taking sodium-
glucose cotransporter-2 (SGLT2) inhibitor drugs, we always stop these if the diet is initiated.

The second group of drugs that need consideration during a low-carbohydrate diet is
antihypertensive medications. This is because the higher circulating insulin levels in insulin resistant
type 2 diabetes patients can cause renal sodium retention, which may be reversed quickly with a
reduction in insulin levels (as part of a low-carbohydrate diet), leading to enhanced renal sodium
(and water) excretion and a lower blood pressure [96]. We (D.U.) have described these changes in a
cohort of 128 patients with type 2 diabetes on a low-carbohydrate diet for an average of two years
[75], where there was a reduction in systolic and diastolic blood pressure of 10.9 and 6.3 mmHg,
respectively, despite a 20% reduction in anti-hypertensive medication usage. The risk of hypotension
mandates cautious and frequent monitoring of patients’ blood pressure and vigilance for symptoms
of postural hypotension.

8.3. Calorie Counting is Not Required

Rather than emphasizing the need for patients to quantify their calorie intake, we ask them to
focus on eating to comfortable satiation and then stopping. The effectiveness of calorie counting has
been questioned [97,98] with well-described physiological “recidivism” with this approach [99]. We
take a more mechanistically intuitive approach, emphasizing to the patient that metabolic changes
associated with their reduced carbohydrate intake may adjust their “hunger set-point” as outlined
above. We often try to back this engagement and education up with graphical aids, emphasizing the
physiological mechanisms underlying insulin resistance and their reversal with carbohydrate
restriction, as shown in Figure 3. Our anecdotal experience of patients reporting significantly reduced
hunger and increased satiety is consistent with studies on higher fat and protein diet influence on the
physiological drivers of feeding behavior [100,101].

CH,OH

Liver
H 0O OH ]
KSH H>+ =  Muscle
S S Fat

H OH

Triglyceride

Insulin + Glucose = cells

Figure 3. A useful model for explaining the physiology of Type 2 diabetes (T2D) to patients created
by D.U.

In clinical practice, the authors find it helpful to explain: Firstly that T2D is not just about dietary sugar as starch
is “glucose molecules holding hands”. Digestion will break starch back down into glucose. Secondly, using the
model shown here it helps to clarify how the hormone insulin “pushes” blood glucose into cells. Initially glucose
is “pushed” into muscle cells for energy, however, if one consumes more sugar than is needed, the glucose starts
being “pushed” into abdominal fat cells contributing to central obesity, and also into hepatocytes which
metabolize the glucose into triglyceride, eventually potentially leading to fatty liver. Any resulting fatty liver
itself can cause insulin resistance. For some people in a similar way, fat builds up in the pancreas interfering
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with beta-cell function and the production of insulin itself. This was described so well by Professor Taylor in his
2012 Banting lecture. It can be seen how this could contribute to the aetiology of T2D itself.

8.4. Monitor Cardiovascular Risk Factors

While all patients with obesity and type 2 diabetes should have cardiovascular risk factors
monitored periodically, the potential increase in fat consumption that arises on a low-carbohydrate
diet, in the context of historical epidemiological concerns that dietary fat might increase
cardiovascular risk, makes the issue more pertinent. We have found that individuals concerned about
the appropriateness of low-carbohydrate diets are either unfamiliar or don’t accept recent nutritional
epidemiological discoveries around the ineffectiveness of low fat diets to prevent cardiovascular
disease [29] and the benefits of low-carbohydrate intake [102] and certain saturated fats, such as those
from dairy, in reducing cardiovascular (and diabetes) risk [103,104]. A recent meta-analysis
suggested low-carbohydrate diets are superior to low fat diets in improving the lipid profile [105].
While current guidelines on saturated fat are overdue a revision [106,107], it seems reasonable to
reassure patients undertaking a low-carbohydrate diet, and their health care providers, that saturated
fats from foods that are not ultra-processed are unlikely to do them harm, especially if they are losing
weight and improving glycaemia while undertaking a low-carbohydrate approach. A second
consideration is the increase in LDL-cholesterol that is described with some [27] but not all [108] low-
carbohydrate interventions, but the fact that this appears limited to the large LDL subfraction [76]
suggests it is unclear whether it increases cardiovascular risk. Nonetheless, we routinely measure
blood pressure, lipid profile and HbAlc in patients adhering to a low-carbohydrate or VLCKD and
treat abnormal findings as we would in routine clinical practice, where they have not improved over
time.

8.5. Ensure Adequate Fiber Intake

While the recommended intake of dietary fiber is 30 g per day (in the UK) the average intake is
closer to 18 g per day. The reduction in wholegrain consumption associated with a low-carbohydrate
diet could accentuate that deficit and low intake of dietary fiber is associated with an increased risk
of metabolic [109] and colonic [110] disease. However, we have found in practice that adopting a low-
carbohydrate diet which limits ultra-processed foods and includes nuts, seeds, non-starchy
vegetables and low-carbohydrate fruits tends to lead to a net gain rather than a reduction in patients’
dietary fiber intake compared to baseline.
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Table 2. Suggested definitions of different carbohydrate diets (Adapted from Feinman et al.) [23].

11 of 18

Body Guideline Year Recommendation
Diabetes UK evid -based
. 1abe.: .es v Aev1 .ence base The Diabetes UK 2011 guidelines support the view that low-carbohydrate diets may be
Diabetes UK nutrition guidelines for the . . . . . .

. 2011  considered an option for weight loss in people with Type 2 diabetes when supported by a

(UK) prevention and management of . )

. registered healthcare professional. [111]
diabetes
Scientific Advisory It is recommended that the dietary reference value for total carbohydrate should be

Committee on Nutrition Carbohydrates and Health 2015  maintained at an average population intake of approximately 50% of total dietary energy.

(UK) [112]
People with Type 2 Diabetes can be given dietary choices for achieving weight loss that may
SIGN Guidelines Management of Diabetes— A 'also improve glylcaemlc control. Opt10n§ include simple calorie .I'eStI'ICtIOIl, r‘ed‘ucmg fat
. .. e 2015 intake, consumption of carbohydrates with a low rather than a high glycaemic index and
(UK) National Clinical Guideline . . ..
restricting the total amount of dietary carbohydrate (a minimum of 50 g per day appears to
be safe for up to 6 months). [113]
National Institute of Type 2 diabetes in adults:
Clinical Excellence yp ' 2015 Individualise recommendations for carbohydrate and alcohol intake, and meal patterns.
management
(UK)
American Diabet
meriean iabetes Nutritional therapies:
Association and Management of . - L .
. .. Low-carbohydrate, low-glycaemic index and high-protein diets, and the Dietary
European Association for Hyperglycaemia in Type 2 2018 . . . .
) . Approaches to Stop Hypertension (DASH) diet all improve glycaemic control, but the effect
the Study of Diabetes Diabetes. A consensus Report. of the Mediterranean eating pattern appears to be the greatest. [25]
(USA & Europe) &P PP & :
For people with type 2 diabetes, there is reliable evidence that lower carb eating can be safe
. and useful in lowering average blood glucose levels in the short term (up to 6 months). It
. . Low carbohydrate eating for . . . .
Diabetes Australia . . " can also help reduce body weight and help manage heart disease risk factors such as raised
. people with diabetes—position 2018 .
(Australia) statement cholesterol and raised blood pressure.
All people with any type of diabetes who wish to follow a low carb diet should do so in
consultation with their diabetes healthcare team. [114]
Reducing overall carbohydrate intake for individuals with diabetes has demonstrated the
American Diabetes Nutrition Therapy for Adults most ev1den(':e f'or. improving glycaemia and may be applied in a \farlety of ea.tmg patterns
Lo . . . that meet individual needs and preferences. For select adults with type 2 diabetes not
Association with Diabetes or Prediabetes: A~ 2019 meeting glycaemic targets or where reducing anti-glycaemic medications is a priorit
(UsA) Consensus Report 8 8Y 8 & 8y p y:

reducing overall carbohydrate intake with low- or very low-carbohydrate eating plans is a
viable approach. [24]
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9. Conclusions

Current guidelines support the use of low-carbohydrate diets as an alternative to standard low-
fat, calorie-counting advice for suitable patients with obesity or type 2 diabetes. In patients on
multiple medications and/or insulin or who have multiple dietary restrictions or other co-morbidities
such as renal disease, low-carbohydrate diets should be supported by experienced health care
professionals and a specialist dietitian who can facilitate optimal nutritional intake. Clinicians should
continue with regular surveillance and management of other risk factors, even if diabetes remission
is achieved [110]. The need for large multicenter randomized controlled trials with cardiovascular
and other hard endpoints, as well as feasibility and cost-effectiveness analyses, seems warranted and
worthy of prioritization. In particular it should be noted that, as with any other dietary interventions,
the evidence for long-term compliance with, and sustainability of, carbohydrate restriction is
currently not strong. In the absence of this higher-level evidence, existing data suggest that adopting
a low-carbohydrate diet is a legitimate and potentially very effective treatment option for patients
with diabetes and obesity.

Author Contributions: Conceptualization, T.K. and F.F.; writing—original draft preparation, T.K and F.F.;
writing —review and editing, T.K, D.U, F.F. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding. Francis M. Finucane is funded by a Clinical Research
Career Development Award from the Saolta Hospital Group.

Conlflicts of Interest: Tara L. Kelly is employed by Diabetes Digital Media LTD. DDM provides digital behavior-
change programs for diabetes, including the “Low Carb Program”. David J. Unwin is an unpaid medical adviser
to DDM. Francis M. Finucane has in the past (until 2017) received honoraria and travel grants and has served on
advisory boards for Novo Nordisk, Eli Lilly, Ethicon, Pfizer Inc., Sanofi-Aventis, Astra Zeneca, Merck-Serono,
Boehringer Ingelheim, Janssen, and Novartis.

References

1.  Bluher, M. Obesity: Global epidemiology and pathogenesis. Nat. Rev. Endocrinol. 2019, 15, 288-298,
d0i:10.1038/s41574-019-0176-8.

2. Ezzati, M,; Bentham, J.; Di Cesare, M.; Bilano, V.; Bixby, H.; Zhou, B.; Stevens, G.A_; Riley, L.M.; Taddei, C.;
Hajifathalian, K.; et al. Worldwide trends in body-mass index, underweight, overweight, and obesity from
1975 to 2016: A pooled analysis of 2416 population-based measurement studies in 128.9 million children,
adolescents, and adults. Lancet 2017, 390, 2627-2642, d0i:10.1016/S0140-6736(17)32129-3.

3. Li, G.W.; Zhang, P.; Wang, J.P,; An, Y.L.; Gong, Q.H.; Gregg, EW.; Yang, W.Y.; Zhang, B.; Shuai, Y.; Hong,
J.; et al. Cardiovascular mortality, all-cause mortality, and diabetes incidence after lifestyle intervention for
people with impaired glucose tolerance in the Da Qing Diabetes Prevention Study: A 23-year follow-up
study. Lancet Diabetes Endocrinol. 2014, 2, 474-480, d0i:10.1016/S2213-8587(14)70057-9.

4.  Clark, A.M,; Hartling, L.; Vandermeer, B.; McAlister, F.A. Meta-analysis: Secondary prevention programs
for patients with coronary artery disease. Ann. Intern. Med. 2005, 143, 659-672.

5. Lean, M.E.J,; Leslie, W.S.; Barnes, A.C.; Brosnahan, N.; Thom, G.; McCombie, L.; Peters, C.; Zhyzhneuskaya,
S.; Al-Mrabeh, A.; Hollingsworth, K.G; et al. Primary care-led weight management for remission of type 2
diabetes (DiRECT): An open-label, cluster-randomised trial. Lancet 2018, 391, 541-551, doi:10.1016/50140-
6736(17)33102-1.

6. Gregg, EW,; Jakicic, ].M.; Blackburn, G.; Bloomquist, P.; Bray, G.A.; Clark, ] M.; Coday, M.; Curtis, ].M.;
Egan, C; Evans, M.; et al. Association of the magnitude of weight loss and changes in physical fitness with
long-term cardiovascular disease outcomes in overweight or obese people with type 2 diabetes: A post-hoc
analysis of the Look AHEAD randomised clinical trial. Lancet Diabetes Endocrinol. 2016, 4, 913-921,
doi:10.1016/52213-8587(16)30162-0.

7. Franz, M.J; VanWormer, ].J.; Crain, A.L.; Boucher, J.L.; Histon, T.; Caplan, W.; Bowman, J.D.; Pronk, N.P.
Weight-loss outcomes: A systematic review and meta-analysis of weight-loss clinical trials with a minimum
1-year follow-up. J. Am. Diet. Assoc. 2007, 107, 1755-1767, doi:10.1016/j.jada.2007.07.017.



Int. ]. Environ. Res. Public Health 2020, 17, 2557 13 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

Fildes, A.; Charlton, J.; Rudisill, C.; Littlejohns, P.; Prevost, A.T.; Gulliford, M.C. Probability of an Obese
Person Attaining Normal Body Weight: Cohort Study Using Electronic Health Records. Am. J. Public Health
2015, 105, e54—e59, doi:10.2105/AJPH.2015.302773.

Christensen, P.; Bliddal, H.; Riecke, B.F.; Leeds, A.R.; Astrup, A.; Christensen, R. Comparison of a low-
energy diet and a very low-energy diet in sedentary obese individuals: A pragmatic randomized controlled
trial. Clin. Obes. 2011, 1, 31-40, doi:10.1111/§.1758-8111.2011.00006.x.

Hallberg, SJ.; Dockter, N.E.; Kushner, J.A.; Athinarayanan, S.J. Improving the scientific rigour of
nutritional recommendations for adults with type 2 diabetes: A comprehensive review of the American
Diabetes Association guideline-recommended eating patterns. Diabetes Obes. Metab. 2019, 21, 1769-1779,
doi:10.1111/dom.13736.

Anderson, ].W._; Conley, S.B.; Nicholas, A.S. One hundred pound weight losses with an intensive behavioral
program: Changes in risk factors in 118 patients with long-term follow-up. Am. J. Clin. Nutr. 2007, 86, 301
307, doi:10.1093/ajcn/86.2.301.

Ryan, D.H.; Johnson, W.D.; Myers, V.H.; Prather, T.L.; McGlone, M.M.; Rood, J.; Brantley, P.]J.; Bray, G.A.;
Gupta, A.K,; Broussard, A.P.; et al. Nonsurgical weight loss for extreme obesity in primary care settings:
Results of the Louisiana Obese Subjects Study. Arch. Intern. Med. 2010, 170, 146-154,
doi:10.1001/archinternmed.2009.508.

Finkelstein, E.A.; Kruger, E. Meta- and cost-effectiveness analysis of commercial weight loss strategies.
Obesity 2014, 22, 1942-1951, doi:10.1002/0by.20824.

Khera, R.; Murad, M.H.; Chandar, A.K,; Dulai, P.S.; Wang, Z.; Prokop, L.J.; Loomba, R.; Camilleri, M.;
Singh, S. Association of Pharmacological Treatments for Obesity With Weight Loss and Adverse Events: A
Systematic Review and Meta-analysis. JAMA 2016, 315, 24242434, doi:10.1001/jama.2016.7602.

Bomberg, E.M.; Ryder, J.R.; Brundage, R.C.; Straka, R.J.; Fox, C.K.; Gross, A.C.; Oberle, M.M.; Bramante,
C.T,; Sibley, S.D.; Kelly, A.S. Precision medicine in adult and pediatric obesity: A clinical perspective. Adv.
Endocrinol. Metab. 2019, 10, doi:10.1177/2042018819863022.

Colquitt, J.L.; Pickett, K.; Loveman, E.; Frampton, G.K. Surgery for weight loss in adults. Cochrane Database
Syst. Rev. 2014, CD003641, do0i:10.1002/14651858.CD003641.pub4.

Perez-Pevida, B.; Escalada, J.; Miras, A.D.; Fruhbeck, G. Mechanisms Underlying Type 2 Diabetes
Remission After Metabolic Surgery. Front. Endocrinol. 2019, 10, 641, doi:10.3389/fend0.2019.00641.
Jennings, A.; Hughes, C.A,; Kumaravel, B.; Bachmann, M.O.; Steel, N.; Capehorn, M.; Cheema, K.
Evaluation of a multidisciplinary Tier 3 weight management service for adults with morbid obesity, or
obesity and comorbidities, based in primary care. Clin. Obes. 2014, 4, 254-266, doi:10.1111/cob.12066.
American Diabetes Association. 5. Facilitating Behavior Change and Well-being to Improve Health
Outcomes: Standards of Medical Care in Diabetes—2020. Diabetes Care 2020, 43, 548-565, d0i:10.2337/dc20-
S005.

Rollo, J. Account of Two Cases of Diabetes Mellitus, with Remarks. Ann. Med. 1797, 2, 85-105.

Banting, W. Letter on corpulence, addressed to the public. 1869. Obes. Res. 1993, 1, 153-163,
doi:10.1002/j.1550-8528.1993.tb00605.x.

Osler, W. The Principles and Practice of Medicine; D. Appleton and Company: New York, NY, USA, 1912.
Feinman, R.D.; Pogozelski, W.K.; Astrup, A.; Bernstein, R.K.; Fine, E.J., Westman, E.C.; Accurso, A.;
Frassetto, L.; Gower, B.A.; McFarlane, S.I; et al. Dietary carbohydrate restriction as the first approach in
diabetes management: Critical review and evidence base. Nutrition 2015, 31, 1-13,
doi:10.1016/j.nut.2014.06.011.

Evert, A.B.; Dennison, M.; Gardner, C.D.; Garvey, W.T.; Lau, KH.K.; MacLeod, J.; Mitri, J.; Pereira, R.F.;
Rawlings, K.; Robinson, S.; et al. Nutrition Therapy for Adults With Diabetes or Prediabetes: A Consensus
Report. Diabetes Care 2019, 42, 731-754, d0i:10.2337/dci19-0014.

Davies, M.].; D’ Alessio, D.A.; Fradkin, J.; Kernan, W.N.; Mathieu, C.; Mingrone, G.; Rossing, P.; Tsapas, A.;
Wexler, D.J.; Buse, J.B. Management of Hyperglycemia in Type 2 Diabetes, 2018. A Consensus Report by
the American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD).
Diabetes Care 2018, 41, 2669-2701, doi:10.2337/dci18-0033.

Meng, Y.; Bai, H.; Wang, S; Li, Z.; Wang, Q.; Chen, L. Efficacy of low carbohydrate diet for type 2 diabetes
mellitus management: A systematic review and meta-analysis of randomized controlled trials. Diabetes Res.
Clin. Pract. 2017, 131, 124-131, d0i:10.1016/j.diabres.2017.07.006.



Int. ]. Environ. Res. Public Health 2020, 17, 2557 14 of 18

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Mansoor, N.; Vinknes, K.J.; Veierod, M.B.; Retterstol, K. Effects of low-carbohydrate diets v. low-fat diets
onbody weight and cardiovascular risk factors: A meta-analysis of randomised controlled trials. Br. ]. Nutr.
2016, 115, 466—479, doi:10.1017/s0007114515004699.

Nielsen, J.V.; Joensson, E.A. Low-carbohydrate diet in type 2 diabetes: Stable improvement of bodyweight
and glycemic control during 44 months follow-up. Nutr. Metab. 2008, 5, 14, doi:10.1186/1743-7075-5-14.
Forouhi, N.G.; Krauss, R.M.; Taubes, G.; Willett, W. Dietary fat and cardiometabolic health: Evidence,
controversies, and consensus for guidance. BVJ (Clin. Res. Ed.) 2018, 361, k2139, d0i:10.1136/bm;j.k2139.
Dehghan, M.; Mente, A.; Zhang, X.; Swaminathan, S.; Li, W.; Mohan, V.; Igbal, R.; Kumar, R.; Wentzel-
Viljoen, E.; Rosengren, A.; et al. Associations of fats and carbohydrate intake with cardiovascular disease
and mortality in 18 countries from five continents (PURE): A prospective cohort study. Lancet 2017, 390,
2050-2062, doi:10.1016/s0140-6736(17)32252-3.

Gianos, E.; Williams, K.A.; Freeman, A.M.; Kris-Etherton, P.; Aggarwal, M. How Pure is PURE? Dietary
Lessons Learned and Not Learned From the PURE Trials. Am. J. Med. 2018, 131, 457-458,
doi:10.1016/j.amjmed.2017.11.024.

Messerli, F.H.; Hofstetter, L.; Bangalore, S. Salt and heart disease: A second round of bad “science”? Lancet
2018, 392, 456—458, doi:10.1016/S0140-6736(18)31724-0.

Seidelmann, S.B.; Claggett, B.; Cheng, S.; Henglin, M.; Shah, A.; Steffen, L.M.; Folsom, AR.; Rimm, E.B.;
Willett, W.C.; Solomon, S.D. Dietary carbohydrate intake and mortality: A prospective cohort study and
meta-analysis. Lancet Public Health 2018, 3, e419-e428, doi:10.1016/s2468-2667(18)30135-x.

Trichopoulou, A.; Psaltopoulou, T.; Orfanos, P.; Hsieh, C.C.; Trichopoulos, D. Low-carbohydrate-high-
protein diet and long-term survival in a general population cohort. Eur. J. Clin. Nutr. 2007, 61, 575-581.
Rasmussen, N. Downsizing obesity: On Ancel Keys, the origins of BMI, and the neglect of excess weight as
a health hazard in the United States from the 1950s to 1970s. ]. Hist. Behav. Sci. 2019, 55, 299-318,
doi:10.1002/jhbs.21991.

Keys, A.; Menotti, A.; Aravanis, C.; Blackburn, H.; Djordevic, B.S.; Buzina, R.; Dontas, A.S.; Fidanza, F.;
Karvonen, M.J.; Kimura, N.; et al. The seven countries study: 2,289 deaths in 15 years. Prev. Med. 1984, 13,
141-154.

Cooper, A.].; Schliemann, D.; Long, G.H.; Griffin, S.J.; Simmons, RK.; team, A.D.-C.s. Do improvements in
dietary behaviour contribute to cardiovascular risk factor reduction over and above cardio-protective
medication in newly diagnosed diabetes patients? Eur. ]. Clin. Nutr. 2014, 68, 1113-1118,
doi:10.1038/ejcn.2014.79.

Fung, T.T.; van Dam, R.M.; Hankinson, S.E.; Stampfer, M.; Willett, W.C.; Hu, F.B. Low-carbohydrate diets
and all-cause and cause-specific mortality: Two cohort studies. Ann. Intern. Med. 2010, 153, 289-298,
doi:10.7326/0003-4819-153-5-201009070-00003.

Ioannidis, J.P.A. The Challenge of Reforming Nutritional Epidemiologic Research. JAMA 2018, 320, 969—
970, doi:10.1001/jama.2018.11025.

Ioannidis, ]J.P. Implausible results in human nutrition research. BM] (Clin. Res. Ed.) 2013, 347, 6698,
doi:10.1136/bm;.f6698.

Macdonald, I. Influence of fructose and glucose on serum lipid levels in men and pre- and postmenopausal
women. Am. J. Clin. Nutr. 1966, 18, 369-372, d0i:10.1093/ajcn/18.5.369.

Jensen, T.; Abdelmalek, M.F,; Sullivan, S.; Nadeau, K.J.; Green, M.; Roncal, C.; Nakagawa, T.; Kuwabara,
M.; Sato, Y.; Kang, D.H.; et al. Fructose and sugar: A major mediator of non-alcoholic fatty liver disease. J.
Hepatol. 2018, 68, 1063-1075, doi:10.1016/j.jhep.2018.01.019.

Hall, K.D.; Ayuketah, A.; Brychta, R.; Cai, H.; Cassimatis, T.; Chen, K.Y.; Chung, S.T.; Costa, E.; Courville,
A.; Darcey, V.; et al. Ultra-Processed Diets Cause Excess Calorie Intake and Weight Gain: An Inpatient
Randomized Controlled Trial of Ad Libitum Food Intake. Cell Metab. 2019, 30, 67-77.e3,
doi:10.1016/j.cmet.2019.05.008.

Ebbeling, C.B.; Feldman, H.A,; Klein, G.L.; Wong, ] M.W_; Bielak, L.; Steltz, S.K.; Luoto, P.K.; Wolfe, R.R.;
Wong, W.W.; Ludwig, D.S. Effects of a low carbohydrate diet on energy expenditure during weight loss
maintenance: Randomized trial. BM] (Clin. Res. Ed.) 2018, 363, k4583, d0i:10.1136/bm;.k4583.

Cuthbertson, D.J.; Steele, T.; Wilding, J.P.; Halford, J.C.; Harrold, J.A.; Hamer, M.; Karpe, F. What have
human experimental overfeeding studies taught us about adipose tissue expansion and susceptibility to
obesity and metabolic complications? Int. . Obes. 2017, 41, 853-865, d0i:10.1038/ijo.2017 4.



Int. ]. Environ. Res. Public Health 2020, 17, 2557 15 of 18

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Henry, C.J.; Lightowler, H.J.; Strik, C.M.; Storey, M. Glycaemic index values for commercially available
potatoes in Great Britain. Br. J. Nutr. 2005, 94, 917-921, doi:10.1079/bjn20051571.

Salvador, A.F.; McKenna, C.F.; Alamilla, R.A.; Cloud, RM.T.; Keeble, A.R.; Miltko, A.; Scaroni, S.E.; Beals,
J.W.; Ulanov, A.V.; Dilger, RN.; et al. Potato ingestion is as effective as carbohydrate gels to support
prolonged cycling performance. J. Appl. Physiol. 2019, 127, 1651-1659, doi:10.1152/japplphysiol.00567.2019.
Martin, C.K,; Rosenbaum, D.; Han, H.; Geiselman, P.J.; Wyatt, H.R.; Hill, ].O.; Brill, C.; Bailer, B.; Miller,
B.V.; 3rd; Stein, R; et al. Change in food cravings, food preferences, and appetite during a low-carbohydrate
and low-fat diet. Obesity 2011, 19, 1963-1970, doi:10.1038/0by.2011.62.

Eaton, S.B.; Konner, M. Paleolithic Nutrition. N. Engl. J. Med. 1985, 312, 283-289,
doi:10.1056/nejm198501313120505.

Kopp, W. How Western Diet And Lifestyle Drive The Pandemic Of Obesity And Civilization Diseases.
Diabetes Metab. Syndr. Obes. 2019, 12, 2221-2236, doi:10.2147/DMS0O.5216791.

Spreadbury, I. Comparison with ancestral diets suggests dense acellular carbohydrates promote an
inflammatory microbiota, and may be the primary dietary cause of leptin resistance and obesity. Diabetes
Metab. Syndr. Obes. 2012, 5, 175-189, doi:10.2147/DMS0.S33473.

Lindeberg, S.; Eliasson, M.; Lindahl, B.; Ahren, B. Low serum insulin in traditional Pacific Islanders--the
Kitava Study. Metabolism 1999, 48, 1216-1219, doi:10.1016/s0026-0495(99)90258-5.

Holt, S.H.; Miller, J.B. Increased insulin responses to ingested foods are associated with lessened satiety.
Appetite 1995, 24, 43-54, d0i:10.1016/s0195-6663(95)80005-0.

Rodin, J.; Wack, J.; Ferrannini, E.; DeFronzo, R.A. Effect of insulin and glucose on feeding behavior.
Metabolism 1985, 34, 826-831, doi:10.1016/0026-0495(85)90106-4.

Karpe, F.; Dickmann, J.R; Frayn, K.N. Fatty acids, obesity, and insulin resistance: Time for a reevaluation.
Diabetes 2011, 60, 2441-2449, doi:10.2337/db11-0425.

Taylor, R. Banting Memorial Lecture 2012 Reversing the twin cycles of Type2 diabetes. Diabet. Med. 2013,
30, 267-275.

Gower, B.A.; Goss, A.M. The sliding set-point: How insulin and diet interact to explain the obesity epidemic
(and how to fix it). Curr. Opin. Endocrinol.  Diabetes Obes. 2018, 25, 303-309,
doi:10.1097/MED.0000000000000426.

Kullmann, S.; Heni, M.; Veit, R.; Scheffler, K.; Machann, J.; Haring, H.U,; Fritsche, A.; Preissl, H. Selective
insulin resistance in homeostatic and cognitive control brain areas in overweight and obese adults. Diabetes
Care 2015, 38, 1044-1050, d0i:10.2337/dc14-2319.

Speakman, J.R.; Levitsky, D.A.; Allison, D.B.; Bray, M.S.; de Castro, ].M.; Clegg, D.].; Clapham, ].C.; Dulloo,
A.G;; Gruer, L.; Haw, S.; et al. Set points, settling points and some alternative models: Theoretical options
to understand how genes and environments combine to regulate body adiposity. Dis. Model. Mech. 2011, 4,
733-745, d0i:10.1242/dmm.008698.

Liao, T.; Zhang, S.L.; Yuan, X.; Mo, W.Q.; Wei, F.; Zhao, S.N.; Yang, W.; Liu, H.; Rong, X. Liraglutide Lowers
Body Weight Set Point in DIO Rats and its Relationship with Hypothalamic Microglia Activation. Obesity
2020, 28, 122-131, doi:10.1002/0by.22666.

Miras, A.D.; Le Roux, C.W. Mechanisms underlying weight loss after bariatric surgery. Nat. Rev.
Gastroenterol. Hepatol. 2013, 10, 575-584, doi:10.1038/nrgastro.2013.119.

Luchtman, D.W.; Chee, M.].S.; Doslikova, B.; Marks, D.L.; Baracos, V.E.; Colmers, W.F. Defense of Elevated
Body Weight Setpoint in Diet-Induced Obese Rats on Low Energy Diet Is Mediated by Loss of Melanocortin
Sensitivity in the Paraventricular Hypothalamic Nucleus. PLoS ONE 2015 10, e0139462,
doi:10.1371/journal.pone.0139462.

Sumithran, P.; Prendergast, L.A.; Delbridge, E.; Purcell, K.; Shulkes, A.; Kriketos, A.; Proietto, J. Ketosis and
appetite-mediating nutrients and hormones after weight loss. Eur. J. Clin. Nutr. 2013, 67, 759-764,
d0i:10.1038/ejcn.2013.90.

Hallberg, S.J.; McKenzie, A.L.; Williams, P.T.; Bhanpuri, N.H.; Peters, A.L.; Campbell, W.W_; Hazbun, T.L.;
Volk, B.M.; McCarter, ].P.; Phinney, S.D.; et al. Effectiveness and Safety of a Novel Care Model for the
Management of Type 2 Diabetes at 1 Year: An Open-Label, Non-Randomized, Controlled Study. Diabetes
Ther. 2018, 9, 583-612, d0i:10.1007/s13300-018-0373-9.

Ludwig, D.S.; Ebbeling, C.B. The Carbohydrate-Insulin Model of Obesity: Beyond “Calories In, Calories
Out” The Carbohydrate-Insulin Model of ObesityThe Carbohydrate-Insulin Model of Obesity. JAMA
Intern. Med. 2018, 178, 1098-1103, doi:10.1001/jamainternmed.2018.2933.



Int. ]. Environ. Res. Public Health 2020, 17, 2557 16 of 18

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Hall, K.D.; Guo, J. Obesity Energetics: Body Weight Regulation and the Effects of Diet Composition.
Gastroenterology 2017, 152, 1718-1727 1713, doi:10.1053/j.gastro.2017.01.052.

Forsythe, C.E.; Phinney, S.D.; Fernandez, M.L.; Quann, E.E.; Wood, R.].; Bibus, D.M.; Kraemer, W.].;
Feinman, R.D.; Volek, J.S. Comparison of low fat and low carbohydrate diets on circulating fatty acid
composition and markers of inflammation. Lipids 2008, 43, 65-77, d0i:10.1007/s11745-007-3132-7.

Youm, Y.H.; Nguyen, K.Y.; Grant, RW.; Goldberg, E.L.; Bodogai, M.; Kim, D.; D'Agostino, D.; Planavsky,
N.; Lupfer, C.; Kanneganti, T.D.; et al. The ketone metabolite beta-hydroxybutyrate blocks NLRP3
inflammasome-mediated inflammatory disease. Nat. Med. 2015, 21, 263, d0i:10.1038/nm.3804.

Shimazu, T.; Hirschey, M.D.; Newman, ].; He, W.J.; Shirakawa, K.; Le Moan, N.; Grueter, C.A.; Lim, H.;
Saunders, L.R.; Stevens, R.D.; et al. Suppression of Oxidative Stress by beta-Hydroxybutyrate, an
Endogenous Histone Deacetylase Inhibitor. Science 2013, 339, 211-214, doi:10.1126/science.1227166.
Nielsen, R.; Moller, N.; Gormsen, L.C.; Tolbod, L.P.; Hansson, N.H.; Sorensen, J.; Harms, H.].; Frokiaer, J.;
Eiskjaer, H.; Jespersen, N.R,; et al. Cardiovascular Effects of Treatment With the Ketone Body 3-
Hydroxybutyrate in Chronic Heart Failure Patients. Circulation 2019, 139, 2129-2141,
doi:10.1161/Circulationaha.118.036459.

Horton, J.L.; Davidson, M.T.; Kurishima, C.; Vega, R.B.; Powers, ].C.; Matsuura, T.R.; Petucci, C.;
Lewandowski, E.D.; Crawford, P.A.; Muoio, D.M.; et al. The failing heart utilizes 3-hydroxybutyrate as a
metabolic stress defense. JCI Insight 2019, 4, e124079.

Mardinoglu, A.; Wu, H.; Bjornson, E.; Zhang, C.; Hakkarainen, A.; Rédsdnen, S.M.; Lee, S.; Mancina, R.M.;
Bergentall, M.; Pietildinen, K.H.; et al. An Integrated Understanding of the Rapid Metabolic Benefits of a
Carbohydrate-Restricted Diet on Hepatic Steatosis in Humans. Cell Metab. 2018, 27, 559-571.e555, doi:
10.1016/j.cmet.2018.01.005.

Cotter, D.G.; Ercal, B.; Huang, X.J.; Leid, ].M.; d'Avignon, D.A.; Graham, M.].; Dietzen, D.J.; Brunt, EM.;
Patti, G.J.; Crawford, P.A. Ketogenesis prevents diet-induced fatty liver injury and hyperglycemia. J. Clin.
Investig. 2014, 124, 5175-5190, doi:10.1172/Jci76388.

Vilar-Gomez, E.; Athinarayanan, S.J.; Adams, R.N.; Hallberg, S.J.; Bhanpuri, N.H.; McKenzie, A.L.;
Campbell, W.W.; McCarter, J.P.; Phinney, S.D.; Volek, ].S.; et al. Post hoc analyses of surrogate markers of
non-alcoholic fatty liver disease (NAFLD) and liver fibrosis in patients with type 2 diabetes in a digitally
supported continuous care intervention: An open-label, non-randomised controlled study. BM] Open 2019,
9, 023597, d0i:10.1136/bmjopen-2018-023597.

Unwin, D.J.; Tobin, S.D.; Murray, S.W.; Delon, C.; Brady, A.]. Substantial and Sustained Improvements in
Blood Pressure, Weight and Lipid Profiles from a Carbohydrate Restricted Diet: An Observational Study
of Insulin Resistant Patients in Primary Care. Int. . Environ. Res. Public Health 2019, 16, 2680.

Bhanpuri, N.H.; Hallberg, S.J.; Williams, P.T.; McKenzie, A.L.; Ballard, K.D.; Campbell, W.W.; McCarter,
J.P.; Phinney, S.D.; Volek, ].S. 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, d0i:10.1186/s12933-018-0698-8.

Hyde, P.N.; Sapper, T.N.; Crabtree, C.D.; LaFountain, R.A.; Bowling, M.L.; Buga, A_; Fell, B.; McSwiney,
F.T.; Dickerson, RM.; Miller, V.J.; et al. Dietary carbohydrate restriction improves metabolic syndrome
independent of weight loss. JCI Insight 2019, 4, 128308, do0i:10.1172/jci.insight.128308.

Walton, C.M.; Perry, K.; Hart, R.H.; Berry, S.L.; Bikman, B.T. Improvement in Glycemic and Lipid Profiles
in Type 2 Diabetics with a 90-Day Ketogenic Diet. J. Diabetes Res. 2019, 2019, 8681959.

Saslow, L.R.; Daubenmier, ]J.J.; Moskowitz, J.T.; Kim, S.; Murphy, E.J.; Phinney, S.D.; Ploutz-Snyder, R.;
Goldman, V.; Cox, R.M.; Mason, A.E.; et al. Twelve-month outcomes of a randomized trial of a moderate-
carbohydrate versus very low-carbohydrate diet in overweight adults with type 2 diabetes mellitus or
prediabetes. Nutr. Diabetes 2017, 7, 304, doi:10.1038/s41387-017-0006-9.

Huntriss, R.; Campbell, M.; Bedwell, C. The interpretation and effect of a low-carbohydrate diet in the
management of type 2 diabetes: A systematic review and meta-analysis of randomised controlled trials.
Eur. ]. Clin. Nutr. 2018, 72, 311-325, d0i:10.1038/s41430-017-0019-4.

Bueno, N.B.; de Melo, LS.; de Oliveira, S.L.; da Rocha Ataide, T. Very-low-carbohydrate ketogenic diet v.
low-fat diet for long-term weight loss: A meta-analysis of randomised controlled trials. Br. J. Nutr. 2013,
110, 1178-1187, doi:10.1017/S0007114513000548.

Karter, A.J.; Nundy, S.; Parker, M.M.; Moffet, H.H.; Huang, E.S. Incidence of Remission in Adults With
Type 2 Diabetes: The Diabetes & Aging Study. Diabetes Care 2014, 37, 3188-3195, d0i:10.2337/dc14-0874.



Int. ]. Environ. Res. Public Health 2020, 17, 2557 17 of 18

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Hallberg, S.J.; Gershuni, V.M.; Hazbun, T.L.; Athinarayanan, S.]. Reversing Type 2 Diabetes: A Narrative
Review of the Evidence. Nutrients 2019, 11, 766, d0i:10.3390/nu11040766.

McKenzie, A.L.; Hallberg, S.J.; Creighton, B.C.; Volk, B.M.; Link, T.M.; Abner, M.K_; Glon, RM.; McCarter,
J.P; Volek, ].S; Phinney, SD. A Novel Intervention Including Individualized Nutritional
Recommendations Reduces Hemoglobin Alc Level, Medication Use, and Weight in Type 2 Diabetes. [MIR
Diabetes 2017, 2, €5, d0i:10.2196/diabetes.6981.

Athinarayanan, S.J.; Adams, R.N.; Hallberg, S.J.; McKenzie, A.L.; Bhanpuri, N.H.; Campbell, W.W; Volek,
J.S.; Phinney, S.D.; McCarter, ]J.P. 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.

Siegmann, M.].; Athinarayanan, S.J.; Hallberg, S.J.; McKenzie, A.L.; Bhanpuri, N.H.; Campbell, WW;
McCarter, J.P.; Phinney, S.D.; Volek, ]J.S.; Van Dort, C.J. Improvement in patient-reported sleep in type 2
diabetes and prediabetes participants receiving a continuous care intervention with nutritional ketosis.
Sleep Med. 2019, 55, 92-99, doi:10.1016/j.sleep.2018.12.014.

Henderson, G. Court of Last Appeal —The Early History of the High-fat Diet for Diabetes. ]. Diabetes Metab.
2016, 7, 696, d0i:10.4172/2155-6156.100696.

Joshi, S.; Zaki, T.; Ostfeld, R.J.; McMacken, M. Utility of Unrefined Carbohydrates in Type 2 Diabetes.
Comment on "Reversing Type 2 Diabetes: A Narrative Review of the Evidence. Nutrients 2019, 11, 766.
Igbal, N.; Vetter, M.L.; Moore, R.H.; Chittams, ]J.L.; Dalton-Bakes, C.V.; Dowd, M.; Williams-Smith, C.;
Cardillo, S.; Wadden, T.A. Effects of a low-intensity intervention that prescribed a low-carbohydrate vs. a
low-fat diet in obese, diabetic participants. Obesity 2010, 18, 17331738, doi:10.1038/0by.2009.460.

Dyson, P.A_; Beatty, S.; Matthews, D.R. An assessment of low-carbohydrate or low-fat diets for weight loss
at 2 year’s follow-up. Diabet. Med. 2010, 27, 363-364.

McArdle, P.D.; Greenfield, SM.; Avery, A, Adams, G.G.; Gill, P.S. Dietitians’ practice in giving
carbohydrate advice in the management of type 2 diabetes: A mixed methods study. J. Hum. Nutr. Diet.
2017, 30, 385-393, doi:d0i:10.1111/jhn.12436.

Unwin, D.J. NICE Endorsed Resource—Sugar Equivalent Infographics. Availabe online:
https://phcuk.org/sugar/ (accessed on 26 December 2019).

Murdoch, C.; Unwin, D.; Cavan, D.; Cucuzzella, M.; Patel, M. Adapting diabetes medication for low
carbohydrate management of type 2 diabetes: A practical guide. Br. ]. Gen. Pract. 2019, 69, 360-361,
doi:10.3399/bjgp19X704525.

Lennerz, B.S.; Barton, A.; Bernstein, R.K,; Dikeman, R.D.; Diulus, C.; Hallberg, S.; Rhodes, E.T.; Ebbeling,
C.B.; Westman, E.C.; Yancy, W.S.; et al. Management of Type 1 Diabetes With a Very Low-Carbohydrate
Diet. Pediatrics 2018, 141, €20173349.

Rosenstock, J.; Ferrannini, E. Euglycemic Diabetic Ketoacidosis: A Predictable, Detectable, and Preventable
Safety Concern With SGLT2 Inhibitors. Diabetes Care 2015, 38, 1638-1642.

Brands, M.W.; Manhiani, M.M. Sodium-retaining effect of insulin in diabetes. Am. J. Physiol. 2012, 303,
R1101-R1109.

Benton, D.; Young, H.A. Reducing Calorie Intake May Not Help You Lose Body Weight. Perspect. Psychol.
Sci. 2017, 12, 703-714, d0i:10.1177/1745691617690878.

Camacho, S.; Ruppel, A. Is the calorie concept a real solution to the obesity epidemic? Glob. Health Action
2017, 10, 1289650, d0i:10.1080/16549716.2017.1289650.

Fothergill, E.; Guo, J.; Howard, L.; Kerns, ]J.C.; Knuth, N.D.; Brychta, R.; Chen, K.Y; Skarulis, M.C.; Walter,
M.; Walter, P.J.; et al. Persistent metabolic adaptation 6 years after “The Biggest Loser” competition. Obesity
2016, 24, 1612-1619, doi:10.1002/0by.21538.

Hu, T.; Yao, L.; Reynolds, K.; Niu, T.; Li, S.; Whelton, P.; He, J.; Bazzano, L. The effects of a low-carbohydrate
diet on appetite: A randomized controlled trial. Nutr. Metab. Cardiovasc. Dis. 2016, 26, 476488,
doi:10.1016/j.numecd.2015.11.011.

Adam-Perrot, A.; Clifton, P.; Brouns, F. Low-carbohydrate diets: Nutritional and physiological aspects.
Obes. Rev. 2006, 7, 49-58, doi:10.1111/j.1467-789X.2006.00222.x.

Hu, T.; Jacobs, D.R.; Bazzano, L.A.; Bertoni, A.G.; Steffen, L.M. Low-carbohydrate diets and prevalence,
incidence and progression of coronary artery calcium in the Multi-Ethnic Study of Atherosclerosis (MESA).
Br. J. Nutr. 2019, in press, doi:10.1017/s0007114518003513.



Int. ]. Environ. Res. Public Health 2020, 17, 2557 18 of 18

103.

104.

105.

106.

107.

108.

1009.

110.

111.

112.

113.

114.

Astrup, A.; Geiker, N.RW.; Magkos, F. Effects of Full-Fat and Fermented Dairy Products on
Cardiometabolic Disease: Food Is More Than the Sum of Its Parts. Adv. Nutr. 2019, 10, 924s-930s.

Santos, F.L.; Esteves, S.S.; Pereira, A.D.; Yancy, W.S.; Nunes, J.P.L. Systematic review and meta-analysis of
clinical trials of the effects of low carbohydrate diets on cardiovascular risk factors. Obes. Rev. 2012, 13,
1048-1066.

Gjuladin-Hellon, T.; Davies, I.G.; Penson, P.; Baghbadorani, R.A. Effects of carbohydrate-restricted diets on
low-density lipoprotein cholesterol levels in overweight and obese adults: A systematic review and meta-
analysis. Nutr. Rev. 2019, 77, 161-180.

Astrup, A.; Bertram, H.C.; Bonjour, J.-P.; de Groot, L.C.; de Oliveira Otto, M.C.; Feeney, E.L.; Garg, M.L.;
Givens, I; Kok, F.J.; Krauss, RM.; et al. WHO draft guidelines on dietary saturated and trans fatty acids:
Time for a new approach? BMJ (Clin. Res. Ed.) 2019, 366, 14137, doi:10.1136/bmj.14137.

Harcombe, Z.; Baker, J.S.; Cooper, S.M.; Davies, B.; Sculthorpe, N.; DiNicolantonio, J.J.; Grace, F. Evidence
from randomised controlled trials did not support the introduction of dietary fat guidelines in 1977 and
1983: A systematic review and meta-analysis. Open Heart 2015, 2, e000196, doi:10.1136/openhrt-2014-
000196.

Tay, J.; Luscombe-Marsh, N.D.; Thompson, C.H.; Noakes, M.; Buckley, ].D.; Wittert, G.A.; Yancy, W.S,; Jr.;
Brinkworth, G.D. Comparison of low- and high-carbohydrate diets for type 2 diabetes management: A
randomized trial. Am. ]. Clin. Nutr. 2015, 102, 780-790, d0i:10.3945/ajcn.115.112581.

Wei, B.Z,; Liu, Y.; Lin, X,; Fang, Y.; Cui, J.; Wan, ]. Dietary fiber intake and risk of metabolic syndrome: A
meta-analysis of observational studies. Clin. Nutr. 2018, 37, 1935-1942.

Gianfredi, V.; Salvatori, T.; Villarini, M.; Moretti, M.; Nucci, D.; Realdon, S. Is dietary fibre truly protective
against colon cancer? A systematic review and meta-analysis. Int. |. Food Sci. Nutr. 2018, 69, 904-915,
doi:10.1080/09637486.2018.1446917.

Dyson, P.A.; Kelly, T.; Deakin, T.; Duncan, A.; Frost, G.; Harrison, Z.; Khatri, D.; Kunka, D.; McArdle, P.;
Mellor, D.; et al. Diabetes UK Position Statements and Care Recommendations Diabetes UK evidence-based
nutrition guidelines for the prevention and management of diabetes. Diabet. Med. 2011, 28, 1282-1288,
doi:10.1111/j.1464-5491.2011.03371.x.

SACN. Carbohydrates and  Health; SACN  (United Kingdom): 2015. Available online:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/44550
3/SACN_Carbohydrates_and_Health.pdf (accesesed on: 29 December 2019)

SIGN. Management of Diabetes. A national Clinical Guideline; Edinburgh, UK, 2017. Available online:
https://www.sign.ac.uk/assets/sign116.pdf (accessed on: 30 December 2019)

Diabetes Australia. Position Statement Low Carbohyrate Eating for People with Diabetes; 2018. Available online
: https://static.diabetesaustralia.com.au/s/fileassets/diabetes-australia/8b4a8a54-f6b0-4ce6-bfc2-
159686db7983.pdf (accessed on: 30 December 2019)

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ I article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



