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The twin cycle hypothesis postulated that type 2
diabetes was a result of excess liver fat causing
excess supply of fat to the pancreas with resulting
dysfunction of both organs. If this was so, the
condition should be able to be returned to normal
by calorie restriction. The Counterpoint study
tested this prediction in short-duration type 2
diabetes and showed that liver glucose handling
returned to normal within 7 days and that beta-cell
function returned close to normal over 8 weeks.
Subsequent studies have demonstrated the dura-
bility of remission from type 2 diabetes. Remark-
ably, during the first 12 months of remission, the
maximum functional beta-cell mass returns com-
pletely to normal and remains so for at least
24 months, consistent with regain of insulin

secretory function of beta cells which had dediffer-
entiated in the face of chronic nutrient oversupply.
The likelihood of achieving remission after 15%
weight loss has been shown to be mainly deter-
mined by the duration of diabetes, with responders
having better beta-cell function at baseline. Remis-
sion is independent of BMI, underscoring the
personal fat threshold concept that type 2 diabetes
develops when an individual acquires more fat
than can be individually tolerated even at a BMI
which in the nonobese range. Observations on
people of South Asian or Afro-American ethnicity
confirm that substantial weight loss achieves
remission in the same way as in the largely White
Europeans studied in detail. Diagnosis of type 2
diabetes can now be regarded as an urgent signal
that weight loss must be achieved to avoid a
progressive decline of health.
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loss.

The twin cycle hypothesis

The prevalence of type 2 diabetes in populations
depends upon food availability [1–3]. Given that
condition is associated with both insulin resistance
and pancreatic endocrine dysfunction, the appli-
cation of Occam’s razor suggested that both under-
lying abnormalities were likely to be caused by the
same factor. Specifically, excess intra-organ fat
could potentially explain dysfunction of both liver
and pancreas, and this underpinned the twin cycle
hypothesis of the aetiology of type 2 diabetes [4].
Fig. 1 illustrates the postulated sequence of
events. It had already been established that hep-
atic insulin resistance was proportional to liver fat
content, and it was known that both occur before
onset of type 2 diabetes [5, 6]. Hence, over a long
period of time, the intake of more food energy than
required would lead to increased liver fat, with
steadily increasing hepatic insulin resistance [7–9].

The major insulin-responsive role of the liver is to
maintain glucose production, and hepatic insulin
resistance would bring about a tendency to
increase plasma glucose levels and then compen-
satory elevation of fasting plasma insulin levels.
This would stimulate the process of converting
glucose to triglyceride would accelerate, creating a
vicious cycle in the liver.

As liver fat levels increased, the rate of export of
triglyceride to the rest of the body would increase.
Once subcutaneous fat stores were relatively
replete, this would increase deposition of fat in
ectopic sites, including the pancreas. By 2006, it
was known that chronic exposure to fat would
inhibit glucose-stimulated insulin secretion and
that human beta cells avidly take up fatty acids
and store these as triglyceride [10–12]. Failure of
postprandial insulin secretion would lead to pro-
longed hyperglycaemia and further increase the
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de novo lipogenesis. The twin cycle hypothesis
could thus explain why beta-cell function deterio-
rated, albeit with a different time course to that of
the liver vicious cycle.

Critically, the hypothesis could be tested. If this
concept of aetiology of type 2 diabetes was correct,
then sudden induction of negative calorie balance
would cause the cycles to reverse with resulting
normoglycaemia. A diet delivering around
800 kcal/day which would be acceptable to most
people had to be devised. That was the first step in
launching the Counterpoint study [13].

The acute metabolic response to calorie restriction

The rapidity of metabolic adaptation to sudden
drop in calorie intake in nondiabetic people is
striking [14, 15]. In type 2 diabetes, such dietary
restriction also causes a major decrease in hepatic

glucose production, which can normalize fasting
blood glucose within 7 days (Fig. 2) [13, 16]. The
major underlying factor is the sudden reversal of
hepatic insulin resistance [7, 13]. As fasting
plasma insulin levels are not deficient at this stage
of type 2 diabetes but rather supra-normal, com-
plete normalization of hepatic glucose production
can be achieved. Unlike insulin resistance in other
tissues, hepatic insulin resistance in respect to
glucose metabolism is entirely determined by the
presence of excess fat [7, 8, 17]. Intra-hepatic fat
content decreased by 30% during the first 7 days of
the 800kcal/day diet and to low normal levels after
8 weeks (Fig. 3) [13]. Taken at face value, it may be
thought that this extent of decrease might be
insufficient to account for the return of normal
insulin sensitivity. However, the measurement of
triglyceride content of the liver even by the accurate
and precise magnetic resonance methods does not
reflect the levels of the lipid intermediaries, which
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Fig. 1 The twin cycle hypothesis of the aetiology of type 2 diabetes: Any excess carbohydrate must undergo de novo
lipogenesis, and this promotes fat accumulation in the liver. As insulin stimulates de novo lipogenesis, individuals with
relative insulin resistance in muscle (determined by genetic or lifestyle factors) will accumulate liver fat more readily
because of higher plasma insulin levels. Resistance to insulin suppression of hepatic glucose production will result from the
increased liver fat. Over many years, the slight increase in fasting plasma glucose level will stimulate increased basal
insulin secretion rates. The resulting hyperinsulinaemia will speed the conversion of excess calories into liver fat. A vicious
cycle of hyperinsulinemia and blunted suppression of hepatic glucose production becomes established. At the same time,
export of very-low-density lipoprotein triglyceride will increase fat delivery to all tissues including the islets. The increased
fatty acid availability in and around pancreatic islets impairs the acute insulin secretion in response to ingested food, and at
a certain point, postprandial hyperglycaemia will develop. Day-long hyperglycaemia will further increase insulin secretion
rates, resulting in increased hepatic lipogenesis, spinning the liver cycle faster and driving on the pancreas cycle.
Eventually, the fatty acid and glucose inhibitory effects on the islets reach a trigger level leading to a relatively sudden onset
of clinical diabetes. Figure adapted from [4].
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actually inhibit transmission of the insulin signal
[18]. Intracellular triglyceride is itself metabolically
inert (reflecting its biological purpose for safe
storage of energy). The induced accumulation of
diacylglycerol and potentially other intermediaries
would change rapidly with change in substrate
supply. Drop in food intake and a sudden call on
endogenous energy stores would rapidly drain the
intracellular ‘swamp’ of toxic intracellular lipid
intermediaries and convert this into a rapid transit
system from production to utilization. Hence, the
30% drop in intra-hepatic triglyceride content
indicates a dramatically sudden removal of those
moieties actually causing inhibition of insulin
action. The result of this is resumption of normal
control of hepatic glucose output and complete
normalization of fasting plasma glucose.

In contrast to the sudden normalization of hepatic
glucose production, first-phase insulin secretion
(i.e. the immediate beta-cell response to a rise in
plasma glucose) changed little in the first 7 days
despite the removal of any suppressive effect of the
raised plasma glucose levels [13]. Very gradually,
over the remainder of the 8-week low-calorie diet
period, the level of intra-pancreatic fat decreased.
In step with this, the first-phase insulin response
gradually increased (Fig. 2). The twin cycle hypoth-
esis had predicted that the decreased VLDL-TG-
mediated delivery of fat to the pancreas would
bring about release of beta cells from the suppres-
sive effect of excess intracellular fatty acids and
their intermediaries [4]. More recently, evidence
has emerged of fat-induced dedifferentiation of
beta cells with loss of specialist function but
continued viability [19–22].

The 8-week time course of recovery of beta cells
observed in Counterpoint is consistent with switch
on of genes controlling insulin production (re-
differentiation) as the underlying mechanism.
Given that there is no capacity for beta-cell

Fig. 2 The Counterpoint study. Metabolic changes after
initiation of a very-low-energy diet (~700 kcal per day) and
withdrawal of metformin therapy in people with type 2
diabetes (red) and matched nondiabetic controls (studied
at a single time-point) (blue). Figure shows changes in (a)
fasting plasma glucose, (b) hepatic triglyceride content, (c)
hepatic insulin sensitivity index, (d) pancreatic triglyceride
content and (e) immediate insulin response (known as
‘first-phase’) to a 3 mmol/L increase in plasma glucose
concentration. Figure adapted from Lim et al [13].
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neogenesis in adult humans outside pregnancy
[23, 24], beta-cell death clearly had not occurred.
Although apoptosis has been suggested to explain
the 50% decrease in beta-cell number or functional
capacity seen at diagnosis of type 2 diabetes, the
absence of lipofuscin bodies in the pancreases of
people with type 2 diabetes is strong evidence
against such a mechanism [24]. The apparent
absence of around 50% of beta cells on immunos-
taining of pancreas sections [25] is consistent with
the lack of insulin production from those cells that
had lost their specialized function. Just in the
same way that diabetes never occurs without beta-
cell dysfunction, recovery of function is essential
for return to nondiabetic glucose homeostasis.

Much confusion has resulted from the assessment
of whole-body insulin resistance using either cal-
culated indices or the hyperinsulinaemic–eugly-
caemic clamp. Both methods measure whole-body
insulin sensitivity without distinguishing between
the major components of liver and muscle.
Attempts to understand the pathophysiological
mechanisms of acute response to calorie restriction
using whole-body estimation of insulin sensitivity
have continued, even though all studies using
appropriate isotopic methods have demonstrated
the normalization of liver insulin sensitivity and
absence of improvement in muscle insulin sensi-
tivity during the early weeks of calorie restriction in
type 2 diabetes [7, 13, 26, 27]. Although this may
appear surprising, this is in the context of long-
standing acceptance of the concept that muscle

insulin resistance is a major factor underlying
continued hyperglycaemia. Detailed consideration
reveals the lack of logic or data to support this
belief. For instance, mice genetically engineered to
lack insulin receptors in skeletal muscle do not
develop diabetes [28]. In humans, muscle con-
tributes only modestly to postprandial glucose
homeostasis and hardly at all to overnight glucose
homeostasis [29, 30]. Glycogen storage in muscle
after meals is almost absent in people with the
genetic variant of glycogen synthase PPP1R3A, yet
this is compatible with normal glucose tolerance
[31]. Furthermore, the range of muscle insulin
sensitivity is very large in the population, and
many normoglycaemic individuals have a similar
degree of muscle insulin resistance to those with
type 2 diabetes or impaired glucose tolerance [32].

Whilst it is certain that lower muscle insulin
sensitivity is the earliest feature predicting onset
of type 2 diabetes, this must be distinguished from
it being a driver of the hyperglycaemia once the
disease has developed [33]. Prior to onset of type 2
diabetes, ingestion of carbohydrate in excess of any
24-hour requirement is less able to be stored
muscle glycogen depots and the carbon energy
has to be stored fat by de novo lipogenesis. This
process only happens in the liver in humans, and
triglyceride synthesized by this route is particularly
likely to be stored in hepatocytes rather than
transported for storage in subcutaneous adipose
tissue where it is metabolically inert. As de novo
lipogenesis is stimulated by insulin, those people
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Fig. 3 Colour-coded MRI scans showing the change in regional fat content before and after 8 weeks of an 800kcal/day
diet. In this individual, no liver pathology has been identified, but liver fat content was very high (left panel). The extent of
hepatic steatosis in most people with type 2 diabetes has not widely been appreciated. In the whole DiRECT cohort at
baseline, liver fat content averaged 16% [78], hugely raised above the accepted normal upper level of 5.5%. Dietary weight
loss restores normality (right panel).
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who are relatively insulin resistant in muscle – and
who therefore have a raised plasma insulin level –
are especially likely to accumulate fat in the liver
[29, 34]. This could explain the reason why muscle
insulin resistance is the first detectable signal of
risk for type 2 diabetes [33, 35].

Duration of type 2 diabetes is the major determinant of return to
nondiabetic glucose control

The Counterpoint study also opened up a further
vital question. In order to carry out the initial test of
the twin cycle hypothesis on a well-characterized,
homogenous group of people with type 2 diabetes,
only those with a duration of diabetes of less than
4 years and on therapy with only diet or diet plus
metformin were included. The Counterbalance
study examined whether normalization of glucose
control would also occur in longer-duration type 2
diabetes. It also included those treated with sulpho-
nylurea or insulin [26]. All antidiabetic agents were
withdrawn on the first day of the diet. In the short-
duration group (<4 years), all exhibited a rapid fall
in fasting plasma glucose, but unlike in Counter-
point, not all achieved nondiabetic fasting plasma
glucose, presumably reflecting a more advanced
state of diabetes requiring multiple antidiabetic
agents. However, in the longer-duration groups
(>8 years) there was a wide range of plasma glucose
responses with only 50% returning to normal. Some
behaved like the short-duration group; some very
gradually returned to nondiabetic levels; and some
hardly responded. Overall, there was clear relation-
ship of achieved fasting plasma glucose at the end
of the 8-week low-calorie diet period with duration
of type 2 diabetes (r = 0.50, P < 0.0006).

The nonresponders in the Counterbalance study,
mainly with 8–23 years of duration of type 2
diabetes, demonstrated similar hepatic response
to weight loss as did the responders (Fig. 4). It is
now clear that the improvement of hepatic insulin
sensitivity can achieve normalization of hepatic
lipid handling whatever the duration of type 2
diabetes [36]. However, the beta-cell response is
very different, and the capacity to recover
decreases with increasing duration of diabetes.
Those people with type 2 diabetes who were able to
return to nondiabetic fasting plasma glucose levels
tend to have higher fasting plasma insulin levels at
baseline [37, 38]. Nonresponders and responders
could be distinguished at baseline as the nonre-
sponders had an absent first-phase insulin
response, which was significantly different from

the small response of responders (Fig. 4). This
reflection of beta-cell competence suggests that
return to normal fasting plasma glucose also
requires a degree of residual beta-cell function
but that acute change in hepatic fat metabolism
will occur as a basic response to sudden calorie
restriction. Recently, this has been confirmed with
beta-cell capacity to recover being determinative
for remission of type 2 diabetes [38].

Additional information can be gained from the Look
AHEAD study. Compared with diabetes duration of
0–2 years, the chance of achieving remission was
less than 50% after 2–7 years of diabetes and
around 20% with duration greater than 7 years
[39]. Similar data have been observed 10 years
after bariatric surgery with remission rates of 60%
for those with type 2 diabetes duration of less than
one year compared with just over 20% for duration
of 1–3 years and around 15% for duration of over
4 years [40]. The author has observed remission of
type 2 diabetes with withdrawal of more than two
oral hypoglycaemic agents in two individuals with
diabetes duration 24 years, but it may be con-
cluded that the chance of achieving remission after
adequate weight loss becomes very small with long-
duration disease. These observations suggest that
individuals have differing degrees of beta-cell
resilience to ongoing metabolic stress, presumably
genetically determined.

Further insight into the physiology of continuing
remission of type 2 diabetes was provided by
detailed study of a cohort within the DiRECT study
[36, 38]. This study involved people with type 2
diabetes of up to 6 years of duration and of BMI
27–45 kg/m2. In the group randomized to weight
loss and then weight maintenance, those remain-
ing in remission were termed ‘responders’ as
defined by HbA1c of <6.5% or >48 mmol/mol and
fasting plasma glucose of < or >7 mmol/l. During
the initial phase of weight loss, responders lost
16.2 � 1.2 kg compared with nonresponders who
lost slightly less (13.4 � 1.4 kg) (Fig. 5). The
weight loss brought about a dramatic fall to normal
in liver fat content in both groups, and this
remained substantially decreased during follow-
up. Clearly, weight loss is dramatically effective in
abolishing nonalcoholic fatty liver disease.

Longer-term changes following weight loss

If weight regain is avoided after achieving reversal
of the mechanisms underlying type 2 diabetes,
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both the mechanisms and the resulting plasma
glucose control remain normal. The first study to
demonstrate this was Counterbalance, which
observed the effect of 6 months of weight stability
after remission of type 2 diabetes [26]. Individual-
ized eating advice (based upon goal setting, action
planning and identification of potential barriers to
success) was supported by monthly reviews. This
achieved complete weight stability after the initial
acute weight loss phase. Fig. 4 shows the mainte-
nance of the acute fall in liver fat content, normal-
ization of hepatic insulin resistance and stability of
the recovered first-phase insulin response. These
data demonstrated that the profound pathophysi-
ological changes underlying reversal of type 2
diabetes do not depend upon a continued hypoca-
loric state but rather are durable during normal
eating.

The twin cycle hypothesis postulated that the link
between excess fat in the liver and excess fat in the
pancreas would be an increased production rate of
very-low-density lipoprotein triglyceride (VLDL1-TG)
by the liver due largely to de novo lipogenesis. After
24 months of follow-up in DiRECT, responders
remained 10.5 � 1.5 kg lighter than baseline and
nonresponders8.4 � 1.4 kglighter(nonsignificantly
differentatboth12and24 months)(Fig. 5).VLDL-TG
production rate fell during the weight loss phase and
remained suppressed [26, 38] (Fig. 6). This was
associated with corresponding decrease in plasma
VLDL-TG [36]. As the sole product of de novo

Fig. 4 TheCounterbalance study. Thirty peoplewith type
2 diabetes of up to 23 years of duration lost approximately
15 kg in weight and then maintained steady weight for
6 months. Those achieving nondiabetic fasting plasma
glucose levels were classified as responders and those
remaining in thediabetic rangeasnonresponders. Panel (a):
change in HbA1c in responders (closed symbols) and non-
responders (open symbols). Panel (b): decrease in liver fat
contentinbothgroupsdespiteongoingoverweightorobesity.
Bars show data at baseline, postweight loss and after
6 months of weight stability within the responder and
nonrespondergroups.Panel (c):decrease in intra-pancreatic
fat. Panel (d): At baseline, the first-phase insulin response
was higher in responders and increased to normal levels,
whereas the grossly deficient baseline level in nonrespon-
ders hardly changed. Figure adapted with permission from
the American Diabetes Association [45]. ***P < 0.0001 vs.
baseline (responders); †††P < 0.0001, ††P < 0.01 vs.
baseline (non-responders); ‡‡‡P < 0.0001, ‡‡P < 0.001,
‡P < 0.05 vs. baseline (relapsers); ###P < 0.0001,
#P < 0.01 vs. 5months (relapsers).
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lipogenesis is the saturated fat palmitic acid, and as
VLDL-triglyceride is produced only in the liver, the
specific prediction of the twin cycle hypothesis could
betestedbythemeasurementofpalmiticacidcontent
of plasmaVLDL-TG.Thiswas observed tobeelevated
at baseline in type 2 diabetes compared with nondi-
abetic controls (52.0 � 4.1 vs. 28.4 � 3.2 µmol/L)
[36]. Those who returned to and then maintained
nondiabetic glucose control after weight loss were
characterizedbyadecrease inVLDL-TGpalmiticacid
content to normal, with maintenance at
31.6 � 5.42 µmol/L at 24 months. The longer-term,
apparentlysteadystateofremissionoftype2diabetes
wasthusassociatedwithadecrease inoverallhepatic
export of triglyceride asVLDL-TG.

Observation of type 2 diabetes over time has
unequivocally shown that beta-cell capacity falls
with increasing duration of type 2 diabetes [41].
The impression of inevitable decline following
diagnosis was reinforced by postmortem histolog-
ical studies showing that beta-cell number was
decreased by 24–65% in type 2 diabetes. This
became believed to be due to beta-cell death or
apoptosis [25, 42, 43]. However, the recent studies
of pathogenesis draw attention to an overlooked
aspect of these studies. The apparently irreversible
beta-cell loss in such observational studies is
characterized by no weight loss but rather steady
weight gain [41]. The Counterpoint, Counterbal-
ance and DiRECT studies all demonstrate that the
factor driving the processes of type 2 diabetes is the
continued excess fat accumulation [13, 26, 36, 38].
If the body weight achieved by the time of onset of
type 2 diabetes is maintained or increased, then
type 2 diabetes indeed is inexorably progressive.
Conversely, if the excess intra-organ fat is removed
by weight loss then the underlying processes are
reversed to normal with no progression.

The detailed beta-cell studies undertaken during
24 months of remission of type 2 diabetes have
shown the very different time course of recovery of
first-phase insulin response and that of the max-
imal functional capacity of beta cells (Fig. 6).
Following the gradual recovery of first-phase
response during the weeks of weight loss [13], the
recovery process was shown to be complete by
5 months [38]. Thereafter, the recovered first-
phase response remained constant. In sharp con-
trast, recovery of maximal functional beta-cell
capacity was only modest at 5 months but was
not only complete but also back to normal by

Fig. 5 Change in weight and glucose control in DiRECT.
Changesareshownforweight (panela), fastingplasmaglucose
(panel b) and HbA1c (panel c) responders (solid circles) and
nonresponders (open circles). Data on matched nondiabetic
controls (NDC) studied at one time-point are shown as a dotted
line. Figure reproduced with permission from Taylor et al 2018
[38] with 24 month data from Al-Mrabeh et al 2020 [36].
***P < 0.001 responders vs. baseline; †††P < 0.0001, ††P <
0.01 nonresponders vs. baseline; ‡‡P < 0.0001, ‡‡P < 0.001,
‡P < 0.05 vs. baseline (relapsers); ###P < 0.0001, #P < 0.05,
###P < 0.001 relapsers vs. 5months.
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12 months. This full recovery was maintained
steadily to 24 of remission [36].

The Look AHEAD study reported remission of type
2 diabetes after 4 years of follow-up in 7.3% of
participants (median duration of diabetes: 5 years)
even though this was not a planned aim of the
study, and this was associated with achieved mean
weight loss of 8.6% [39]. The individuals who are
successful in avoiding weight regain after remis-
sion remain nondiabetic [44].

After weight loss, some people are returned to a
state of glucose metabolism that is clearly nor-
mal, whilst others achieve an HbA1c which is
nondiabetic (<48mmol/mol), but in the range

conventionally referral to as ‘prediabetic’. Even
so, blood pressure and plasma lipids improve
markedly, and such individuals have substan-
tially improved their overall likelihood of long-
term good health. The Counterbalance study
group were followed up for 6 months with the
aim of avoiding weight regain, and mean blood
pressure and lipids improved substantially [45].
The average ten-year cardiovascular risk score
(QRISK) [46] fell from 23% to 7% during the
study and calculated heart age fell from 71 to
56 years (average chronological age: 55 years).
The unfavourable cardiovascular and overall
prognosis associated with ‘prediabetes’ clearly
does not apply to people who lost sufficient
weight to achieve remission of type 2 diabetes.

Fig. 6 Changes over 2 years in DiRECT. Change in liver fat (a), hepatic VLDL1-TG production (b), fasting plasma VLDL1-
TG (c), VLDL1 palmitic acid (d), intra-pancreatic fat (e) and beta-cell function (f) between baseline and 24 months in
responders (white), nonresponders(black) and relapsers (grey). Relapsers show significant increase in liver fat, VLDL1-TG
production rate, VLDL-TG plasma concentration and VLDL1-TG palmitic acid with return to baseline levels of pancreas fat
and first-phase insulin secretion. Data are presented as mean � SEM except for first-phase insulin (median with IQ range).
Figure reproduced with permission from Al-Mrabeh A et al 2020 [36]. *P ≤ 0.05 vs. responders, **P ≤ 0.01 vs. responders,
***P ≤ 0.001 vs. responders.
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A term is now required to describe the HbA1c levels
of those who have achieved stable weight, with
normalized intra-hepatic and intra-pancreatic fat
and reversed their type 2 diabetes. At 2 years, in

DiRECT approximately one third of the responders
achieved normal fasting plasma glucose and
HbA1c. For the one third who remained below the
diabetic range but not normal, the term ‘predia-
betes’, which implies high cardiovascular risk, is
inappropriate. It has been proposed that their
metabolic state would most appropriately be ter-
med ‘postdiabetes’, retaining the implication that
they remain susceptible to diabetes if weight regain
occurs [47]. However, if the UK consensus defini-
tion of remission is adopted [48] such a separate
category would not be needed, and individuals in
remission can be managed according to their
personal results. They do not have diabetes, an
important point for insurance purposes and also a
motivating factor to avoid weight regain. Weight
regain, which exceeds the personal fat threshold,
will certainly bring about return of type 2 diabetes,
and hence, ongoing support and follow-up are
required. In UK primary care, they would appro-
priately be assigned SNOMED code 703136005,
indicating resolution of diabetes but need for
ongoing annual checks [49].

The personal fat threshold

The personal fat threshold concept was developed
to explain the clinical observation that individuals
of ‘normal’ BMI could develop type 2 diabetes and
that this would remit on weight loss. Fig. 7 illus-
trates how population norms are inappropriate to
apply to individuals [50]. BMI is only a very general20 353025 40
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Fig. 7 The personal fat threshold. (a) Frequency distri-
bution of BMI for a typical group of individuals (red dotes)
with type 2 diabetes (T2DM). (b) Frequency distribution of
BMIs in blue for the individuals depicted in panel A before
they gained weight. The red frequency distribution, when
diabetes had developed, is right-shifted (red arrow). This
is commonly interpreted as a higher prevalence of obesity.
(c) Three individuals from panel B are shown, one obese,
one overweight and one ‘normal’ weight. Weight loss of
15 kg in each case results in return to normal glucose
metabolism – although classification by the population
measure of BMI remains the same. Each individual has a
personal fat threshold (vertical dotted lines) above which
excess fat is stored within liver and pancreas, and
diabetes will develop if the individual also has beta cells
susceptible to fat-induced metabolic stress. For each such
individual, moving to the right of their personal fat
threshold triggers T2DM (red arrows), and moving to the
left of the line restores normal glucose tolerance (blue
arrows).
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guide to a healthy metabolic weight for an individ-
ual.

Type 2 diabetes is widely regarded as being
caused by ‘obesity’. But in the 1970s, the White-
hall study showed only a small association
between obesity and type 2 diabetes [51]. At the
time, it was considered that obesity had no major
effect on the development of type 2 diabetes [51–
53]. Why was expert opinion so different then? It
is known that the risk of type 2 diabetes rises
most rapidly at very high BMIs. In 1980, only 7%
of the population had a BMI > 30 kg/m2 [54],
and the effect of high BMI upon development of
diabetes was simply not detectable. This associ-
ation with high BMI is now clear, although it has
not generally been recognized that diabetes risk
rises steadily throughout the population weight
distribution and is not restriction to BMIs over
30. The Nurses’ Health Study showed a fourfold
increase in type 2 diabetes prevalence in women
with BMI 23–25 compared with those who main-
tained their BMI less than 22 kg/m2 [55]. In the
UK Prospective Diabetes Study, which recruited
between 1977 and 1991, 36% of individuals
newly diagnosed with type 2 diabetes had a
BMI < 25 kg/m2 [56], yet the initial weight loss
phase achieved fasting plasma glucose of less
than 6 mmol/L in 16% of the whole cohort [57].
Conversely, in the background population, most
people (72%) of BMI > 40 kg/m2 currently do not
have diabetes [58].

The misconception that type 2 diabetes is caused
by having a BMI over 30 kg/m2 needs to be widely
recognized. Many people continue to have BMI
over 30 kg/m2 despite remission of type 2 dia-
betes, and the mean BMI after weight loss in
Counterbalance and DiRECT was 28.6 and
31.5 kg/m2, respectively. Therefore, approxi-
mately half of each group remained obese by
definition. Would the remaining excess fat redis-
tribute into liver and pancreas despite keeping
weight steady? This question can now be
answered. The mean liver fat was 12.8% at base-
line in Counterbalance, and weight loss brought
about decrease to 2% (low normal) and this level
was unchanged at 6 months. In DiRECT, liver fat
was 16.0% and mean liver fat fell to 3.3% in
responders and remained normal over 2 years
(Fig. 6). A parallel pattern of change was observed
in the pancreas fat. Once individuals had lost
approximately 3 BMI units of weight, whatever the
baseline BMI, type 2 diabetes could go into

remission and remain in remission provided
weight gain was avoided. Then, overspill of fat into
ectopic sites including pancreas did not happen.

Case reports illustrate that nonobese individuals
with type 2 diabetes can achieve remission after
significant weight loss [59]. The concept that the
pathogenesis of type 2 diabetes differs between
people who are above or below certain BMI bound-
aries can readily be shown to be an artefact of
inappropriate comparisons [50].

Type 2 diabetes in ethnic groups

Most studies of weight loss-induced remission of
type 2 diabetes have been carried out in Western
countries and involved few non-White participants
[60, 61]. One exception to this is Look AHEAD,
which included ~38% non-White (mainly Hispanic
and African American). This study achieved remis-
sion as expected from degree of weight loss
achieved (11.5% and 7.3% remission at years 1
and 4, with weight loss of 8.6% and 4.7%,
respectively), with no association of ethnicity
[39]. A community-based study showed slightly
higher likelihood of remission in African Ameri-
cans compared with the White population of
California, with overall 7-year remission of 4.6%
in those with < 2 years of duration of type 2
diabetes [62]. A similar retrospective survey of
older people observed slightly higher 8-year rates
of remission after dietary weight loss in Asian and
Hispanic compared with White and African Amer-
ican groups [63]. A predominantly African Car-
ibbean population in Barbados achieved
comparable rates of weight loss-induced remis-
sion to those documented in DiRECT with nine of
11 (82%) of those who lost more than 10 kg
achieving remission [64].

Studies in South Asian and Middle Eastern popu-
lations have shown similar rates of remission for
similar weight loss compared with White Euro-
peans [65–67]. In India, remission of prediabetes
by weight loss and exercise did not differ between
ethnic groups [68, 69]. Further information on
South Asians from the ongoing large prospective
STANDby and DIADEM-1 studies, using the same
low-calorie liquid diet as DiRECT, will soon be
available.

The high level of acceptance of liquid formula diets
to achieve rapid weight loss appears to be similar in
non-Europeans and Europeans [70–72].
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African Americans typically have lower levels of
intra-hepatic and intra-pancreatic fat compared
with other ethnicities, and it has been suggested
that this implies differing aetiology [73]. However,
those with type 2 diabetes have higher levels than
those without, and it would appear unlikely that
the aetiology of the commonest metabolic disease
of our species would differ between subgroups. The
achievement of weight loss-induced remission of
type 2 diabetes in African Americans such as
observed in Look AHEAD and in the Barbados
study underscores this point [39, 64].

Physical activity, weight loss and weight maintenance

There is good evidence that long-term weight
maintenance is optimized by sustainable, daily
physical activity combined with the moderate
restraint of food intake [74]. However, the phe-
nomenon of compensatory eating has received little
attention [75–77]. When overweight or obese indi-
viduals commence an exercise regimen, weight
does not fall and may increase, due to a partly
subconscious increase in energy intake [76].
During the phase of dietary weight loss, it is
important that new exercise programmes are not
commenced. However, once weight loss has been
achieved, a gradual sustainable increase in daily
activity should be encouraged. Lack of recognition
of the need for temporal separation of commencing
a new exercise programme and initial weight loss is
a potent reason for failure of advice to lose weight.
This is particularly the case in the group who
typically develop type 2 diabetes, who are no longer
young and overweight.

As discussed above, muscle insulin resistance is
the first detectable signal of risk for type 2 diabetes
[33, 35], but it does not change during weight loss-
induced transition from diabetes to normal glucose
metabolism [13, 26, 38, 78]. Before type 2 diabetes
develops in an individual, muscle insulin resis-
tance and hence postprandial storage of glucose as
muscle glycogen are negligible [29, 34]. This drives
meal-derived glucose into de novo lipogenesis, and
vigorous exercise training can ameliorate this [79,
80] with modest non-weight-related decrease in
liver fat [81, 82]. Conversely, low physical activity
promotes initiation of the twin cycles and ulti-
mately increases the rate of development of type 2
diabetes. It was the investigation of muscle glyco-
gen metabolism and relationship with liver fat,
which set the scene for postulation of the twin cycle
hypothesis [4].

The relationship between habitual exercise and the
twin cycle predictions was examined in the IMI
DIRECT Study [83]. This cross-sectional study of
people with type 2 diabetes demonstrated associ-
ations of exercise with both liver fat and liver
insulin sensitivity according to the postulated liver
cycle. Removing fat from intra-organ sites is nec-
essary – but not sufficient – to achieve remission of
type 2 diabetes, and weight loss always achieves
major decrease in liver fat and small decrease in
pancreas fat with or without remission [38]. How-
ever, the very wide range of both pancreas fat and
beta-cell function in health and in type 2 diabetes
inevitably prevents relationships such as with
exercise being observed in cross-sectional studies
[26, 38, 41]. Only longitudinal study of individuals
over time is likely to detect the small changes in
intracytoplasmic fat in the pancreas, given the high
background level of fat in adipocytes scattered
throughout the parenchyma of the pancreas. In
DiRECT, mean pancreas fat decreased from 8.7 to
7.8% (P < 0.0001), whereas liver fat decreased
from 16.7 to 3.3% (P < 0.0001). Consequently,
IMI DIRECT was unable to test any association of
exercise with pancreas fat or calculated beta-cell
function.

Practical delivery of remission

Conventional dietetic approaches to achieving
weight loss are unsuccessful in achieving the
10–15% weight loss required for remission of type
2 diabetes [84, 85]. Prolonged dieting with the
associated hunger and daily decisions about what
and how much to eat are major drawbacks. These
adverse factors can be avoided by rapid weight loss
using a liquid formula diet supplied in individual
meal sachets [13, 26, 61, 86]. The very different
activity of longer-term avoidance of weight is then
required. To induce weight loss to test the twin
cycle hypothesis initially, an approach had to be
devised, which would be feasible and acceptable in
everyday normal life. As research tool, a liquid
formula diet was combined with up to 240 g/day of
nonstarchy vegetables to minimize constipation.
The total energy intake in the Counterpoint and
Counterbalance studied was therefore approxi-
mately 700 kcal/day [13, 26]. Notable well-being
was experienced by most people, and there was
almost complete lack of hunger after the first 35 h
[72]. The common belief that weight loss is more
difficult to achieve in people with type 2 diabetes is
contradicted by experimental evidence [87].
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Rapid weight loss is not inevitably followed by
rapid weight regain [87]. However, if weight loss by
any regimen is not followed up by a supportive
programme it is unlikely to be sustained. In
Counterbalance, complete avoidance of weight
regain was achieved monthly follow-up for
6 months. DiRECT was designed to evaluate the
success of this approach as applied by routine NHS
primary care staff, as widespread application has
to be affordable. During the 2-year follow-up,
modest weight regain occurred over 2 years and
36% of the intervention group remained in by
remission intention to treat [70]. Importantly,
individuals were provided with clear information
in advance that remission of their diabetes was
possible, although not certain, provided weight
loss was achieved and maintained, and they were
advised to expect after weight loss to eat only two-
thirds of the amount of food previously consumed
to maintain a steady body weight.

The nature of the ongoing support required after
reversal of diabetes is important to consider. In
contrast to the reassuringly simple liquid low-
energy diet, the return to normal eating after the
liquid diet, with decisions about what and how
much to eat, is a challenging time. A gradual,
stepwise re-introduction of normal foods was
found to be effective in Counterbalance, and
evidence from RCTs confirms that gradual transi-
tion to an isocaloric diet over a period of weeks is
associated with improved weight maintenance at
12 months [88, 89]. During this phase of Coun-
terbalance, weekly face-to-face review was under-
taken, with specification of what and how much to
eat. Individual dietary preferences were followed,
but with avoidance of calorie-dense foods. The
calorie intake for weight stabilization was esti-
mated from predictive equations [90]. Monthly
review and weekly self-weighing are important for
weight stability [91]. Family support was observed
to be critical for success. Spouses/partners typi-
cally report losing weight as well, and changing
the obesogenic microenvironment of the home is a
vital factor. Whilst some individuals can success-
fully maintain a new lower body weight under
their own direction [92], most are likely to require
ongoing support to limit weight regain over time
[93].

Long-term avoidance of weight regain is the most
challenging aspect of weight management [94],
although with appropriate support, long-term
success is possible for at least one in five people

[74, 95]. The curious idea that one type of
macronutrient content will suit all individuals
is now displaced in official guidelines by a more
person-centred approach [96]. Mediterranean, low
carbohydrate, low fat and intermittent energy
restriction have each been shown to be effective
[97–109]. Regular checking and recording of body
weight are important [74].

Finally, the role of anorectic drugs in assisting
long-term weight stability requires to be examined.
Although 87% of people who originally had lost
more than 13.6kg (30 lb) were found to maintain
more than 10% weight loss at 10 years [110], for
the majority who were not so successful initially,
appetite or habit may underlie the typical gradual
weight regain. It is possible that the central aspect
of type 2 diabetes may be addressed in future by
supplementation of long-term support after dietary
weight loss with anorectic drug therapy. Recent
data on GLP agonists are encouraging in this
respect [111].

Acceptability and psychological impact

Following media interest in the Counterpoint
results in 2011, a previously unrecognized aspect
of the attitudes of people with type 2 diabetes
became apparent. A considerable influx of emails
and letters requested how-to-do-it information,
and this was placed on a website [112]. In
contrast to the common medical view that ‘none
of my patients with type 2 diabetes would want to
do this’, it became clear that a sizable proportion
of people with diabetes would go to any length to
escape from what they regarded as a life sen-
tence. A second wave of emails reported personal
outcomes, and analysis of these showed a mean
weight loss of 15 kg. Approximately half had used
a liquid diet replacement, and half had used
small portions of ordinary foods [92]. Weight loss
was similar in both groups. When provided with
clear information, motivated people could achieve
remission of type 2 diabetes without medical
help.

Formal psychological evaluation of people under-
taking the low-calorie diet and weight maintenance
underscored the misperception of healthcare pro-
fessionals in estimating the likely acceptability of
this approach [72]. This group of people reported
that the low-calorie phase was easier than they had
expected (although still challenging). The increased
well-being and energy levels provided ongoing
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motivation. Clearly, volunteers in a research study
are a self-selected group, and acceptability to the
whole population of people with type 2 diabetes
must be considered. Information on this was
obtained in the recruitment phase of DiRECT.
Letters were sent to all eligible people on the lists
of participating primary care centres, and 28%
volunteered for the study (compared with around
6% for most primary care research studies). Only
14% dropped out of the study in the first year [61].
Hence, for people in the first 6 years of type 2
diabetes, well over a quarter were motivated to
participate despite the considerable time input
required for research tests.

Twin cycle hypothesis revisited

Since publication of the hypothesis in 2008,
magnetic resonance studies of weight loss have
confirmed the predicted changes in liver and
intra-pancreatic fat along with abolition of liver
insulin resistance and restoration of beta-cell
function in most people with short-duration type
2 diabetes as described above [13, 26, 36, 78].
Additionally, the role of VLDL-TG and especially
palmitic acid, the product of de novo lipogenesis,
is supported by these data. Demonstration that
first-phase insulin response returns over a period
of months after calorie restriction and that the
maximal functional capacity of beta cells returns
completely to normal by 12 months confirms the
original predictions [113]. Overturning the belief
that type 2 diabetes was inevitably a lifelong,
progressive condition has been a gradual process.
Acceptance of the possibility of remission of type 2
diabetes increased from almost zero in 2008 to
becoming recognized in the American Diabetes
Association clinical practice guidelines in 2018
[114]. In the UK, an NHS pilot programme for
remission of type 2 diabetes in the community
was launched in 2020.

One feature of the twin cycle hypothesis, which
was initially regarded as contentious, was the
seminal role excess of fat supply to the pancreas.
In order to establish whether weight loss itself
brought about a decrease in intra-pancreatic fat
or whether this was specific to type 2 diabetes, a
study of weight loss in matched groups of nondi-
abetic and type 2 diabetes was carried out [27].
With similar weight loss over 8 weeks, those with
normal glucose tolerance had no change in intra-
pancreatic triglyceride, whereas those with type 2
diabetes decreased significantly from the higher

baseline levels, demonstrating that there is an
larger, labile pool of triglyceride within the pan-
creas in people with type 2 diabetes. Histologi-
cally, intracellular fat droplets are present in
endocrine and exocrine cells of the pancreas and
the fat content of each has been shown to
correlate [115]. This is relevant as the MR mea-
surement of intra-pancreatic fat reflects the over-
all environment and predominantly parenchymal
cell fat content. Human beta cells avidly take up
fatty acids and store these as triglyceride, with
loss of insulin secretory response to glucose [12].
In the Zucker diabetic fatty rat, a genetic model of
spontaneous type 2 diabetes, the onset of hyper-
glycaemia is preceded by a rapid increase in
pancreatic fat [11].

New information on loss of specialized function of
the beta cell points to dedifferentiation as being
the most likely mechanism [116–120]. The meta-
bolic stress of chronic nutrient oversupply is
particularly evident in vitro following palmitate
exposure [121]. Impaired beta-cell function in
type 2 diabetes cannot be accounted for by
increased apoptosis [122, 123]. The altered beta-
cell phenotype of type 2 diabetes may be associ-
ated with degranulation, explaining the decreased
islet insulin-positive area. There is a 350%
increase in the number of dedifferentiated endo-
crine cells in type 2 diabetes [124]. In an ex vivo
human islet lipotoxicity model, incubation with
palmitate led to beta-cell dysfunction associated
with loss end-differentiated phenotype evidenced
by reduced levels of key beta-cell transcription
factors [121].

The twin cycle hypothesis provides a workable
explanation of how long-term remission of type 2
diabetes can be achieved. It can simply be
explained, doctor to patient. Observations to date
demonstrate that it explains the basic pathophys-
iological mechanisms involved and it has been the
vehicle for rollout of clinical practice studies.
Overall, the hypothesis carries major implications
for clinical practice and specifically the approach to
the management of this potentially reversible con-
dition.
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