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The development or remission of diet-induced overweight type 2 diabetes involves many biological changes
which occur over very different timescales. Remission, defined by HbA,. < 6.5%, or fasting plasma glucose
concentration G < 126 mg/dl, may be achieved rapidly by following weight loss guidelines. However, remission
is often short-term, followed by relapse. Mathematical modelling provides a way of investigating a typical
situation, in which patients are advised to lose weight and then maintain fat mass, a slow variable. Remission
followed by relapse, in a modelling sense, is equivalent to changing from a remission trajectory with steady
state G < 126 mg/dl, to a relapse trajectory with steady state G > 126 mg/dl. Modelling predicts that a
trajectory which maintains weight will be a relapse trajectory, if the fat mass chosen is too high, the threshold
being dependent on the lipid to carbohydrate ratio of the diet. Modelling takes into account the effects of
hepatic and pancreatic lipid on hepatic insulin sensitivity and g-cell function, respectively. This study leads to
the suggestion that type 2 diabetes remission guidelines be given in terms of model parameters, not variables;
that is, the patient should adhere to a given nutrition and exercise plan, rather than achieve a certain subset
of variable values. The model predicts that calorie restriction, not weight loss, initiates remission from type
2 diabetes; and that advice of the form ‘adhere to the diet and exercise plan’ rather than ‘achieve a certain

weight loss’ may help counter relapse.

1. Introduction

Exciting new developments in the treatment of type 2 diabetes by
nutrition and exercise alone have been gaining attention. The two-
year results of the Diabetes remission clinical trial (DiRECT) show that
weight loss can put type 2 diabetes into remission for at least two
years [1]. In this randomised clinical trial, patients with type 2 diabetes
were advised to lose weight by following a liquid low-calorie diet. After
one year, 68/149 (46%) of the patients in the intervention group were
in remission, defined by HbA,. < 6.5%. This figure reduced to 53/149
(36%) after two years. The DIRECT study was designed to answer a
number of questions including whether remission from type 2 diabetes
can be durable. This article addresses the durability of remission from
overweight type 2 diabetes from a modelling perspective: given certain
weight loss advice, is remission predicted, and if so, how durable is
it predicted to be? If subsequent relapse is predicted, how could it be
prevented?

Other questions could be asked. For example, is it reasonable to
assume that, since fasting plasma levels of glucose, insulin and very-
low-density-lipoprotein triglyceride (VLDL-TG) are healthy, and have
been healthy and stable for a few weeks or months on a new diet, that
the current fat mass is also healthy? A healthy fat mass is considered
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to be one which is stable over time, concurrent with healthy values
of other measures of well-being (for example, fasting plasma levels of
glucose, insulin and VLDL-TG). Health professionals frequently advise
overweight patients with type 2 diabetes to lose weight and then
maintain fat mass [2-7]. Is this good advice? How much weight loss
is sufficient? Is this the right question to be asking? How can one tell if
the chosen diet is likely to be successful with respect to remission after
only a few weeks? Modelling sheds light on these issues.

Simulations enable the comparison of three kinds of recovery ad-
vice. The first kind is based on a low-energy initial phase followed by
a long-term weight maintaining phase. The second kind is based on
a low-energy initial phase followed by a long-term moderate-energy
diet. The third kind is based on following a moderate-energy diet in
the long term. A moderate-energy diet is assumed to match the energy
requirements of the individual and is predicted to lead to a healthy
steady state. Previous work by the author [8] comparing the speed of
high-carbohydrate low-fat diets to the speed of low-carbohydrate high-
fat diets, with respect to weight loss for the overweight, can be applied
to help optimise advice.

It is thought that excess lipid in the liver and excess lipid in the
pancreas contribute to a loss of hepatic insulin sensitivity and to a loss
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Fig. 1. Path of glucose through the body, dotted line denotes path of hormones from pancreas.

of p-cell function, respectively. Both of these changes lead to increases
in fasting plasma glucose levels, on different timescales, hepatic in-
sulin sensitivity and consequently hepatic glucose production changing
much faster than p-cell function. Losing this extra lipid can reverse
these changes and enable remission [9-11]. In this study, an original
mathematical model of diabetes and lipid metabolism, developed by
the author [8], which takes into account the effects of excess liver
and pancreatic fat on hepatic insulin sensitivity and g-cell function
respectively, is adapted to investigate remission and relapse. Diet-
dependent trajectories to type 2 diabetes and to health are plotted.
Choosing a diet corresponds to choosing model parameters. The model
has eleven variables, including fat mass, hepatic lipid, pancreatic lipid,
and fasting plasma concentrations of glucose, insulin and VLDL-TG.
An advantage of modelling is that it provides insight into timing and
cause and effect. These issues are difficult to explore experimentally.
The model predicts the durability of remission or relapse in different
scenarios. Model predictions provide a basis for altering advice to
counter relapse.

Values of HbA,. are not simulated in this study. Instead, G < 126
mg/dl is used to define remission from diabetes. It is assumed that
values of G < 126 mg/dl maintained for the previous three months
should correspond to healthy HbA,. measurements.

2. Glucose and lipid metabolism and the twin cycle hypothesis

Aspects of glucose and lipid metabolism included in the model are
summarised in Figs. 1 and 2. The path of glucose through the body
is shown schematically in Fig. 1. Dietary carbohydrates appear in the
blood after meals and are transported with the help of insulin into
the liver and skeletal muscle cells for fuel or storage as glycogen, into
the adipose tissue for conversion to triglyceride (TG) or oxidation and
into some tissues independently of insulin. The path of lipids through
the body is shown schematically in Fig. 2. Dietary TG is transported
in blood as chylomicron triglyceride (CM-TG). At the cell boundary, a
TG molecule lipolyses into three non-esterified fatty acids (NEFA) and
a glycerol molecule, when entering or leaving the adipose, muscle or
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Table 1

Model variables (fasting).
Variable Symbol Units
Plasma glucose concentration G mg/dl
Plasma insulin concentration 1 ng/ml Secreted by p-cells
f-cell mass B mg
Plasma leptin concentration L ng/ml Secreted by adipocytes
Fat mass F kg Mass of adipocytes
Plasma glucagon concentration Gg pg/ml Secreted by a-cells
Plasma non-esterified fatty acids NEFA mg TG/dl
Hepatic lipid HLipid mg TG/dl
Muscle lipid MLipid mg TG/dl
Very-low-density-lipoprotein triglyceride VLDL-TG mg TG/dl Secreted by the liver
Pancreatic lipid PLipid mg TG/dl

hepatic tissue. The liver makes VLDL-TG for export, fuel for muscle and
adipose tissue. The parameters used to model the diets are the rate of
carbohydrate intake (CHOin) and the rate of dietary lipid intake (TGin).
The TG lipolysis rate (r;,) and the lipid oxidation rate (r;,,) are defined
in terms of CHOin [8,12]. See Appendix C.

It is assumed that dietary carbohydrate, if available, is oxidised
for fuel in preference to dietary lipid and that, over one day, most
dietary carbohydrate intake is oxidised [13]. Moreover, daily dietary
carbohydrate intake is assumed to match daily dietary carbohydrate
disposal; through oxidation, conversion to glycogen or conversion to
lipid. See Section 3.4 for more detail.

The model was formulated with the twin cycle hypothesis [9,14,15]
in mind, but has simpler assumptions. The twin cycle hypothesis pro-
poses that diets of excess energy will cause lipid stores to grow. Excess
hepatic lipid is thought to cause a loss of hepatic insulin sensitivity,
resulting in increased hepatic glucose production (HGP) [14-16]. Ex-
cess pancreatic lipid, accumulated once hepatic stores have grown, is
thought to cause a loss of f-cell function, due to dedifferentiation of
these cells [17-19]. Reducing excess lipid in the liver and pancreas is
thought to enable an improvement in hepatic insulin sensitivity and
consequently a reduction in HGP, and to enable the redifferentiation of
p-cells and the consequent improvement of insulin secretion, although
the latter may be less successful in those who have had type 2 diabetes
for many years [4]. In the model, hepatic and pancreatic lipids increase
concurrently and rapidly on a diet of excess energy. The effects of
excess lipid in the liver are rapid, reducing hepatic insulin sensitivity
and hence increasing HGP, as seen in an overfeeding experiment [12].
The effects of excess lipid in the pancreas take much longer to show as
p-cell dedifferentiation, as seen in the DiRECT trial [11].

3. The dynamical systems model
3.1. Variables

Interactions between the eleven variables listed in Table 1 are mod-
elled. It is assumed that all biomarkers are measured at fasting. Typical
variable values are listed in Table 2, assuming a healthy person with a
lean body mass of 60 kg with approximately 20% body mass as adipose
tissue [20]. The differential equations are similar to those found in
the original model [8], but they have been updated. Small adjustments
were made in order to obtain lower VLDL-TG at higher fat masses, at
steady state (Section 3.16). The initial aim was to produce trajectories
from health with variable values at five to six years consistent with the
DIiRECT trial baseline characteristics [1], yielding a starting point for
this study in remission and relapse.

3.2. Parameters - dietary

Diets are represented by carbohydrate, lipid and protein intake.
Protein intake is assumed to be fixed and moderate in all the diets
investigated, except for the low-energy diet. The rate of carbohydrate
intake (CHOin), the rate of lipid intake (TGin) and the rate of protein
intake are given as daily rates in Table 3, for the five diets considered.

Diets of low, moderate and high energy are considered in this
study. Three isocaloric diets of moderate energy (ME) are consid-
ered, a moderate-carbohydrate moderate-fat (MCMF) diet, a high-
carbohydrate low-fat (HCLF) diet and a low-carbohydrate high-fat
(LCHF) diet. Moderate-energy diets are assumed to be matched to
the energy requirements of an individual. Assuming a healthy starting
point, simulations show that higher energy diets give trajectories to
weight gain and, depending on macronutrient composition, may lead
to type 2 diabetes [8, Fig 8]. In this study, the high-carbohydrate
moderately-high-fat (HCMHF) diet was found to be an appropriate
choice for a weight gain trajectory, yielding variable values consistent
with the DiRECT data, after six years from a healthy starting point
(the MCMF steady state). The HCMHF diet is a high energy (HE) diet.
The low energy (LE) diet represents the weight loss diet in the DIRECT
study.

The parameters CHOin, CHOin, and TGin are used in the model.
CHOin, is a reference value for CHOin and CHOin, will vary from
person to person and with exercise habits. The value CHOin, = 260
g/d was chosen assuming a person with a lean body mass of 60 kg and
moderate exercise habits. Insulin sensitivities, leptin sensitivity, the rate
of lipid oxidation, the rate of lipolysis and the length of the fed state
are all assumed to depend on the ratio

_ CHOin
YCHO = CHOIn, "

See Appendix A-Appendix C. Low energy diets are deemed to be un-
sustainable, to be followed in the short term. Diets of at least moderate
energy are described as sustainable.

3.3. Parameters - non-dietary

The model parameter values were chosen by experimentation (sim-
ulation) to give sensible steady state values with respect to a wide
range of published data. Functional dependencies were chosen to reflect
observed biological dependencies reported in the literature. For each
such biological dependency, the chosen function had the simplest form
of all those considered, since model behaviour was observed to be
independent of the choice. The focus is on predicting general behaviour
and trends. Reference parameter values are given in Table 2 and
variable values at the reference MCMF stable steady state are given in
Table 4. Published clinical estimates for insulin sensitivity S; = PS;
have been collated [8].

3.4. Fed and fasting terms in the differential equations

The aim is to develop a long term model, using fasting biomarker
values, but of course, the fed state needs to be taken into account.
Protein intake and metabolism are not modelled. Protein intake is
assumed to be fixed and moderate. Modelling changes in protein intake
is future work.

Carbohydrate (CHO) and lipid intake are taken into account, repre-
sented by parameters CHOin and TGin, respectively. They are treated
differently, in that it is assumed that dietary carbohydrate, if available,
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Fig. 2. Path of lipids and glycerol through the body.

is oxidised for fuel in preference to dietary lipid [12,13] and that most
dietary carbohydrate is oxidised, although this could make for a long
fed state and a short fast, in times of excess. In the model, fasting
is taken to describe a state of mainly lipid oxidation, as opposed to
the fed state during which dietary carbohydrate is transported into
cells and oxidised, and plasma insulin peaks after meals. Hence a large
proportion of the day maybe considered a fasted state for a fat-adapted
subject on a LCHF or ketogenic diet. Glycogen storage is assumed
to saturate quickly in times of excess and is not modelled. The rest
of the daily dietary carbohydrate intake is stored as lipid (hepatic,
adipose and pancreatic de novo lipogenesis, HDNL, ADNL and PDNL)
or remains in the blood. Since daily dietary carbohydrate intake is
assumed to match daily dietary carbohydrate disposal, carbohydrate
intake and oxidation terms do not appear in the equations, although
the carbohydrate conversion to lipid terms (HDNL, ADNL and PDNL)
appear in the lipid equations. Lipid intake (TGin) and lipid oxidation
must be included as they are not assumed to cancel over one day.
In other words, the daily dietary carbohydrate input is assumed to

equal the daily dietary carbohydrate output and since the daily dietary
(fed) carbohydrate terms add to zero over one day, they are omitted.
This is not so for lipids. However, the amount of CHO entering and
leaving the system daily is assumed to have a profound effect on
lipid oxidation rates and lipolysis [12], the length of the fed state
(hours of the day delivering dietary glucose to cells with the help of
insulin), leptin sensitivity [36-39], insulin sensitivity [12] and VLDL-
TG clearance [26]. All of these factors combine to help determine the
balance of lipids in various tissues.

What is the evidence for this approach? Short-term alterations in
carbohydrate energy intake in humans have been reported [12]. In this
study, the metabolic response to six dietary phases was quantified, each
phase lasting five days. The diets ranged from 50% excess CHO, to 50%
deficient CHO, to 50% excess lipid. The reported effects of changing
dietary carbohydrate and lipid on HGP, the rate of lipid oxidation
and the rate of lipolysis have been incorporated into the model. It
was concluded that “altered CHO intake alters HGP specifically, and
in a dose-dependent manner, and that HGP may mediate the effects
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Table 2
Reference parameter values.
Parameter Value Units Description
HGP, 225.0 mg/dl/h Basal hepatic glucose production (Section 3.5, [21])
KGP 25.0 mg/dl/h Kidney glucose production (Section 3.5, [21])
U, 187.5 mg/dl/h Insulin-independent glucose uptake (Section 3.5, [21])
Ego 0.06 per h Glucose effectiveness at zero insulin (Section 3.5, [22])
PSS, =5, 1.82 per h per ng/ml Skeletal muscle (peripheral) insulin sensitivity index (Section 3.5, [22-24])
HS, 1.0 Hepatocyte insulin sensitivity index
AS, 1.0 Adipocyte insulin sensitivity index
ACS, 1.0 a-cell insulin sensitivity index
S 1.0 Leptin sensitivity
I, 0.3 ng/ml Typical healthy plasma insulin concentration [25]
Gg, 80 pg/ml Typical healthy plasma glucagon concentration [25]
L, 7 ng/ml Typical healthy plasma leptin concentration [25]
F, 15 kg Typical healthy fat mass [20,26]
G, 75 mg/dl Typical healthy plasma glucose concentration, WHO
NEFA, 13.44 mg TG/dl Typical healthy fasting plasma NEFA concentration
HLipid, 1.39 g TGydl Typical healthy hepatic lipid (50 g TG per 36 dl)
MLipid, 8.333 g TGydl Typical healthy skeletal muscle lipid (300 g TG per 36 dl)
PLipid, 0417 mg TG/dl Typical healthy pancreatic lipid
VLDL-TG, 100 mg TG/dl Typical healthy fasting plasma VLDL-TG level [26]
LBM 60 kg Lean body mass
CHOin 260 g/d Rate of carbohydrate intake per day, will vary
CHOin, 260 g/d Reference value for CHOin
TGin 114 g/d Rate of trigyceride/lipid intake per day, will vary
TGin, 231.5 mg TG/dl/h Reference dietary TG intake, 100 g per day (12 fasting h), 36 dl plasma
A 8.33 per h Insulin decay constant [27]
I, 0.0 ng/ml/h Exogenous insulin intake
o, 20 ng/h/(mg p-cells) Insulin secretion rate per mg f-cells (Section 3.6, [22])
VoM 60 ml/kg Volume of plasma per kg LBM
ro> dy 2.5x107* per h Replication and death rate of g-cells [28], 0.6% d~' Section 3.8
h; 0.417 h Plasma leptin half-life [27]
ry 13.33 ng/ml/h Leptin secretion rate [27]
k; 0.8 Scaling factor
Agg 4.17 per h Glucagon decay constant, half-life of 8-18 min [29]
GG 333 pg/ml/h Glucagon secretion rate (Section 3.7)
IVLDLTGpfast 27.78 mg/dl/h 12 g per 12 h per 36 dl i.e. 1000/36 = 27.78 mg/dl/h
kyviprrepfast 0.2773 per h Fasting decay constant, assumes a half-life of 2.5 h [30]
kNgFApfast 10.9 per h Decay constant, NEFA half-life 3.8 min [30-32]
ru 152.8 mg/dl/h Lipolysis rate, 66 g TG equivalent per day (12 fasting h) [33]
FLox 1.0 Scales the lipid oxidation rates
c 6.0x 1077 Conversion factor, mg TG per dl to kg TG per kg LBM
FADNL 2.315 mg/dl/h Rate of ADNL, see Section 3.11, 1 g per day [34]
ATG,, 9.26 mg/dl/h Adipose TG oxidation rate, 4 g per day
FHDNL 2.315 mg/dl/h Hepatic de novo lipogenesis (DNL), 1 g per day [35]
ppNL 3.86 x 1074 mg/dl/h Pancreatic DNL, see Section 3.15
Myipia 40 h MLipid half-life, see Section 3.14
kcro 1.1 Effect of dietary CHO on VLDL-TG clearance
Table 3 as reported, over a few days. HGP did not respond to increases in
Dietary parameters. dietary lipid in the experiments and so no such effect was modelled. In
Parameter HCLF  MCMF LCHF  HCMHF (HE)  LE addition, the results in this study [12] were used to derive the dose-
reference weight gain weight loss dependent effects of excess or deficient CHO on lipolysis and lipid
ggg?ﬂ Ei/ dl)/d) 411280 ?820 }ég 411280 2;'54 oxidation rates. It was also noted that, even on high CHO diets, less
in (keal .. .
CHOIn % energy  64.9%  422% 195%  48.4% 13.0% than 5 g lipid per day could be z?ttrlbuted to HDNL. In the model, HDNL
- D e T e e m has been kept low to reflect this.
;gﬁ: El[:; Z /) 166 1026 1586 1306 171 Excess dietary CHO is thought to cause fasting plasma insulin levels
TGin % energy 189%  41.6% 643%  39.5% 20.1% to rise, a form of insulin resistance or loss of sensitivity, see A. Excess
protein (g/d) 100 100 100 100 784 dietary CHO is also thought to cause lipid levels to rise in organs
protein (kcal/d) 400 400 400 400 313 due to lower lipid oxidation rates and the sparing of lipid stores [12].
protein % energy  162%  16.2% 162%  12.1% 36.9% Higher hepatic lipid levels are thought to cause lower hepatic insulin
total keal/d 2466 2466 2466 3306 850 sensitivity [14-16], and hence higher fasting HGP [12].

of CHO on whole body fuel selection both by providing substrate and
by altering serum insulin concentrations, and that altered lipolysis and
tissue oxidation efficiency contribute to changes in fat oxidation, and
that surplus CHO is not substantially converted by the liver to fat as
it spares fat oxidation, but that fractional DNL may nevertheless be
a qualitative marker of recent CHO intake.” As HGP rises, so does
whole body CHO oxidation [12]. In the model, it is assumed that excess
dietary CHO lowers hepatic insulin sensitivity and hence increases HGP

Per day, a fed state of twelve hours and a fasted state of twelve hours
are assumed, for the reference mixed MCMF diet. Per day, integration
is carried out over these twelve fasting hours. However, the durations
of the fed and fasted states are assumed to be dependent on CHOin.
Hence, the sizes of the fed and fasted terms are scaled according to
CHOin. Let fg,, be the fasted (or fasting) scaling term and let fg.4 be
the fed scaling term. An equation was found that modelled an increase
in fasting hours (from 12 to approximately 14) for the LC diets (120
g/d CHO) and that modelled a decrease in fasting hours (from 12 to
approximately 10) for the HC diets (400 g/d CHO). These times are
consistent with the reported variations in fed and fasted hours [40,41].
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The equation for f,, given below, fulfils this requirement and has a
simple form.

Let acyo > 0 be a scaling term, set to 3.0 and recall CHOin, is a
moderate reference carbohydrate intake. Let

CHOin — CHOin,

=14 07 1
Xero = L+ CHOIn, )
let
2
frast = —5— @
1+ XcHo

and let frq = 2 — fras- The fasting time is 12 h, scaled by fg,, and
the fed time is 12 h, scaled by f;.q. Higher values of f¢, correspond
to lower carbohydrate diets. Recall that the fed terms in the equations
always relate to changes in lipid content, since the fed terms relating
to changes in dietary carbohydrate (intake, oxidation and conversion
to lipid) are assumed to cancel over one day and are hence omitted,
save for the DNL terms in the lipid equations.

3.5. The rate of change of plasma glucose concentration

The rate of change of plasma glucose concentration is modelled by

% = fras <HGP(I, Gg. L. HLipid) + KGP — Uj,

(SLfSLg(T)L)Z
(Spfs, &OL? + 3Ly
= 0.7PS; fps, EDI (freps +0.5)G

- Egol( +0.3)G

— 0348, PS; f15, 801 (frep. + 0.5)F£G>. 3)
0

The first three terms represent hepatic glucose production (HGP,
production from the liver at fasting), kidney glucose production (KGP)
and U, (insulin-independent uptake, includes disposal to the brain
and erythrocytes). The fourth term represents glucose effectiveness
(Ego) [22], dependent on leptin [42]. The insulin-dependent terms
represent skeletal muscle (peripheral) uptake and adipocyte uptake,
respectively, at fasting, modulated by leptin. The product S; f. s, &
represents leptin sensitivity, P.S; fpg, &(t) represents peripheral insulin
sensitivity and AS; f,s, &) represents adipose insulin sensitivity. The
terms .S;, AS; and PS; have a reference values equal to 1, 1 and 1.82,
respectively, Sensitivity terms fg,, fps, and f4g, are defined in Ap-
pendix A, dependent on VLDL-TG and F, MLipid, and L, respectively.
The scaling of the last two terms represents 70% insulin-dependent
disposal to peripheral tissue and 30% to adipose tissue, given reference
parameters. The term g(s) models the dependency of leptin and insulin
sensitivities on parameter CHOIn, adjusting over a few weeks from a
previous carbohydrate intake, defined in Appendix B, with a reference
value of one.

The equation for HGP is

HGP = HGP X fugp,; X fucp.cg X fuep,L- (€3]

The product HS, fy s, &(t) represents hepatic insulin sensitivity. Each
of the three terms has a reference value of one. The term fyg, de-
pends on HLipid, see Appendix A. The combined term HS;(t)fy 5,801
represents the effective plasma insulin concentration detected by the
liver.

Since hyperinsulinemia inhibits HGP (see [21], p801), the depen-
dence of HGP on effective plasma insulin concentration was modelled
by a decreasing sigmoid, chosen so that its minimum value is approxi-
mately one half (at high but realistic fasting values of effective plasma
insulin concentration, for example, nearly twice the reference value);
and so that at the reference stable steady state, its value is one. The
insulin (and HLipid) dependence was modelled by

D1y

(Do* + (H S fr5, 80T

.. 7
Sucp,r = fugp,;(I, HLipid) = 1
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The glucagon dependence was set to
Gg*

Gg~ + Gg0

Srcp,c4(G8) =
where Gg, = 80 pg/ml is a normal healthy value at fasting [25].
Then fugp.g¢(0) = 0.5, frgp.c,(80) = 1.0 and limg,_,, fugp.g,(Gg) =
1.5. Leptin has both stimulating and inhibiting influences in glucose
homeostasis. The function

frens = freps (L. F,VLDL-TG) = (Su1s, 2OLS @
e e (Spfs, EOLP + L]
models stimulation and
]
freo- = frep.(L, F,VLDL-TG) = —MMM—— (8)
bep e (Spfs, 8OLY + L2
models inhibition. The leptin inhibition on HGP is modelled by
Jucp,L = Sfrep- +0.5, ©)]

see [43, Fig. 3]. The dependence on the parameters CHOin and CHOin,,
via g(r) has been omitted for brevity in the equations. For further
biological justification see earlier models [8,22].

3.6. The rate of change of plasma insulin concentration

Insulin is secreted by the pancreatic f-cells in response to raised
levels of G. The mass of the differentiated insulin-secreting pancreatic
p-cells in mg was denoted by f. The amount of insulin secreted by one
mg of p-cells per hour was denoted by . It was assumed that the adult
human fg-cell mass is 1-2 g [44], varying in proportional to lean body
mass (LBM) in healthy non-diabetics. It was also assumed that plasma
volume (V) could be expected to rise in proportion to LBM [45].

The rate of change of I was modelled by

dl fo
E=ffast<7p_’111>' 10
where
GZ
o= Gr(fLep- +05)2—2 (ll)
ag, + G

To represent the effect of G, the insulin secretion term ¢, was multi-
plied by an increasing sigmoid function, setting a;; = 140 mg/dl [22],
with a value of 0.25 at G = 80. The term ( flep- + 0.5) models the
inhibition of leptin on insulin secretion [46]. Let A; per hour be the
decay constant for insulin, then the half-life of insulin is (In(2))/4; in
hours. Since the half-life of insulin in plasma is 4-6 min in humans [27],
the value 4; = 8.33 per hour was chosen. Assuming steady state, setting
G=280and L = Ly =7, fiep. =05, V, =36dl, I =03 ng/ml and
p = 1800 mg, a healthy fasting value of o, = 20 ng insulin/hour/mg
p-cells may be estimated.

The value I = 7.1 p IU/ml, that is I = 52 pM or I = 0.30
ng/ml was considered to be a normal healthy value for fasting plasma
insulin concentration in adult humans [25,47] and I, = 0.3 ng/ml was
taken to be the reference value. Fasting insulin plasma concentration
in non-diabetics was found to fall in the range 0.1-0.9 ng/ml [48].

3.7. The rate of change of plasma glucagon concentration

Glucagon is a hormone secreted by the a-cells of the pancreas,
instrumental in controlling plasma glucose concentration, via its action
on the liver. Plasma glucose concentration was thought to be the most
important regulator of glucagon secretion, where low G stimulates se-
cretion and high G inhibits [49]. However, this action may be indirect,
through hormones. There is evidence that high pancreatic insulin con-
centration inhibits glucagon secretion; that high leptin concentration,
induced by either subcutaneous infusion or infusion into the intracere-
bral ventricle, suppresses glucagon secretion; and that a lack of both
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hormones may cause glucagon hypersecretion [50]. The simulation
results in this study were obtained by modelling a dependence of
glucagon secretion inhibition on pancreatic insulin concentration and
plasma leptin concentration. Since pancreatic insulin concentrations
are hard to measure, plasma concentrations were used, assuming no
exogenous insulin. The mass of a-cells was assumed to be constant. The
rate of change of plasma glucagon concentration was modelled by

dGg i < 96 Ié
7 T Jfast G, -
dt s $I2+ (ACS| facs, EDD)?

(frep- +0.5) — AGgGg>, (12)

as a product of decreasing sigmoids in I and L, plus a decay term.
Here o, denotes the secretion rate of glucagon from the a-cells (in
pg/ml/hour), Ag, (per hour) is the decay constant for glucagon in
plasma and ACS| f,cs, &(t) represents a-cell insulin sensitivity. The
term ACS; has a reference value equal to one. The sensitivity term
facs, is defined in Appendix A, dependent on PLipid.

At steady state dGg/dt is zero, and so by substituting normal
healthy values I = I,, L = Lj,, Gg = Gg, = 80 pg/ml [25,50], and
assuming the half-life of glucagon in plasma to be 10 min (based on
published information [29] where the observed half-life is given as 8-
18 mins), reference values A, = 4.17 per hour and o, = 333 pg/ml/h
were estimated.

3.8. The rate of change of p-cell mass

Evidence suggests high levels of pancreatic lipid may cause f-cell
dedifferentiation, leading to a loss of insulin secretion [18]. Changes
in diet which result in a loss of excess pancreatic lipid may in turn
reverse this process [51]. Let r, and d, be the reference replication
and death rate parameters, respectively. Set ry = d, = 2.5 x 1074,
to ensure a death rate of about 0.6% per day, consistent with the
estimation of ‘considerably less than 1% per day’ as given in [28].
Replication (or differentiation or redifferentiation) is assumed to be
enhanced by increasing G unless PLipid is high. In this case, the
replication (or differentiation or redifferentiation) rate falls and the
death (or dedifferentiation) rate rises. Let the rate of change of g-cell
mass be modelled by

ap
T <ro(1-0 + fGp1 foLipidpe) — do(0.92 + pripidﬂ3)>ﬂ, (13)
where
G
Sfapr =02(= - 1.0), 14)
Go
1.0 + exp(1.0)
Feripidpr = ————5rg 1s)
1.0 + exp(m)
and
0.2
pr' idp3 = T . (16)
PP 0+ exp(1.0 — 2Lipid )

PLipid,
At a very high pancreatic lipid content, this models an increase in the

dedifferentiation rate of about 12% (to 1.12dy) and no change in the
birth or differentiation rate.

3.9. Interpreting f-cell mass in the model

The effective insulin secretion rate is fo. In the model, a rise in
p-cell mass (differentiated cells) accompanies an increased need for
insulin, within the constraints of the model, that is, pancreatic lipid
allowing. On a low-carbohydrate (LC) diet, the g-cell mass is lower than
that for a high-carbohydrate (HC) diet, in the absence of other changes,
since the insulin requirement is lower.
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3.10. The rate of change of plasma leptin concentration

The adipoinsular axis [52] describes a negative feedback loop in-
volving insulin, leptin and fat mass. Insulin stimulates adipogenesis, but
is inhibited by leptin, which is secreted by adipocytes. It is assumed that
leptin secretion is proportional to fat mass and stimulated by plasma
insulin. This stimulation is modelled by

S T)2

fi=10- % N kL(ASIf:AS,g(I)I) i a”n

(AS| f4s5,80OD* + I
where k; = 0.8. Based on these assumptions, the rate of change of
plasma leptin concentration is assumed to be
cz_f=ffast<rLF£0fL1_L%> (18)
where r; is a reference healthy leptin secretion rate and h; is the
half-life of plasma leptin. The rate r; was estimated, based on the
measurement 800 ng/person/min [27]. Assuming a person of average
size with 3600 ml plasma, this converts to 800 ng/3600 ml/min or 800
ng/60 ml per hour or 13.33 ng/ml/h.

3.11. The rate of change of fat mass

The rate of change of fat mass includes fed and fasted terms. The
rate of change of fat mass is initially derived assuming 12 hours fed and
12 hours fasting per day. Then fed and fasted terms are scaled to take
account of the carbohydrate content of the diet, see Section 3.4.

Triglyceride intake into adipocytes is due to the arrival of dietary
chylomicron triglyceride and VLDL-TG (fed and fasting). Adipose do
novo lipogenesis (ADNL), inhibited by leptin and stimulated by insulin
and high carbohydrate intake, also contributes to fat stores, although
rates of even whole-body DNL are small, even on high carbohydrate
diets, and most DNL is thought to happen in the liver [12,34]. Assuming
reference parameters and variable values, the rate rppy, = 2.315
mg/dl/h was calculated to satisfy ADNL equal to 1 g TG per 12 h per
60 kg LBM, specifically

2 ~
Y AStfas, 801
CHO +0.5) 17 AS; )

2 I
+ YeHo 0

The rate of appearance from the liver of fasting plasma VLDL-
TG (VLDLTGpfast) was estimated to be ryiprrgprast = 27.78 mg/dl/h,
calculated as 12 g per 12 h per 36 dl, with a half-life of 2.5 h. The rate
of appearance from the liver of fed plasma VLDL-TG (VLDLTGpfed) was
estimated to be ry;prrepred = 18.52 mg/dl/h, calculated as 8 g per 12 h
per 36 dl, with a half-life of 4.5 h [8]. A fasting VLDL-TG mean rate of
appearance of 14.9 pmol/kg/h has been reported [30]. This corresponds
to 27.5 mg/dl/h, assuming the molecular weight of TG is 885 g and that
a person of average size weighs 75 kg and has 36 dl plasma. Hence, the
decay constant kyyprrpfast = In(2)/2.5 = 0.2773 per h and the decay
constant kyiprrepred = In(2)/4.5 = 0.2773(2.5/4.5) = 0.1540 per h. Let
the rate of appearance of fat mass be modelled by

ADNL = rppg(fiep. +0.5)( (19)

F, =0.45x TGin
+ 0.5 fast(kyiprgpfast Koo VLDLTGpfast)
+ 0.5 ffed(kviprrapredkcro (1.2 X VLDLTGpfast))

In the model, TGin is shared out in fixed proportions between organs. It
is assumed that half of the circulating VLDL-TG is delivered to adipose
tissue [53]. This works out to be 10 g/d when using reference param-
eters. The fed concentration VLDLTGpfed = 1.2 x VLDLTGpfast [8,30].
The term kcyo = 1.1, set to achieve the baseline values of VLDL-TG
seen in the DiRECT patients.

Triglyceride loss from adipocytes is modelled by the following
equation

1.4F2
F_=09r7;(t) ftast(0.5 + freps) /1 <— + O.3>
LI fast Lep+/J/ NEFApI 24 FOZ
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0.92 1.23 > @n

F
+ rrox(DATG, (0.5 + fLep+)(F0)<ffedm + ffastm

The first term represents lipolysis and depends on the lipolysis rate
rr; (or rp,;(r) when considering changing diets, see Appendix C). The
factor 0.9 represents 10% recycling of lipolysed triglyceride. Inhibition
by insulin [54] is modelled by

2
IO

+0.5. (22)
(AS[[45,80O0D2 + I]

SNEFAPT =

Stimulation by leptin [55,56] is modelled by (0.5 + fiep4)- Lipolysis
increases with excess fat mass. A Hill function was used to model
an increase that is less than proportional to increases in fat mass, at
higher values of fat [57]. The second term models oxidation of TG in
adipocytes. The rate ATG,, is calculated as 4 g/d. The term r;,, (or
r1.x(t) when considering changing diets, see Appendix C) is a scaling
factor with reference value equal to one. Oxidation is assumed to be
stimulated by leptin [58], proportional to fat mass. Fed and fasting rates
of lipid oxidation were partitioned according to the rates reported in
Table 1 [30]. Finally,

dF
dr
This equation is worked in units of mg TG per dl plasma, converting
in the final equation to kg TG per h by using the conversion factor
¢ =6.0x 1077 per h and multiplying by LBM.

=c(F, — F_)LBM. (23)

3.12. The rate of change of plasma NEFA concentration

The rate of appearance of fasting plasma NEFA is due to the lipolysis
of TG in adipocytes as discussed in Section 3.11. Spillover, which
happens during the fed state, is not included. A mean concentration
and mean rate of appearance of plasma NEFA at fasting has been
reported [30], from which a decay constant of approximately 10 per
h was calculated, corresponding to a half-life of about 4 min. Estimates
of this half-life vary from 30-180 s [31] to 2—4 min [32]. A half-life
of 3.8 min was assumed, corresponding to a fasting decay constant for
plasma NEFA kygpapfast = [n(2)60/3.8 = 10.9 per h. The rate of change
of plasma NEFA concentration was modelled by

dNEFAp 1.4F?
- Stast? Li®(0.5 + frepi) fNgrapr <FFO2 + O.3>

- ffastkNEFApfastNEFAPfaSt‘ 24)
It was assumed that 3.3 moles of NEFA correspond to 1 kg TG. The
reference rate of lipolysis is r;; = 152.80 mg/dl/h which corresponds
to 4.0 pmol/kg/min, assuming a person of 75 kg with 36 dl of plasma.
This is close to the mean reported value of 4.2 pmol/kg/min [30]. At
reference parameters, a fasting plasma NEFA concentration of 14.5 mg

TG/dl, is obtained, which corresponds to 0.48 mmol/l, consistent with
reported values 0.56 mmol/1 [30] and 0.3-0.6 mmol/1 [57].

3.13. The rate of change of hepatic lipids

Hepatic TG balance is summarised below. See Appendix D for more
information concerning lipid balances. At reference parameters, based
on experimental evidence, it was assumed that the liver daily

1. receives 0.25 x TGin (as CM-TG remnants), 25 g (fed) [35],

2. receives 0.22 x 0.23 x TGin, spillover, 5 g (fed),

3. and receives NEFA, assuming 10% recycled to adipose tissue,
then 32% of the remainder is delivered to the liver, equivalent
to 19 g TG (fasting) [35],

4. makes 1 g TG (HDNL) [12,35],

5. loses 20 g TG secreted on VLDL (total production of VLDL-TG in
nondiabetics given as 250 mg per day per kg [59]), assuming 8
g fed and 12 g fasted [60],

6. and loses 30 g TG through g-oxidation (balances intake),
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7. equating to 50 g TG in and out [61].

It was assumed that HDNL has a reference value equal to rypy;, = 2.31
mg/dl/h since this equates to 1 g TG per day. To model a noticeable
effect of CHOin on HDNL, let mypn, = 8, beyo = 0.66 and set kypy, =
0.5 log(mypyy, — 1. Let

CHOin — CHOin,

— ) 25
#CHO = 7 o x CHOIn, (25)
and let

HDNL = "HDNL/HDNL (26)

1 + exp(—kypnL(zcHo — 2))

be a translated and scaled logistic function that increases with CHOin.
This increasing function has the value 9 mg/dl/h at CHOin equal to 600
g/d with CHOin,, = 260 g/d; that is, about 4 g TG daily. An increase in
HDNL with skeletal muscle lipids was modelled by

2MLipid?

i ol 27
MLipid} + MLipid®

JupNiML =
assuming that as MLipid rises, peripheral insulin sensitivity falls, less
glucose is transferred to skeletal muscle and more is delivered to the
liver to be converted to TG [62]. The stimulation of HDNL by insulin
was modelled by
212

f; = = (28)

HDNLE = 57 Ig
omitting insulin sensitivity to take account of selective hepatic insulin
resistance in which hyperinsulinemia fails to suppress HGP but still
promotes HDNL [62-64]. The term

2
213

5 +0.67 (29)
(HSyfrs, &ND?+1;

fVLDLTGI =(0.33)

models the inhibition of insulin on the secretion of VLDL-TG [65,66].
Then, including fed and fasted contributions,

dHLipid 19.0 1.4F?
- ffastm”u(’)(()~5 + fLep+)SNEFAPT FF(% +03
+ 0.22 x 0.23 x TGin

+ 0.25 X TGin + fteqHDNL fypnrvr fHpNL

HLipid
= Stast(1.5 = frep+'vLDLTGpfast /VLDLTGI X HLipid,
HLipid
= Sted(1.5 = frep+)rvipLTGpfed fVLDLTGE X HLipid,
i HLipid
= Jrast” Lox (D2 S1ep+ )5 X 1 VLDLTprast)m
= Sted” Lox(D(2fLep+)8(O(L.5 X ryLprGpfed) %;i : (30)

The factors multiplying the four positive contributions represent plasma
NEFA, spillover NEFA, chylomicron remnant TG and HDNL, respec-
tively. With respect to losses, the first two terms model secretion and
the last two terms model g-oxidation (fatty acid oxidation). Integrat-
Ing ryiprrepfast/viprrar Over 12 hours yields 12 g TG, at reference
parameters. The fed contribution adds another 8 g. It is assumed that
losses due to p-oxidation occur 50% faster than losses to VLDL-TG
secretion at reference parameters (to balance the input and output, see
Appendix D). Leptin inhibits VLDL-TG secretion [67,68] and stimulates
p-oxidation [68]. Losses are scaled according to HLipid. The scaling
term r; . appears in the rate of change of fat mass, hepatic and muscle
lipids. It is assumed that any scaling of the lipid oxidation rate due
to CHO intake occurs at roughly the same rate in all tissues, with
the exception that this carbohydrate dependence is enhanced in the
liver [69].
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3.14. The rate of change of muscle lipids
The rate of change of muscle lipids was modelled by

dMLipid
dt

= 0.07 X TGin

+ 0.5 frast(kyLpLTGpfast Kcro VLDLTGpfast)
+ 0.5/fed(kyprrGpfedkcro(1.2 X VLDLTGpfast))
+ 0.6975 x 0.23 X TGin

29.0 1.4F?
—_— 1)(0.5 —— +03
+ Sftast 500 rp 0.5 + frept)/Nerapr < o Fo2 + )

0.92 1.23 In(2) ..
- rLox(t)<ffed 75t ffastﬁ) x 0.5+ fLep+)mMLlp1d-
(€29)

The first term models the arrival of CM-TG (in the fed state) and
scales with TGin. The second and third terms, as for the change in
fat mass equation, model a delivery of half of the circulating VLDL-
TG to skeletal muscle tissue, 10 g/d when using reference parameters.
The fourth term represents spillover NEFA delivery, 16 g/d when using
reference parameters. The fifth term represents the delivery of NEFA
from the adipose tissue (a fraction of the rate of lipolysis). The last
term models losses due to f-oxidation (lipid oxidation) as a decay term.
Oxidation is assumed to be proportional to the mass of skeletal muscle
cells, but altered by diet and stimulated by leptin [56,68,70]. Fed and
fasting rates of lipid oxidation were partitioned according to published
rates ([30, Table 1]). The half-life of muscle lipid was estimated by
assuming a reference mass of 300 g per 36 dl [35], i.e. 8333 mg/dl,
and a rate of oxidation of 62 g TG per day. Assuming the rate equals
the concentration times a decay constant, the half-life of muscle lipids
was estimated to be approximately 40 h. Skeletal muscle DNL has been
omitted as the contribution to MLipid is small [71].

3.15. The rate of change of pancreatic lipids

The rate of change of pancreatic lipids was modelled as a scaled
version of the rate of change of muscle lipids, for positive terms, in
the absence of evidence to the contrary, based on relative masses, plus
pancreatic DNL (PDNL) and lipid oxidation, setting

dPLipid _ 15
dt 1000 x 0.5 x LBM
+ 0.5 fast(kyLpLTGpfastkcro VLDLTGpfast)
+ 0.5 freq(kyipurepedkcrio X (1.2 X VLDLTGpfast))
+ 0.6975 x 0.23 x TGin

29.0 1.4F?
+ Jrast g o "1 OS5 + Sreps) Ineraps <m + 0-3>>
0

(0.07 X TGin

+ foqPDNL

0.92 1.23 In(2)
- rLox(t)(ffed 715 + ffastﬁ) x 0.5+ fLep+) n

PLipid.
PLipid

(32)
It was assumed that the half-life of lipids in the pancreas hpripia =
hyipia> that muscle mass is approximately half of LBM, that a pancreas
weighs 1.5 g and that

2 ACS, facs DI ?
PDNL:rPDNL( < +0.5>( [ACS )( - o +o‘5>
G2 +G? I L+ (S fs,80)L)

(33)

models glucose-induced lipogenesis in the pancreas [72], with stimu-
lation by insulin and inhibition by leptin. The rate rppy;, = 0.2rgpyy X
1.5/1800 is modelled on rypy;,, scaled according to organ weights and
further scaled to take account of low PDNL in healthy individuals [72],
and to yield sensible values of G based on the data in [51], on higher
carbohydrate diets.
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Table 4

Steady state (SS) and initial variable values by diet.
Variable HCLF MCMF LCHF HCMHF LE LE

SS SS SS SS SS initial

G (mg/dl) 93.6 85.0 81.4 224 722 164
I (ng/ml) 0.424 0.308 0.234 0.454 0.286 0.501
p-cell mass (mg) 1983 1795 1508 1051 1414 1459
L (ng/ml) 7.85 7.42 6.20 20.5 1.06 20.6
F (kg) 13.8 13.9 12.0 454 1.70 43.7
Gg (pg/ml) 87.6 78.0 76.0 107 69.6 98.8
NEFA (mg TG/dl) 9.24 13.8 16.5 22.8 2.52 22.1
HLipid (g TG/dD) 1.41 1.50 1.36 3.15 0.434 3.19
MLipid (g TG/dl) 9.98 8.72 7.76 220 2.28 21.3
VLDL-TG (mg TG/dl) 922 94.2 83.5 209 35.6 203
PLipid (mg TG/dl) 0.566 0.457 0.396 1.14 0.146 1.12

3.16. The rate of change of fasting plasma VLDL-TG

The rate of change of fasting plasma VLDL-TG (VLDLTGpfast) is
modelled as
dVLDLTGpfast
=

HLipid
vLDLTGpfastSvipLTG X (1.5 = f] Lep+)m

- (kVLDLTprastkCHOVLDLTGPfaSt)> . (34

It was assumed that the rate of appearance of VLDL-TG from the liver is
inhibited by insulin and leptin, and increased in proportion to HLipid,
and that hepatic insulin resistance increases the rate of appearance. See
Section 3.11, Section 3.13 and Appendix D. Initially, it was assumed
that a HC diet decreases the rate of clearance. However, the term
kcpo = 1.1 in this study, set to model the baseline values of VLDL-TG
seen in the DIiRECT patients.

3.17. Steady state behaviour

For the determination of steady states, an autonomous system with
eleven variables is assumed, replacing the transient function of time
&(1) by g(ycho) (see Appendix B). At the reference parameters given
in Table 2, the dynamical system has one physiological stable steady
state, given by the MCMF steady state variable values in Table 4, and
one pathological unstable steady state with very high G, high Gg, I =0,
physiological values of other biomarkers and f = 0.

At the physiological stable steady state, the eleven-dimensional
Jacobian matrix has eleven eigenvalues with negative real parts. At
the unstable steady state (with # = 0 and hence I = 0), the Jacobian
matrix has ten eigenvalues with negative real parts and one positive
real eigenvalue. This unstable steady state lies in a stable manifold,
which is locally a ten-dimensional manifold, defined by g = 0.

The current long-term model was based on a model of G, I and g, by
Topp et al. [22], in which the rate of change of § is a quadratic equation
in G. This results in a limit point at physiological values of biomarkers.
However, when lipids are introduced to the model, it is no longer
necessary to make glucotoxicity a proxy for lipotoxicity. Updating the
rate of change of f-cell mass to depend upon G and PLipid results in
the removal of the quadratic equation in G from the rate of change
of p-cell mass in the original model by Topp et al. [22]. This in turn
results in shifts in dynamics, the loss of a limit point at physiological
values of biomarkers. This allows the plotting of realistic time courses
corresponding to various diets, without a sudden loss of stability at
physiological parameters.

In summary, given parameters with physiological values, the model
predicts

1. one physiological stable steady state (with g-cell mass g > 0),

2. one pathological unstable steady state (with g = 0, that is, type
1 diabetes),

3. a stable manifold defined locally by g =0
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Practically, given a diet and a starting point in phase space, a trajectory
will lead to a steady state with positive f-cell mass unless complete
p-cell failure occurs (type 1 diabetes).

4. Method
4.1. Trajectories simulated

In order to simulate a path to overweight type 2 diabetes followed
by weight loss and remission and, in some cases, subsequent relapse,
the general steps given below were followed, producing three sets of
simulations. A remission trajectory is a trajectory with a steady state
value for G < 126 mg/dl.

1. (a) Start at the MCMF steady state (SS). See Table 4.
(b) Follow the (red) HCMHF trajectory for six years.
(c) Leave on a (black) low-energy (LE) remission trajectory
(the LE diet).

(d) Follow the LE diet short-term.

(e) Leave at a chosen fat mass, denoted F,, once G, I and
VLDL-TG have settled to healthy values for a few weeks
or months. Assume that F, > Fycurss, Where the latter
denotes the steady state value of fat mass on the MCMF
diet.

Stay on a diet which approximately maintains fat mass.
The diets simulated have steady state fat masses matching
the fat mass at which the LE diet is abandoned, except for
the moderate-energy diets yielding the trajectories from
F = 15 kg, on which fat mass falls slightly. See Figs. 3—
7. A note on how the diets were determined is given in
Section 4.2.

(g) Follow the trajectory towards steady state.
2. (a) Start at the MCMF steady state (SS).
(b) Follow the HCMHEF trajectory for six years.
(c) Leave on a low-energy remission trajectory (the LE diet).
(d) Leave the LE diet at a chosen fat mass, F, > Fycurss-
(e) Stay on a ME diet, for example, the (green) LCHF, (or-
ange) MCMF or (blue) HCLF diet. These diets differ in
lipid to carbohydrate ratios. See Fig. 8.

(f) Follow the trajectory towards steady state.

3. (a) Start at the MCMF steady state (SS).

(b) Follow the HCMHEF trajectory for six years.

(c) Leave on a ME diet, for example, the (green) LCHF,
(orange) MCMF or (blue) HCLF diet. These diet differ in
lipid to carbohydrate ratios. See Fig. 9.

(d) Follow the trajectory towards steady state.

®

4.2. Diets which maintain fat mass

The diets that approximately maintain fat mass were defined in one
of two ways, described below. All these diets were assumed to contain
100 g protein. Carbohydrate and lipid content varied.

1. Diets were defined as multiples of the HCLF, the MCMF or the
LCHF diet, with respect to the lipid and carbohydrate energy
contributions. For example, all multiples of the HCLF diet have
the same lipid to carbohydrate energy ratio, namely (51.78 x
9)/(400 x 4) = 0.291, assuming 9 kcal per gram of lipid and 4
kcal per gram of carbohydrate. The ratio for the MCMF diet is
one and the ratio for the LCHF diet is (176.22%x9)/(120x4) = 3.30.
The multiple is denoted x.

(a) Multiples of the LCHF diet: x(176.22) g/d lipid plus x(120)
g/d carbohydrate plus 100 g/d protein. See Fig. 3.

(b) Multiples of the MCMF diet: x(114) g/d lipid plus x(260)
g/d carbohydrate plus 100 g/d protein. See Fig. 4.
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(c) Multiples of the HCLF diet: x(51.78) g/d lipid plus x(400)
g/d carbohydrate plus 100 g/d protein. See Fig. 5.

The mapping of x > 1 to the steady state fat mass of the diet
so defined is an increasing function for the LCHF and MCMF
multiples and the lower HCLF multiples. For higher multiples
of the HCLF diet this is not so since, in the model, very high car-
bohydrate consumption results in very low insulin sensitivities,
high G and fat mass settling at approximately 27 kg for multiples
near 1.25. However, in all examples investigated, the mapping of
x > 1 to the steady state fasting plasma glucose concentration of
the diet so defined is an increasing function.

2. Diets were defined as linear interpolations between the HCMHF
diet and a diet of moderate energy, with respect to the carbohy-
drate and lipid energy contributions.

(a) Linear interpolation from the HCMHF diet to the LCHF
diet: carbohydrate content 400+ x(120—400) g/d and lipid
content 145.11+ x(176.22 —145.11) g/d plus 100 g protein,
where 0 < x < 1. See Fig. 6.

Linear interpolation from the HCMHF diet to the MCMF
diet: carbohydrate content 400+ x(260—400) g/d and lipid
content 145.11 + x(114 — 145.11) g/d plus 100 g protein,
where 0 < x < 1, not shown.

Linear interpolation from the HCMHF diet to the HCLF
diet: carbohydrate content 400 g/d and lipid content
145.11 + x(51.78 — 145.11) g/d plus 100 g protein, where
0 <x < 1. See Fig. 7.

()

-

(c

—

The mapping of x to the steady state fat mass of the diet so
defined is a decreasing function, in all three cases.

5. Results
5.1. Interpreting the figures

Time is marked in the following way in Figs. 3-9: one diamond per
week for the first 24 weeks and one hexagram per 6 months, for up to 10
years. Large black pentagrams mark trajectory starting points. Coloured
hexagrams mark steady states (in practice, simulation to 100 years).

The trajectories in Figs. 3—-7 should be interpreted in the following
way. Start at the MCMF steady state, marked by a black pentagram.
Follow the red HCMHF trajectory for six years. From this point, marked
by a black pentagram, leave on the black LE 850 kcal/d remission tra-
jectory. Points at which the LE trajectory are subsequently abandoned
are marked by black pentagrams. These correspond to 6, 9, 12, 16 and
21 weeks on the LE diet, roughly corresponding to decrements of 5 kg
in F. The LE trajectory is abandoned for a trajectory that maintains
fat mass assuming a multiple of the LCHF diet, or a multiple of the
MCMF diet, or a multiple of the HCLF diet, or a diet found by linear
interpolation from the HCMHF diet to the LCHF diet, or a diet found by
linear interpolation from the HCMHF diet to the HCLF diet; in Figs. 3—
7, respectively. Figs. 8 and Fig. 9 should be interpreted in a similar
way. In the former, the graph represents leaving on the LCHF, MCMF
and HCLF diets after 12 weeks on the LE diet. In the latter, the graph
represents leaving on the LCHF, MCMF and HCLF diets after 6 years on
the HCMHF diet. Fig. 10 shows the HGP versus I projections relating
to Figs. 3-9, respectively. In summary, a variety of paths from health to
disease, followed by remission and possible relapse are presented (see
Fig. 11).

5.2. The HCMFH trajectory to overweight type 2 diabetes

All the scenarios investigated begin with a HCMHF trajectory to
overweight type 2 diabetes, plotted in red in Figs. 3-9, starting from
a healthy MCMF steady state. The first twenty four weeks of the
trajectories are marked by diamonds, one per week. Over the first few
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Fig. 3. Start at the MCMF steady state, marked by a black pentagram. Follow the red HCMHF trajectory. Time is marked in the following way: one diamond per week for the
first twenty four weeks and one hexagram per six months, for up to ten years. Steady state is marked with a coloured hexagram. After six years on the red HCMHF trajectory,
leave (at a black pentagram) on the black LE 850 kcal/d remission trajectory, plot to steady state, marking points at which the trajectory is left by black pentagrams. Leave the
black remission trajectory on trajectories which maintain fat mass. These trajectories represent multiples of the LCHF diet at (a) F = 34.3 kg (after 6 weeks, dark green, multiple
x = 1.758), (b) F =29.3 kg (after 9 weeks, teal, x = 1.67), (c) F =24.8 kg (after 12 weeks, cyan, x = 1.568), (d) F =19.7 kg (after 16 weeks, turquoise, x = 1.408) and (e) F = 14.7
kg (after 21 weeks, green, x = 1.0). See Section 4.2. All trajectories are plotted to steady state.

weeks, muscle, hepatic and pancreatic lipids rise as hepatic insulin As lipid oxidation and lipolysis slow down with increased carbo-
sensitivity falls, the latter causing HGP to rise. See Fig. 10. Fasting hydrate intake, all lipids, and fasting plasma concentrations of glucose,
plasma concentrations of VLDL-TG, glucose, insulin and glucagon rise. leptin and glucagon continue to rise slowly towards steady state values,
NEFA falls over the first few weeks as high carbohydrate intake slows while (differentiated) p-cell mass and insulin begin to fall. Six-monthly
lipolysis. The p-cell mass is almost constant. Fat mass rises slowly. intervals on the trajectories are marked by hexagrams. The trajectory

is abandoned at six years, the point on the trajectory marked by a large

11
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Fig. 4. This figure is to be interpreted in the same way as Fig. 3. The trajectories at which the LE trajectory is abandoned maintain fat mass. They represent multiples of the
MCMF diet at (a) F = 34.3 kg (after 6 weeks, salmon, x = 1.369), (b) F =29.3 kg (after 9 weeks, crimson, x = 1.32), (c) F = 24.8 kg (after 12 weeks, maroon, x = 1.262), (d)
F =19.7 kg (after 16 weeks, brown, x = 1.17) and (e) F = 14.7 kg (after 21 weeks, orange, x = 1.0). See Section 4.2.

black pentagram. Variable values at this point are consistent with mean
baseline values from the DiRECT trial, representing overweight type 2
diabetes.

5.3. The short-term low-energy diet

Simulations representing an approach to fat mass loss and remission
from type 2 diabetes that is based on a low-energy diet followed a

12

diet which maintains fat mass are plotted in Figs. 3-7. This approach
is typical of many clinical trials and advice from health professionals.
Values of HbA,, are not simulated. Instead, G < 126 mg/dl is used to
define remission. It is assumed that values of G < 126 mg/dl maintained
for the previous three months should correspond to healthy HbA,,
measurements.

The (black) low-energy diet trajectory starts at the marker rep-
resenting six years on the HCMHF diet trajectory, at a state which
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Fig. 5. This figure is to be interpreted in the same way as Fig. 3. The trajectories at which the LE trajectory is abandoned maintain fat mass. They represent multiples of the
HCLF diet at (a) F =24.8 kg (after 12 weeks, light blue, x = 1.173), (b) F = 19.7 kg (after 16 weeks, mid blue, x = 1.113) and (c) F = 14.7 kg (after 21 weeks, blue, x = 1.0). See

Section 4.2.

represents overweight type 2 diabetes. See Table 4. On the LE trajec-
tory, HLipid falls to the healthy MCMF steady state value in one to
two weeks and PLipid falls to the healthy MCMF steady state value in
six to nine weeks. As a result, hepatic insulin sensitivity is predicted
to normalise in the first two weeks, before the slow process of g-cell
redifferentiation is noticeable. Fasting plasma variables VLDL-TG, G
and [ fall rapidly, in the first few weeks, approaching their LE diet
steady state values in this period. Lipids and leptin are very low at

steady state on the LE diet. It is not expected that the LE diet would
be followed to steady state, only for a few weeks or months, and no
longer than it takes for fat mass to reach a value close to the MCMF
steady state value. In the simulations shown, this is six months. On the
LE trajectory, remission is achieved in one week and lasts until the diet
is abandoned. Although the LE diet trajectory is a remission trajectory,
it is unsustainable (too low in energy to follow long-term).
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Fig. 6. This figure is to be interpreted in the same way as Fig. 3. The trajectories at which the LE trajectory is abandoned maintain fat mass. They represent diets found by linear
interpolation from the HCMHF diet to the LCHF diet at (a) F = 34.3 kg (after 6 weeks, dark green, x = 0.127), (b) F =29.3 kg (after 9 weeks, teal, x = 0.208), ((c) F =24.8 kg
(after 12 weeks, cyan, x = 0.308), (d) F =19.7 kg (after 16 weeks, turquoise, x = 0.472) and e) F = 14.7 kg (after 21 weeks, green, x = 1.0). See Section 4.2.

5.4. Fast, slow and very slow variables

It is thought that excess fat in the liver and pancreas contribute
to a loss of hepatic insulin sensitivity and to a loss of -cell function,
respectively. Losing this extra lipid can reverse these changes and
enable remission. This is the twin cycle hypothesis. Patients who have
had type 2 diabetes for shorter times are likely to have suffered less
p-cell dedifferentiation. The processes of p-cell dedifferentiation and

14

redifferentiation are very slow (based on past estimates of birth and
death rates [28] and more recent research [11]), slower to steady state
than fat mass. Simulations are consistent with this scenario.

Both hepatic and pancreatic lipids are predicted to increase rapidly
and concurrently on a high energy diet, such as the HCMHF diet.
Both lipids are predicted to return to lower (healthier) values rapidly
and concurrently on a low-energy or moderate-energy diet, over a
few weeks, the timing depending on the diet. Changes in hepatic and
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Fig. 7. This figure is to be interpreted in the same way as Fig. 3. The trajectories at which the LE trajectory is abandoned maintain fat mass. They represent diets found by linear
interpolation from the HCMHF diet to the HCLF diet and so differ only in lipid content. Leave at (a) F = 34.3 kg (after 6 weeks, dark purple, x = 0.244), (b) F =29.3 kg (after
9 weeks, light purple, x = 0.378), (c) F = 24.8 kg (after 12 weeks, sky blue, x = 0.52), (d) F = 19.7 kg (after 16 weeks, darker sky blue, x = 0.715) and (e) F = 14.7 kg (after 21

weeks, blue, x = 1.0). See Section 4.2.

pancreatic lipids lead to changes in plasma glucose levels, on different
time scales, hepatic insulin sensitivity and HGP changing much faster
(with hepatic lipid, see Fig. 10) than g-cell function (with pancreatic
lipid). In Figs. 3(a)-9(a), the effects on G of increasing HLipid and
PLipid may be seen on the HCMHF weight gain trajectory to type
2 diabetes. Over the first few weeks, HLipid increases rapidly and,
as a result, hepatic insulin sensitivity rapidly decreases, HGP rapidly

15

increases and G rapidly increases, matching the initial (lower) part of
the S-shaped curve in the (G, F) projections. After six to nine weeks,
gains in PLipid are slowing down and loss of f-cell function begins,
mainly responsible for the slower increases in G towards steady state on
the remainder of the S-shaped curve. On the LE trajectory, G normalises
within one week and deficiencies in g-cell function (represented by
lower f-cell mass in the model) are compensated by an increase in
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Fig. 8. Start at the MCMF steady state, marked by a black pentagram covered by an orange hexagram. Time intervals and steady states are marked as in Fig. 3. After 6 years
on the HCMHF trajectory, leave, at a black pentagram, on the black LE 850 kcal/d remission trajectory. Leave the LE trajectory at F = 24.8 kg (after 12 weeks) on (a) the green
LCHF trajectory, (b) the orange MCMF trajectory or (c) the blue HCLF trajectory. Follow the chosen ME diet trajectory to steady state.

hepatic insulin sensitivity. Recall that it is assumed that parameters
and rates are able to return to normal in those who have had type
2 diabetes for a short duration. On the unsustainable LE remission
trajectory, f-cell redifferentiation causes already healthy values of G
to fall slightly and very slowly. Hence, G has a fast component caused
by changes in HLipid and a very slow component caused by changes in
PLipid. Measuring for only two years from a change in diet, the very
slow component could be missed. Similarly, / has a fast component

16

and a very slow component. The very slow component of G is much
more noticeable in the graphs than the very slow component of I.
This is because a loss of insulin sensitivity alone increases / and G,
whereas a loss of f-cell function alone decreases I while increasing G.
In practice, a loss of f-cell function usually occurs with a loss of hepatic
insulin sensitivity (too much lipid in both liver and pancreas). Opposing
influences make changes harder to spot. Changes in fat mass happen
slowly. In the model, it is assumed that, in the liver, insulin inhibits
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Fig. 9. Start at the MCMF steady state, marked by a black pentagram covered by an orange hexagram. Time intervals and steady states are marked as in Fig. 3. After six years
on the red HCMHF trajectory leave, at a black pentagram, on (a) the green LCHF trajectory, (b) the orange MCMF trajectory or (c) the blue HCLF trajectory. Follow the chosen

ME diet trajectory to steady state.

VLDL-TG secretion. As hepatic insulin sensitivity decreases with hepatic
lipid, this inhibition becomes less effective. The problem with relying
on a subset of variables (such as F, G, I and VLDL-TG) to make a
decision concerning a change of trajectory is that some variables are
faster than others to approach steady state values. The relative speeds
depend upon the underlying biology. In the short term, slow fat mass
loss is generally a very poor measure of the success of a diet.
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5.5. A modelling view of remission followed by relapse

Remission followed by relapse, in a modelling sense, is equivalent
to changing from a trajectory with steady state G < 126 mg/dl (for
example, on a diet of low or moderate energy) to another trajectory
with steady state G > 126 mg/dl. It is assumed that a recovery plan that
begins with a change to an unsustainable LE diet will be followed by a
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Fig. 10. HGP versus I on trajectories, graphs (a)-(g) correspond to Figs. 3-9, respectively.

final sustainable diet after a few weeks. The steady state value of G for
the final diet determines the outcome, remission or relapse. Examples
of final trajectories that maintain fat mass are given in Figs. 3-7, since
patients are often advised to lose a certain amount of weight, and then
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directed to try to maintain the weight loss. For recovering patients who
have had type 2 diabetes for a shorter duration, most of the changes
in G will be due to the fast component and values of G on a trajectory
will approach the steady state value within a few weeks.
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For each lipid to carbohydrate
ratio, there will be a maxi-
mum fat mass Fy,(lipid/carb)
above which remission is lost
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mass. The higher the ra-
tio, the higher the threshold.
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of the ME diets, as hepatic
and pancreatic lipids lower
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MCMF
Subsequently switching to one
of the ME diets completes the
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the fast option and the HCLF
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The fastest option to
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Switching from the HCMHF
diet directly to one of the ME
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sense that there is no need to
endure the LE diet or choose
a fat mass at which to leave.
On these diets hepatic and
pancreatic lipids lower rapidly,
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to contain 100g protein.

For example, choose the
LCHF, MCMF or HCLF diet.

The simplest option
to health, see Figure 9

L. L. but not as fast as on the LE diet.
remission maintained

The LCHF diet is the fast
option and the HCLF op-
tion is the slow option.

HCLF, slowest (of
three) to steady state The LCHF option is a
good combination of sim-

ple and fast, but slower

than LE followed by LCHF.

remission maintained

Fig. 11. Recovering from diet-induced type 2 diabetes: model predictions concerning remission and relapse. The relapse diets investigated are weight-maintaining diets. In general,
relapse diets are not necessarily weight-maintaining diets. The outcome depends solely on the steady state value of G for the final diet.

5.6. Leaving the low-energy diet on a trajectory that maintains fat mass,
remission or relapse?

The model predicts that leaving the low-energy diet on a trajectory
that maintains fat mass will result in maintaining remission if the fat
mass at which the low-energy diet is left is sufficiently low. In addition,
for a given individual, the maximum value of fat mass at which the LE
diet could be abandoned for a diet that maintains both fat mass and
remission, depends on the lipid to carbohydrate ratio of the chosen
diet. See Figs. 3-7. In the case of a diet that maintains fat mass, the
higher the ratio of lipid to carbohydrate, the lower the value of G, at
any chosen time, in all cases examined. Hence, it is predicted that,
for a given energy consumption (if not too high), a patient who is
prepared to follow a lower carbohydrate approach may leave at higher
fat mass, whilst maintaining both fat mass and remission. For example,
on a multiple of the LCHF diet, a patient could leave at F = 25 kg
and maintain fat mass and remission, while this would not be so on a
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multiple of the HCLF diet. On the latter diet, maintaining F = 25 kg
leads to a loss of remission.

The model predicts that, with respect to overweight type 2 diabetes,
it is not how much weight is lost, but how close a patient can get
to a healthy fat mass that matters, as well as the lipid to carbohy-
drate ratio of the subsequent weight-maintaining diet. This prediction
is consistent with the variation in remission success reported in the
DIiRECT study [2]. Recall that, in this study, a healthy fat mass is
considered to be one which is stable over time and concurrent with
healthy values of other measures of well-being such as G, I and VLDL-
TG. This is consistent with a fat mass at which whole body lipolysis
is close to the reference value. Note the F/F, terms in the equations.
Reported baseline data support a choice of F = 43 kg at the beginning
of recovery, after six years on the HCMHF diet, approximately 28 kg
above the healthy values. Losing 15 kg fat mass takes the patient’s
fat mass to F = 28 kg. Leaving the low-energy diet at F = 28 kg
and maintaining this fat mass is predicted to successfully maintain
remission on a multiple of the LCHF diet, to be borderline successful
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on a multiple of the MCMF diet and to fail on a multiple of the HCLF
diet. See Figs. 3-5. Predictions are consistent with the conclusion based
on experimental evidence from the clinical trials that patients should
aim to lose at least 15 kg. The simulations correspond to a person with
a lean body mass of 60 kg. For such a person, aiming for a fat mass
no more than 5 to 10 kg above a typical healthy fat mass (12 to 14 kg
in this study) and maintaining carbohydrate intake less than or equal
to approximately 400 g/d, is predicted to result in success. For the
overweight, the closer to a healthy fat mass, the smaller the effect of
the lipid to carbohydrate ratio in the weight-maintaining diet.

Practical problems with this approach include maintaining the moti-
vation to stay on a low-energy diet for a few weeks to months, guessing
a suitable fat mass at which it is safe to leave the low-energy trajectory,
and then maintaining this fat mass. This approach is risky, since fat
mass thresholds, although predicted to exist, are not known in advance.
Given a lipid to carbohydrate ratio of a proposed diet, leaving at a fat
mass that is too high is predicted to result in relapse in a few days to
a few weeks.

Advantages of this approach include the rapid lowering of hepatic
and pancreatic lipids on the low-energy trajectory and the result-
ing rapid remission, although remission may be short-lived once the
unsustainable LE trajectory is abandoned.

5.7. Leaving the low-energy diet on a more general diet trajectory, remission
or relapse?

Patients may leave a low-energy diet on diets that do not maintain
fat mass. In any case, it is the diet parameters and hence the steady
state value of G which determine the outcome, either relapse or lasting
remission.

5.8. Leaving the low-energy diet on a moderate-energy diet trajectory

Switching from the HCMHF diet to the LE diet, before switching
to a ME diet, gives a head start with respect to lowering F, G, I and
VLDL-TG, compared to switching directly from the HCMHF diet to one
of the ME diets, as hepatic and pancreatic lipids respond very rapidly
to a change of diet. The magnitude of the response is linked to the
degree of change in carbohydrate content and overall energy content.
Compare Figs. 8 and 9. All three moderate-energy diets have steady
states with healthy variable values and hence lead to remission. The
LCHF diet is the fast option, the MCMF is intermediate in speed and
the HCLF option is the slow option. The LE diet followed by the LCHF
diet is the fastest to health of all options considered in this study. The
LE diet followed by the HCLF diet maintains the remission achieved by
following the LE diet, although the change to the HCLF diet is predicted
to temporarily result in pre-diabetes (100 < G < 125 mg/dl) which
gradually improves. The HCLF diet shows higher I and p-cell mass at
steady state than the MCMF diet which in turn shows higher values than
those for LCHF diet, since higher insulin secretion is needed to balance
the higher glucose intake at lower insulin sensitivity. With respect to
the options considered, a short-term (unsustainable) low-energy diet,
followed by a long-term moderate-energy trajectory is the fastest way
to health. See Fig. 8.

5.9. Recovery on a long-term moderate-energy diet

Switching from the HCMHF diet directly to one of the ME diets is
the simplest option, of those considered, in the sense that there is no
need to endure the LE diet or to choose a sensible fat mass at which
to leave. Remission is predicted to be fast and durable, achieved in
one week, improving over the next few weeks. On these diets, hepatic
and pancreatic lipids lower rapidly, but not as fast as on the LE diet.
The LCHF diet is the fast option, the MCMF diet is intermediate in
speed and the HCLF diet is the slow option. The LCHF option is a
good combination of simple and fast, but slower than LE diet followed
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by LCHF diet. A long-term moderate-energy trajectory is the simplest
way to health. See Fig. 9. Practical advantages of this approach include
needing to choose only one (sustainable) remission diet. The patient
would be expected to stay on this diet for the long term. Fat mass loss
is predicted to be slow compared to the fast components of G, I and
VLDL-TG, but to continue slowly and surely towards a healthy steady
state value.

6. Discussion
6.1. Type 2 diabetes remission trials

The model takes into account the twin cycle hypothesis [16]. The
Counterpoint study [15,73], reported in 2011, with 11 obese partici-
pants with type 2 diabetes, tested this hypothesis and confirmed that,
for obese patients with type 2 diabetes, calorie restriction normalised
liver fat content and hepatic insulin sensitivity, normalising HGP in
seven days. Pancreatic fat content and first phase insulin response nor-
malised in eight weeks. The subsequent Counterbalance study [4,16],
reported in 2016, with 30 overweight or obese participants with type
2 diabetes diagnosed up to 23 years prior to the trial, showed that if
weight was kept steady after rapid weight loss due to calorie restriction,
then remission from type 2 diabetes was durable, for up to six months,
for 13 out of 30 participants. This study also showed that reversibility
was less likely for those with type 2 diabetes with a duration of at least
10 years [51]. These small studies led to the large DiRECT trial [1],
reported in 2018 and 2019, with 149 participants, in which it was
demonstrated that a few weeks on a very low calorie diet (VLCD)
followed by weight maintenance could result in durable remission
from type 2 diabetes for up to two years, for 36% of the participants.
The Counterpoint VLCD had an energy content of 600 kcal/d, the
Counterbalance VLCD corresponded to 624-700 kcal/d and the later
DiRECT VLCD, modelled in this article, had an energy content of 850
kcal/d. In the Counterpoint, Counterbalance and DiRECT studies, the
VLCD was followed for a few weeks or months, followed by a stepped
reintroduction of more food, with guidelines based on maintaining
weight loss, with the aim of retaining remission for responders. Similar
trials have since been carried out, in different populations, for example,
a Thai study [74] in which 79% of participants achieved remission at
12 weeks and 30% of participants achieved remission at 12 months; and
a study done in Qatar (DIADEM-I) [75], in which 61% of intervention
participants achieved remission at 12 months. All five trials have been
compared in a review [6].

Other studies have shown that, for patients with type 2 diabetes,
bariatric surgery initiates remission in one week [76,77], and acute
weight loss together with a loss of pancreatic lipid at eight weeks after
surgery [51,78]. In addition, there is evidence that pancreatic lipid is
the cause of p-cell dysfunction, via in vitro studies on g-cells [79,80] and
via observing losses in pancreatic lipid after bariatric surgery in patients
with type 2 diabetes [51,78,81]. It is thought that pancreatic f-cell
dedifferentiation is a mechanism for diabetic g-cell failure [17-19].

The assumption that diet-induced type 2 diabetes has developed
relatively recently (over a few years) is consistent with the view that
metabolic rates and hence lipid levels can return to healthy values after
a change in diet. It is thought that rates and hence lipid levels may not
adjust so well after prolonged type 2 diabetes since remission from type
2 diabetes is less likely after longer disease duration [51]. Remission
trials are generally limited to those who have diabetes diagnosed rela-
tively recently [1,15,74,75]. The recovery scenarios plotted in Figs. 3-9
depend upon hormone sensitivities, fasting periods and rates being able
to return to healthy values on recovery diets. In the model, the rate of
lipid oxidation, the rate of lipolysis, the length of the fasting state, and
leptin and insulin sensitivities are dependent on carbohydrate intake.
All are assumed to decrease with increasing excess carbohydrate intake.
In the original model, VLDL-TG clearance was also assumed to decrease
with excess carbohydrate consumption. This assumption yielded higher
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VLDL-TG at higher fat masses than seen in the DiRECT trial so was not
implemented in the simulations shown in this study.

6.2. Comparison with published results

The model may be validated by comparison with type 2 diabetes
remission trials and weight loss trials (short-term and long-term) and
short-term weight gain or overfeeding trials. Comparisons for long-term
weight gain simulations and data are limited to observations. Setting up
a long-term weight gain experiment likely to result in ill-health would
be unethical. The goal is to be able to predict time courses to health and
disease, by using extremely detailed quantitative information, gathered
over a variety of timescales, from many different experiments.

6.2.1. Comparison with type 2 diabetes remission trials

The simulations presented correspond to an initially healthy indi-
vidual, at the MCMF steady state, with a lean body mass of 60 kg,
gaining weight on the HCMHF diet for six years, reaching a fat mass
F = 43.7 kg, corresponding to a mass of 103.7 kg and a BMI of
36, assuming a height of 1.7 m. A change of diet, from the HCMHF
diet to the LE diet (850 kcal/d) is predicted to result in rapid and
concurrent decreases in HLipid and PLipid, with HLipid falling to the
MCMF steady state healthy value in one to two weeks and PLipid falling
to the MCMF steady state healthy value in six to nine weeks [15,16,73].
Remission from type 2 diabetes is predicted to be achieved in one week,
due to the rapidly adjusting hepatic insulin sensitivity, consistent with
experiment [7,15,16,73]. The redifferentiation of p-cells is predicted
to take much longer, consistent with the results of a study into the
return of f-cell function during the DiRECT trial [11]. In this study,
it was found that a gradual increase in p-cell function, to a value
similar to that shown by a non-diabetic control group, occurred over
twelve months. In the simulations shown, p-cell function does not
decrease to the point that improved hepatic insulin sensitivity cannot
compensate, consistent with type 2 diabetes of shorter duration. Model
predictions are consistent with observed rapid reductions in G, I and
triglycerides on very-low-calorie diets for overweight individuals with
type 2 diabetes of shorter duration. Such investigations include the U.K.
Counterpoint, Counterbalance and DiRECT trials [1,4,15,16,73], a Thai
study [74] and a study done in Qatar (DIADEM-I) [75]. More detail is
given below.

1. Weight loss: The Counterpoint study, reported in 2011 [15,73],
had 11 obese subjects with type 2 diabetes, put on a 600 kcal/d
type 2 diabetes remission diet. In one week, mean G fell from 9.2
mmol/1 (166 mg/dl, type 2 diabetes) to 5.9 mmol/l (106 mg/dl,
remission), fasting plasma insulin halved, mean triglycerides
fell from 2.4 mmol/l (212 mg/dl) to 1.2 mmol/1 (106 mg/dl),
HLipid fell by 30% (and by 70% in 4 weeks), and hepatic insulin
sensitivity doubled. PLipid took 8 weeks to fall by 25%. Hence,
remission may be achieved in one week. Model simulations are
consistent with these observations.

2. Weight loss: During the Counterbalance study, 30 people with
a type 2 diabetes duration between six months and 23 years
followed a very low calorie diet (VLCD) for 8 weeks. All oral
agents or insulin treatments were stopped at baseline. In the
Counterbalance study (total energy intake 624-700 kcal/d), on
average 15 kg was lost in 8 weeks. The (black) low energy simu-
lations in Figs. 3-9 (total energy intake 850 kcal/d, modelling the
DiRECT trial), predict a weight loss of 14 kg in 9 weeks, which
is consistent with the experimental results.

The reported results that show, after 8 weeks on the Counter-
balance VLCD, for responders, mean triglycerides fell from 1.97
mmol/1 (175 mg/dl) to 1.25 mmol/1 (110 mg/dl), hepatic insulin
sensitivity more than doubled, median basal HGP reduced by
8%, mean fasting serum insulin more than halved, mean G fell
from 8.9 mmol/1 (160 mg/dl, type 2 diabetes) to 6.2 mmol/l
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(111 mg/dl, remission), HLipid fell to about 15% of baseline
value, and both hepatic VLDL-TG production and PLipid also fell.
Fig. 1 A in the Counterbalance report [4] shows a rapid increase
in G, over one week, following an increase in dietary energy.
Model simulations are consistent with these results.

The rapid decrease in HLipid to healthy values in a
few days/weeks, for the overweight on a VLDC, is also reported
elsewhere, by the same authors [16,73].

Responders on the Counterbalance diet reached a fat mass of
30.1% (of total body mass) after 8 weeks on the VLCD, and mostly
maintained this weight, hepatic insulin sensitivity and remission
for 6 months. Model simulations correspond to a person with
lean body mass of 60 kg, and, after reducing from F = 43 to
F =25 on the black LE energy trajectory, that is reaching a fat
mass of 29.4%, are predicted be able to maintain remission unless
a HC weight-maintaining diet is chosen. Again, simulations are
consistent with observation.

. Weight loss: The DiRECT study, reported in 2018-2019, which

followed the initial small Counterpoint and Counterbalance stud-
ies, was based on a slightly higher 850 kcal/d low energy diet,
and is the basis for the simulations shown. The DiRECT data
is reported at 12 mo and 24 mo [1,2]. The simulations shown
(refer to the black low energy diet trajectory) are consistent
with Counterpoint, Counterbalance and DiRECT trends, rapid
lowering of G, I, HLipid, PLipid and slower lowering of F. They
are consistent with the conclusion reached, that on average,
subjects needed to lose approximately 15 kg fat mass to maintain
remission. Note that the DiRECT study did not continue the
diet for 12 mo, only for 3-5 mo, followed by stepped changes,
reintroducing food, whilst trying to avoid weight gain.

The model predictions are consistent with published results [2]
concerning the variability and durability of remission success.
See Section 5.6. Simulations predict that a fat mass loss of ap-
proximately 15 kg for individuals typical of those on the DIRECT
trial would be associated with borderline success in achieving
and maintaining remission from overweight type 2 diabetes, in
the long term. The model predicts rapid remission on the initial
short-term unsustainable low-energy remission trajectory.

. Weight gain: The DiRECT trial [1,2], includes a baseline data

summary relating to a population in the U.K. characterised by
the diagnosis of type 2 diabetes in the previous six years. Base-
line biomarker values G (from HbA,_.), F (from BMI), VLDL-TG
(from triacylglycerol/triglycerol), and I, for the starting point
for the remission simulations (in black) could have been inferred
from the data summary. However, the preliminary red trajectory
(follow the red HCMHEF trajectory for six years) was included to
demonstrate that the long-term weight gain predictions of the
model, from health to disease, compare very favourably with
the DiRECT trial baseline data for those who have had type 2
diabetes diagnosed in the previous six years, on a diet of excess
energy. See Tables 4 and 5 in the report of the DIiRECT trial
clinical and metabolic features [2]. For example, by modelling
a diet with excess CHO and excess lipid (the HCMHF diet) for
six years, from the MCMF healthy state, one obtains a point in
phase space with G = 164 mg/dl, I = 0.5 ng/ml, F = 43.7
kg, VLDL-TG = 203 mg TG/dl, and high hepatic and pancreatic
lipids, consistent with observation. This is the point marked with
a black pentagram on the red HCMFH trajectory. Of course, the
biomarker time courses of the DiRECT trial participants prior
to the trial are unknown, but there is nothing inconsistent in
the modelling from health to disease and the available data. By
using the model predictions, one also obtains a complete starting
point for the (black) low energy (LE) trajectory, with eleven
components.



C.Z.W. Hassell Sweatman

6.2.2. Further model comparison and validation

A previous version of the model was developed to compare LCHF
and HCLF diets with respect to weight loss for the overweight with type
2 diabetes [8].

1. Weight loss over a few weeks: Model simulations [8, §5.2]

matched the data from the trial by Hall et al. [82], over 4 weeks
The model takes into account that rates of lipolysis, lipid oxida-
tion, hormone sensitivities take time to adjust after a change of
diet [12]. For example, on changing to a very low carbohydrate
(LC) diet, ketosis may take days to weeks to stabilise [83-85].
The model simulations agreed with the experimental evidence,
that fat mass loss on the LC diet over a few weeks was no faster
than that experienced on the baseline high carbohydrate (HC)
diet. However, fat mass loss is predicted to be faster over six
months, on a LCHF diet compared to a HCLF diet, as summarised
below.
When changing from a LCHF or ketogenic diet to a HCLF diet,
lipid oxidation rates will initially be high while TGin will be low.
This change is likely to favour short-term fat mass loss, unlike
the change from a HCLF diet to a LCHF or ketogenic diet (when
at first lipid oxidation rates will initially be low while TGin will
be high). Hence extrapolating fat mass losses from short-term fat
mass loss trials lasting only a few days to a few weeks to longer
time frames may not be appropriate, given that when changing
from a HCLF diet to a LCHF or ketogenic diet or vice versa,
initially, the LCHF approach is predicted to be relatively slow
and the HCLF diet is predicted to be relatively fast [8, §5.2.2].

2. Weight loss over six months to two years: The robust weight loss
trend predicted by the model (and reported earlier [8]) is the
higher speed with which the LCHF trajectory approaches steady
state. After six months, the LCHF diet is predicted to result in
a lower fat mass, showing double the fat mass loss than the
HCLF diet. After 1-2 years, this difference closes, the HCLF diet
catching up. These predictions are in agreement with the ob-
servations made by the authors of meta-analyses of randomised
controlled trials comparing LC and LF diets [86,87] and with
observations [88-90].

3. VLDL-TG is a fast variable, changing rapidly in response to
changes in CHOin, over days to weeks, see [26,91].

4. Hepatic steatosis (defined as at least 5% of organ mass as lipid)
corresponds to HLipid at least 2.4 g/dl. The starting point for the
(black) low energy trajectory has HLipid approximately equal to
3.2 g/dl, about double the healthy value at the MCMF steady
state (1.5 g/dl). This is consistent with the evidence in [9,16,73].

5. Bariatric surgery for the obese or overweight (which results in
calorie restriction) also initiates a loss of HLipid and PLipid
as well as remission from type 2 diabetes. In one experiment,
lipid content was measured at baseline and after 6 mo [81]. On
average, about 75% of HLipid was lost and slightly over half
of the PLipid. Bariatric surgery shows remission from type 2
diabetes in one week [6,15,76]. Model predictions (low energy
diet trends) are consistent with these measurements.

6. Over five days of overfeeding CHO, it was recorded that HGP
rose rapidly [12], in a dose-dependent way. Hence, the rapid
rise in G (due to elevated HGP) on the HCMHF diet is consistent
with experiment.

6.3. Comparison with published hypotheses

6.3.1. The twin cycle hypothesis

The model was formulated with the twin cycle hypothesis [16] in
mind in which it is assumed that PLipid increases after HLipid has
reached saturation on diets of excess energy. Interestingly, the simpler
assumptions in the model are sufficient to obtain results in excellent
agreement with observation. In the model, HLipid and PLipid increase
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and decrease concurrently on weight gain and weight loss diets, re-
spectively. The effects of the gains or losses in these lipids occur on
different timescales. Hepatic insulin sensitivity decreases rapidly (and
hence hepatic glucose production increases rapidly) with increasing
hepatic lipid (in as little as a few days to a few weeks) and vice versa.
The elevated HGP corresponding to six years on the HCMHF weight
gain trajectory is predicted to return to the MCMF steady state level
after one week on the LE diet. The effect of changing pancreatic lipid
levels on beta-cell differentiation is seen much later, after months to
years. See Figs. 3-10.

6.3.2. Calorie restriction, not weight loss, initiates remission from over-
weight type 2 diabetes

Model predictions are consistent with the observation that remission
from type 2 diabetes occurs much faster than a loss of fat mass [6,15,
16]. Given the timing, a loss of fat mass is not thought to be the cause of
remission from overweight type 2 diabetes. Instead, modelling predicts
that calorie restriction, such as the change to a weight loss diet or
bariatric surgery, initiates both the remission and the associated weight
loss. This change causes both G and F to fall, on different timescales,
consistent with the many positive associations between weight loss and
remission from overweight type 2 diabetes reported in the literature [5,
10]. Weight loss is observed to follow rapid remission from type 2
diabetes after calorie restriction, both in dietary clinical trials [6,15,16]
and after bariatric surgery [6,92,93]. Hence, the notion that weight loss
initiates remission from type 2 diabetes is not supported.

6.3.3. Personal fat thresholds

The concept of a personal fat threshold (PFT), below which remis-
sion would likely be maintained, is useful when advising patients [94]
but needs to be treated with caution. The model predicts that a PFT
depends on the lipid to carbohydrate content of the proposed final
diet. The use of a personal energy consumption threshold has the same
pitfalls. When choosing a final diet, the lipid to carbohydrate ratio
needs to be considered as well as energy content. It was assumed that
protein content is fixed and moderate in all diets except for the LE
diet. The model predicts variation in remission success at a fixed fat
mass loss due to variation in baseline characteristics and choice of diet;
and also variation in remission success at a fixed target fat mass due
to choice of diet. Predictions in remission success are consistent with
observation [1].

6.4. Predicting the potential success of a diet

Assuming reasonable f-cell function, after few weeks on a recovery
diet, fasting plasma glucose, plasma lipid and hormone levels reflect
the steady state of the new diet. The current fat mass may not reflect
the new steady state, since fast variables approach steady state months
or years ahead of slower ones. Hence, after few weeks on a recovery
diet, fasting plasma glucose, plasma lipid and hormone levels may be
used to gauge the potential success of the new diet. The current fat
mass may be a very poor indicator of the potential success of a diet.
Even if g-cell function has declined on a trajectory to overweight type
2 diabetes, a subsequent rapid loss of hepatic lipid is predicted to result
in rapidly increasing hepatic insulin sensitivity and rapidly decreasing
hepatic glucose production, which in turn results in much improved
(lower) fasting plasma glucose, lipid and hormone levels over a short
period of time.

6.5. Why do so many patients relapse?

Is it reasonable to assume that, since fasting plasma levels of glu-
cose, insulin and VLDL-TG are healthy, and have been healthy and
stable for a few weeks or months on a new diet, that the current fat
mass is also healthy? Modelling predicts the answer is no, that one
big mistake is to assume that because G, I and VLDL-TG are currently
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healthy and have been healthy for some time (weeks or months or
longer) that the current fat mass F should be the final goal. Maintaining
the current fat mass could result in exchanging a remission trajectory
to health for a relapse trajectory to overweight type 2 diabetes. For
example, given a moderate-energy diet, the model predicts that one
should stay on the diet. If fat mass is far above the steady state value,
it should gradually decline. Straying to higher energy consumption,
especially to higher carbohydrate consumption, is risky.

The model predicts that leaving a low-energy diet on a diet of excess
energy with a low ratio of lipid to carbohydrate is more likely to lead to
relapse than an isocaloric diet with a high ratio of lipid to carbohydrate.

Advice that works for one person may not work for another, for
example, the advice to lose 15 kg or to aim for a target fat mass. Success
is predicted to depend on baseline characteristics and the carbohydrate
and lipid content of the final diet, assuming fixed and moderate protein
content.

6.6. Fast-slow analysis

Glucose, insulin and lipid dynamics involve processes happening
on multiple timescales. A full model would include the daily fed state
glucose and insulin fluctuations (on a very fast timescale of minutes
to hours). These fluctuations have been omitted to provide the current
long-term model, based on fasting values. The current long-term model
shows three different timescales. For example, biomarker G is fast
(changing rapidly over days to weeks), F is slow (changing over weeks
to months), and f is very slow. The situation is complicated by the fact
that G has a very slow component (due to changes in g-cell mass), as
well as a fast component (due to changes in hepatic lipid and conse-
quent changes in hepatic insulin sensitivity). Equations are written in
terms of F/F,. One could further non-dimensionalise the model and do
a fast-slow-very slow analysis. However, the current long-term model
does not show oscillations and so the analysis and trajectories as plotted
provide a useful picture of the long-term dynamics. It is hoped that the
graphs might be of interest to clinicians and that the fact that standard
units for biomarkers have been used may be of benefit.

The current model could be extended to take account of the daily fed
state fluctuations. However, the equations would become more compli-
cated, since although CHO input and output would still be assumed to
cancel over one day (see Section 3.4), the daily fed state fluctuations
would now be of interest and could no longer be omitted. Hence, the
fasting long-term model, as presented, could be viewed as a submodel
of a model with four timescales (very fast, daily fed fluctuation over
minutes and hours, not included in the current model), fast (changes in
glucose over days to weeks as shown), slow (changes in fat mass over
weeks to months as shown) and very slow (changes in differentiated
p-cell mass as shown).

6.7. Sensitivity to dietary carbohydrate

A comparison of the trajectories for the isocaloric LCHF, MCMF and
HCLF diets allows the reader to gauge the sensitivity of the simulations
to the assumption that altering the CHO content of the diet has an
effect on the fasting/fed hours, insulin and leptin sensitivities and rates
of lipid oxidation and lipolysis. With reference to the MCMF diet, the
LCHF diet corresponds to an increase in fasting hours and increases in
insulin and leptin sensitivities and rates of lipid oxidation and lipolysis.
The HCLF diet corresponds to the opposite scenario. The main effect
is the faster speed at which the LCHF diet approaches steady state,
compared to the HCLF diet, the MCMF diet being intermediate in speed.
This effect is seen over weeks to months. These predictions are in
agreement with the observations made by the authors of meta-analyses
of randomised controlled trials comparing LC and LF diets [86,87] and
with observations in [88-90].

The original model formulation [8] focussed on comparing these
diets and reporting evidence for the assumptions made concerning CHO
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intake. Steady state values for diets of moderate energies do not differ
substantially, see Fig. 9, and it was observed that differences in fat mass
at steady state would probably be judged not statistically significant, if
found experimentally (based on the literature, differences of only a few
kilograms) [8, §5.2.1].

A comparison of the remission/relapse trajectories at a fixed (higher)
fat mass also provides a sensitivity analysis to the effects of dietary
CHO. For example, for F ~ 20 kg, a multiple of the LCHF diet is
predicted to provide better glycaemic control, than a multiple of the
HCLF diet. As F is fixed at higher values, model predictions become
more sensitive to the assumption that altering the CHO content of
the diet has an effect on the fasting/fed hours, insulin and leptin
sensitivities and rates of lipid oxidation and lipolysis. Trajectories were
not plotted for fixed F > 25 kg in Fig. 5, for multiples of the HCLF diet,
since the amount of CHO in the diet would mean extrapolating from
the data in [12]. These diets are out of range of the model. Simulations
at these higher fat masses, not shown, for multiples of the HCLF diet,
suggest that the effect of dietary CHO on the fasting/fed hours, insulin
and leptin sensitivities and rates of lipid oxidation and lipolysis, does
not grow so fast, or at all, at higher multiples. Such a conjecture needs
further investigation.

6.8. Limitations

This study does not apply to those individuals whose hormone
sensitivities, fasting periods and rates of lipid oxidation and lipolysis
do not return to healthy values on recovery diets. It does not take into
account differences in lipid metabolism and storage due to differences
in sex hormone profiles. It does not take into account that a small
proportion of the population, possibly 10%, have parameters which are
independent, or less dependent, on carbohydrate intake than assumed
in this study [12]. It does not distinguish between different types of
carbohydrate and lipid. The model may be adjusted to take account of
all these factors, but this has not been done for this study.

In addition, this study assumes the parameter F,, a lipolysis fat
threshold, is fixed. This value represents a healthy fat mass in the
context of the model. Replacing this fixed value with a range of healthy
values enables the modelling of an increase in adiposity in the absence
of type 2 diabetes on diets of excess energy and hence allows the
modelling of the metabolically healthy but obese (MHO) phenotype.
This is future work.

7. Conclusions

This article addresses the durability of remission from overweight
type 2 diabetes from a modelling perspective: given certain weight loss
advice, is remission predicted, and if so, how durable is it predicted
to be? If subsequent relapse is predicted, how could it be prevented or
minimised? It is a study in fast and slow variables.

The modelling predicts that a fat mass loss of approximately 15 kg
for individuals typical of those on the DiRECT trial would be associated
with borderline success in achieving and maintaining remission from
overweight type 2 diabetes, in the long term. The model predicts rapid
remission on the initial short-term unsustainable low-energy remission
trajectory. Long-term success depends on the final sustainable diet
chosen. If lipid is consumed in preference to carbohydrate, then durable
remission is predicted at higher fat masses.

The modelling does not support the notion that fat mass loss it-
self generates the remission. Instead, the modelling predicts that fat
mass loss and remission from type 2 diabetes are positively associated
as they are both consequences of a change in diet and/or exercise
plan. Assuming constant exercising habits and rates (lipolysis, lipid
oxidation) and hormone sensitivities (insulin and leptin) that adjust
with carbohydrate intake, a change to a diet lower in energy and no
higher in carbohydrate content causes fat mass loss and a lowering
of fasting plasma glucose, insulin and VLDL-TG levels. Fat mass loss



C.Z.W. Hassell Sweatman

happens slowly. The lowering of fasting plasma glucose, insulin and
VLDL-TG levels has a rapid component (linked to a fast reduction in
hepatic lipid) and, in the case that g-cell function is recovering, a very
slow component (linked to a fast reduction in pancreatic lipid which
takes longer to have an effect). The cause of remission or relapse is the
change in diet. This view of cause and effect, and an appreciation of
slow and fast variables, helps to frame advice.

Modelling predicts that the fast biomarkers G, I and VLDL-TG are
good indicators of the potential success of the diet, with the caveat that
a low-energy (and hence unsustainable) diet should only be followed
until fat mass is healthy, no longer. The model predicts that a low-
energy diet steady state fat mass could be very low. In this study, it is
assumed that one would change from a low-energy diet to a moderate-
energy diet before fat mass falls below healthy values. The potential
success of the chosen diet can be judged a few weeks after starting by
measuring G, I and VLDL-TG. If the values are healthy, then the patient
may assume that the diet is a reasonable long-term choice, with respect
to lipid and carbohydrate content, unless it is a low-energy diet.

For overweight individuals with type 2 diabetes, the predicted and
observed rapid lowering of G, I and VLDL-TG after a change to a diet
of moderate or low energy is excellent news. These healthy outcomes
are both predicted and observed to precede a loss of fat mass. Such
knowledge may encourage adherence to a new diet.

The timing assumptions in the model are simpler than those in
the twin cycle hypothesis. In the model, the liver and pancreas fill
rapidly and concurrently with lipid on a diet of excess energy. Similarly,
these organs show lipid loss rapidly and concurrently with calorie
restriction. The effects of the changes in lipid in these organs occur
on different timescales. Hepatic insulin sensitivity decreases rapidly,
and hence hepatic glucose production increases rapidly, with increasing
hepatic lipid (over days to weeks) and vice versa. The effect of changing
pancreatic lipid on beta-cell differentiation is seen much later. The
two effects correspond to the fast and very slow components of fasting
plasma glucose and insulin concentrations.

Simulations enable the classification of three different kinds of
advice for overweight patients with type 2 diabetes seeking remission.

1. The risky option: follow a low-energy diet, then maintain fat
mass once fasting plasma glucose, insulin and VLDL-TG levels
have been stable and healthy for a few weeks. Relapse is pre-
dicted to follow short-term remission if the chosen fat mass
is too high. The fat mass threshold depends on the lipid to
carbohydrate ratio of the diet, assuming fixed and moderate
protein content.

2. The fastest option: follow a low-energy diet for a few weeks,
then change to a diet of moderate energy. Durable remission is
predicted in one week in the scenarios investigated.

3. The simplest option: follow a diet of moderate energy. Durable
remission is predicted in one to four weeks in the scenarios
investigated, depending on the carbohydrate content of the final
diet.

The relapse diets investigated in this study are weight-maintaining.
However, relapse diets are not necessarily weight-maintaining. The
steady state value of G for the final diet determines the final outcome,
remission or relapse. The model predicts that advice should be given in
terms of parameters (diets), not variables. Given a diet, the steady state
determines the long-term outcome. Hepatic lipids, pancreatic lipids,
skeletal muscle lipids and plasma concentrations of glucose, insulin,
leptin, glucagon, VLDL-TG and NEFA are predicted to adjust quickly to
a new diet, in a few weeks. Fat mass is predicted to follow in time, over
weeks, months and years. The differentiated g-cell mass is even slower
to adjust to near steady state. The variables G and I have both a fast
component and a very slow component, corresponding to fast changes
in hepatic lipid and hepatic insulin sensitivity and to very slow changes
in the mass of differentiated g-cells, respectively. Modelling suggests
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that one should choose the diet wisely, not the target fat mass, and be
patient. A moderate energy diet is predicted to result in remission and
is the simplest recovery option investigated.
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Appendix A. Insulin and leptin sensitivities

Insulin and leptin sensitivities are modelled dependent on both
variables and parameters. The latter take account of diet. Other factors
such as exercise and gut microbes may have an effect but are beyond
the scope of this version of the model [95]. Exercise habits are assumed
to be moderate and constant. The causes of loss of insulin sensitivity
(resistance) have been investigated and debated for decades.

1. The cause may be chronic postprandial hyperinsulinemia on a
HC diet [96], too much lipid in various organs, high levels of
leptin in adipocytes, genetic, or a combination thereof. Elevated
HGP occurs after only 5 days on a HC diet, a form of hepatic
insulin resistance [13].

2. Low carbohydrate diets provide superior glycaemic control (in-
creased insulin sensitivity) than high carbohydrate diets [97].

3. It was reported that severely obese patients with a high preva-
lence of diabetes or the metabolic syndrome lost more weight
during six months on a carbohydrate-restricted diet than on a
calorie and fat restricted diet, with a relative improvement in
insulin sensitivity and triglyceride levels, even after adjustments
for weight loss [98].

4. A diet that partially replaces carbohydrate with unsaturated fat
may improve insulin sensitivity in a population at risk for cardio-
vascular disease [99]. This study was a randomised, controlled,
three-period, crossover feeding study (the Omni Heart trial).

5. Meta-regression analyses show that HbA,, fasting glucose and
triglycerides improved with lower carbohydrate content diets
in patients with type 2 diabetes [100]. This demonstrates that
hepatic insulin sensitivity improves (increases) on lower carbo-
hydrate diets, since the higher hepatic insulin sensitivity lowers
HGP [15]. Also, hepatic lipids decrease on lower carbohydrate
content diets, resulting in lower fasting triglycerides.

6. In a small group of obese patients with type 2 diabetes, a
low-carbohydrate diet followed for two weeks resulted in spon-
taneous reduction in energy intake to a level appropriate to
their height; weight loss that was completely accounted for by
reduced caloric intake; much improved 24-hour blood glucose
profiles, insulin sensitivity, and HbA, ; and decreased plasma
triglyceride and cholesterol levels. The long-term effects of this
diet, however, remain uncertain [37]. In practice, the LC diet
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was achieved by reducing the carbohydrate content of the base-
line usual diet, from 300 g/d to 20 g/d, fat and protein (although
unrestricted) changed little. Insulin sensitivity improved by 75%
in two weeks.

7. It is assumed that ectopic lipid accumulation in skeletal muscle,
the liver and the pancreas impairs insulin sensitivity in these
tissues [51,101].

In order to model the dependence on variables, for example periph-
eral insulin sensitivity decreasing with increasing ectopic muscle lipid,
a function f : [0, 00) — [0, o) is required such that f(1) = 1, f is near to
its maximum near x = 1 and f decreases asymptotically to some smaller
positive value, for example to 0.5, as x — oo. The following function
was chosen, although others were investigated. The model behaviour
was not found to depend on the exact function chosen. Let

f(x)=0.5< "+12> +0.5.
n+x

(A.1)

Then f(0) = (%) + 1.0, f(1) = 1 and lim,_, o, f(x) = 0.5. The value
n = 3.24 was chosen, giving f(0) = 1.1543.

Let F,, L, NEFA,, MLipid,, HLipid,, PLipid, and VLDL-TG, be typi-
cal healthy values for fat mass and fasting plasma leptin, NEFA, MLipid,
HLipid, PLipid and VLDL-TG concentrations, roughly corresponding
to the MCMF steady state variable values. Let AS;, PS;, HS; and
ACS be the reference insulin sensitivities for adipose tissue, peripheral
(skeletal muscle) tissue, hepatic tissue and a-cells (pancreatic cells
which secrete glucagon), respectively. Then, for example, adipose tissue
insulin sensitivity is modelled by AS;f,s, 845, where the effect of
variables is modelled by

Sas; = as(f(L/L)™ + (1 = ay), (A.2)

and a, € [0,1]. Setting a, = 0 models no effect and setting a, = 1
models the maximum effect considered here. Leptin is thought to be an
insulin-sensitiser in leptin sensitive (usually non-obese) subjects [102]
although prolonged exposure to higher levels of leptin is thought to
lead to insulin insensitivity in adipocytes [103]. The insulin-sensitising
effect of leptin may be partly due to leptin-induced increased oxidation
of lipids.

The parameter dependence is modelled by the function g, which is
defined in terms of CHO intake and which has a reference value equal
to one. Let

CHOin

— CHOin A3
YeHO = CHOIn, A-3)

denote a carbohydrate ratio. This yields a measure of carbohydrate
intake, relative to a moderate reference quantity, CHOin,. The latter
would be expected to change with exercise habits. Let

13

T3+ x2
so g(0) = 1.3, g(1) = 1.0 and lim,_,, g(x) = 0.3. The parameter de-
pendence of the insulin and leptin sensitivities is modelled by g(ycpo)-

Then adipose insulin sensitivity is modelled by AS; f4s,g, peripheral
insulin sensitivity is modelled by P.S; fpg, g where

g(x) +0.3 (A.4)

fps, = ap(f(MLipid/MLipidy)”2 + (1 ap). (A.5)
hepatic insulin sensitivity is modelled by H.S; fy 5, & where
fus, = ay (f(HLipid/HLipidy))?3 + (1 — ag) (A.6)

and o-cell insulin sensitivity is modelled by ACS} f4cs,§ where

facs, = a4c(f(PLipid/PLipid())** + (1 — ay¢). (A7)

It is assumed that ectopic lipid accumulation in skeletal muscle, the
liver and the pancreas impairs insulin sensitivity in these tissues [51,
101].

25

Mathematical Biosciences 371 (2024) 109180

Leptin sensitivity is modelled by S, fs, g, where

fs, = ar(f(VLDL-TG/VLDL-TGo)V’s(f (F/Fy))’s + (1 - a;) (A8)

represents a scaling of leptin sensitivity with VLDL-TG and F, since
it has been reported that triglycerides induce leptin resistance at the
blood-brain barrier [104] and observed that obese individuals appear
to be leptin resistant [105]. Here a; € [0, 1]. The independent scaling
factor .S; = 1 in the reference scenario. The power of f used determines
the minimum value for the scaling term, for example, if ap = 1, then
/ps, has a minimum of 0.5%2. These powers may be altered to adjust
the scale of the modulation. The values p; = p, = p; = p, = 2 and
ps=ps=1and a, =ap =ay =a,c =a; =1 were used in this study.
Leptin sensitivity is difficult to measure, There is, as yet, no standard
way to do this [106,107]. The very high values of leptin levels seen
in obese people are considered to be a sign of loss of sensitivity
(resistance) [103]. Factors considered to affect leptin sensitivity:

1. Hyperleptinemia is thought to cause leptin resistance [95].
Hence it could be conjectured that a HC diet, especially a high
glycaemic index diet, could cause leptin resistance, given that
high daily insulin concentrations stimulate high leptin secretion.

2. Overfeeding CHO in healthy women caused leptin levels to rise,
but overfeeding of fat did not [107].

3. The removal of fructose from high fat diets can reverse leptin
resistance and hyperleptinemia [107].

4. Evidence has shown that diet components are linked to the
impairment of the leptin system. Diets high in fat, carbohydrates,
and specific sugars, such as fructose and sucrose, as well as low
in protein are associated with markers of leptin resistance [107].

5. LC diets are associated with lower insulin and leptin levels, and
are thought to increase leptin sensitivity, assuming lipid intake
is not excessive [36,37].

6. Physical exercise is thought to relieve endoplasmic reticulum
stress thereby increasing leptin sensitivity [95].

7. High levels of VLDL-TG are thought to block leptin at the blood-
brain barrier hence decreasing leptin sensitivity [104].

8. Physical exercise is thought to increase VLDL-TG clearance
rates [108-110], thereby raising leptin sensitivity.

9. A higher fat mass secretes more leptin [103] and hence may

cause a loss of leptin sensitivity via hyperleptinemia [107].

Inflammation of the hypothalamus is associated with obesity and

can cause leptin resistance [95].

Hypertrophic adipocytes secrete more leptin and the leptin to

adiponectin ratio was found to be a potentially useful measure

of insulin resistance. In summary, leptin and insulin resistance

seem to occur together [39].

10.

11.

In the model, leptin sensitivity is assumed to change on the following
timescales

1. fast, with CHOIn, via g(ycpo), since ycpo is assumed to adjust
from one diet to another in a matter of a few weeks (see
Appendix B)

2. fast, with VLDL-TG, via (f(VLDL-TG/VLDL-TGy))"s

3. and slow, with F, via (f(F/F,))s.

Appendix B. Modelling transient changes in parameters

Transient changes in parameters that may occur when changing
from one diet to another should not be ignored in short-term modelling.
For example, when changing from an old diet to a new diet, leptin sensi-
tivity and adipocyte, peripheral, hepatic and a-cell insulin sensitivities,
the rate of lipid oxidation, the rate of lipolysis and VLDL-TG clearance
rates may take some days or weeks to adjust, depending on the diets
and the individual. To take account of short term transients caused by
altering carbohydrate intake, sensitivities and rates were replaced by
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time dependent versions, assuming settling times of 3-4 weeks. Phinney
and co-workers have found that it takes at least one week and possibly
more than six weeks (the duration of their trial) to adapt to ketosis,
during which lipid oxidation and lipolysis rates change [83-85]. These
transient changes are of no consequence when determining steady state
variable values but do alter short-term time courses. More background
may be found in the original model description [8]. In summary,
g(ycho) was replaced by a function g(CHOin, CHOin,, CHOin, 1),
abbreviated to g(¢), where

previous>

C
14ek

¢ =2(g(¥cuo) _g(YCHO,previous))’ d= 2g(yCHO,previous) —8(ycho)> k =0.01,

&n= +d (B.1)

CHOinprevious
CHOin,

and CHOIneyioys is the carbohydrate intake for the previous diet. Then

YCHO,previous = (B.2)

CHOinprevious
CHOin,

CHOin
CHOin,

£0) = g( ) and Jim 2(r) = ¢ +d = g( ).

Appendix C. Lipid oxidation and lipolysis rates

Lipid oxidation and lipolysis rates were estimated from published
experimental data [12] by quadratic regression to obtain

Frox(x) = (5291 X 1077x% — 0.00242222x + 1.51926)/0.79
and
rri(x) = (7.3796 X 1077x% = 0.00213275x + 1.92354)(152.80)/1.31

where
_ 342 x CHOIin
CHOin,
To take account of a change of diet, time dependent versions of r;,,

and r;; were used in the simulations, defined in a similarly way to g(?).
See Appendix B.

Appendix D. Lipid housekeeping at reference parameters

The following assumptions were made [8]. Triglyceride intake into
adipocytes is due to the arrival of dietary chylomicron triglyceride (CM-
TG, fed) and VLDL-TG (fed and fasting). The daily rate of appearance
of CM-TG is called TGin in the model. TGin is shared between tissues as
detailed below. The reference daily dietary triglyceride intake TGin, =
100 g [35]. This is partitioned, assuming a healthy reference state, as

1. 45 g to adipose tissue [35],

2. 23 g TG converted to NEFA spillover, since spillover fatty acids
may constitute 40%-50% of the total plasma NEFA pool in the
postprandial period [32,57]; delivering 5 g to liver, 16 g to
muscle and 2 g to heart,

3. 25 g as CM-TG remnants (TG to liver on chylomicron rem-
nants [35])

4. and 7 g CM-TG to skeletal muscle.

Skeletal muscle daily

1. receives 0.07 x TGin (as CM-TG), 7 g (fed),

2. (16/23) x 0.23 x TGin, spillover, 16 g (fed),

3. 29 g TG equivalent from NEFA, (fasting, Ref. [35] gives 20 g as
an estimate)

4. and 10 g TG from VLDL (fed and fasted, see Section 3.11).

5. The sum of VLDL-TG and CM-TG is 17 g, [35] gives 10 g as an
estimate.

6. Losses due to f-oxidation are assumed to be 62 g,

7. equating to 62 g TG in and out.
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Pancreatic lipid balance is modelled on skeletal muscle lipid bal-
ance, with the addition of PDNL. The amounts are scaled by the ratio
of organ masses, assuming skeletal muscle mass is half LBM.

Hepatic TG balance: The liver daily

1. receives 0.25 x TGin (as CM-TG remnants), 25 g (fed) [35],

2. receives 0.22 x 0.23 x TGin, spillover, 5 g (fed),

3. and receives NEFA, assuming 10% recycled to adipose tissue,
then 32% of the remainder is delivered to the liver, equivalent
to 19 g TG (fasting) [35],

4. makes 1 g TG (HDNL) [12,35],

5. loses 20 g TG secreted on VLDL (total production of VLDL-TG in
nondiabetics given as 250 mg per day per kg [59]), assuming 8
g fed and 12 g fasted [60],

6. and loses 30 g TG through pg-oxidation (balances intake),

7. equating to 50 g TG in and out [61].

Adipose tissue daily

1. receives 0.45 X TGin (as CM-TG, fed),

2. and 10 g TG from VLDL, fed and fasted, since approximately 50%
of VLDL-TG is oxidised and 50% is stored [53],

3. makes 1 g ADNL [12,33], inhibited by leptin [103] and glucagon
[111] and stimulated by insulin (fed) [32,112] and CHO con-
sumption [12]

4. loses 66 g due to lipolysis [33], inhibited by insulin, this rises
with excess fat mass (fasted)

5. recycles 10%, that is 6 g, of the lipolysed TG back to adipose
TG [113]

6. the 60 g TG lipolysed and not recycled comprises 29 g to skeletal
muscle, 19 g to liver [35] 12 g to heart [114]

7. and loses 4 g through p-oxidation, scaled by fat mass (balances
intake)

8. equating to 62 g TG in and out.

Plasma VLDL-TG balance: The blood daily

1. receives 20 g from liver,

2. delivers 10 g to skeletal muscle, 10 g to adipose tissue, see
Section 3.11,

3. equating to 20 g TG in and out.

Plasma NEFA balance: The blood daily

1. receives the equivalent of 60 g TG as NEFA from adipose tissue,
delivering 29 g to skeletal muscle, 19 g to liver, 12 g to heart

2. receives the equivalent of 23 g TG as NEFA from spillover,
delivering 5 g to liver, 16 g to muscle and 2 g to heart.

3. equating to 83 g TG in and out.

These estimated values would be expected to change with changes
in diet and associated hormone concentrations and sensitivities.

Appendix E. Model comparison

A 2008 study of the dynamics of human body weight change [115]
describes a model of changes in energy in the body and models three
biomarkers, namely fat, protein and glycogen. Protein and glycogen are
combined into lean mass. The 2008 model is compared to the model
described in this article, the 2023 model, with eleven biomarkers. In
the 2008 model, glycogen stores are ignored in the long-term modelling
(as in the 2023 model). The fast dynamics (daily fluctuations in the
fed state) are averaged out, leaving the slower dynamics (as in the
2023 model). An assumption [115, equation 12] is made that means
one cannot model fat mass increasing while lean mass is constant
(undefined derivative). The 2023 model does allow for such a scenario,
in fact it assumes such a scenario, although it could be generalised to
include lean body mass changing in time. Two recent studies on the
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durability of type 2 diabetes remission using a very low carbohydrate
diet (VLCD) show changes in lean body mass are very small (of the
order of 1 kg) while change in fat mass are significant (of the order
of 10 kg) over a few weeks of a VLDC [74,75]. Hence the two models
differ substantially.

The two models also take different approaches to simplifying the
model equations. The 2008 model takes a moving average over days,
while the 2023 model simply assumes all CHO consumed is oxidised,
stored as glycogen or converted to lipid over one day.

The 2008 study describes two classes of model, the first class has one
unique body composition and mass per diet and energy expenditure, at
stable steady state. In the second class, per diet and energy expenditure,
there is a continuous curve of fixed points, described as an invariant
manifold, with an infinite number of possible body compositions and
masses at steady state. In the 2023 model, a spectrum of fat mass at
the same energy intake may be obtained, at steady state, by varying the
CHO to lipid ratio (one parameter steady state continuation). Lean mass
is assumed constant. Such a continuation curve (not shown) could be
considered an invariant manifold with respect to energy consumption.
For example, the steady states for the LCHF, MCMF and HCMF diets
are points on such a continuation curve.

The authors of the 2008 model state that there does not seem
to be evidence of multiple fixed (stable, physiological) points or in-
variant manifolds as described. Steady state behaviour can change
when models are reduced to lower dimensions, using one variable
as a proxy for another; or when increased to higher dimensions, no
longer using one variable as a proxy for another. It is possible that,
in reducing dimensions, the steady state behaviour in the 2008 model
has changed. For example, in the Topp model [22], a limit point exists,
at physiological values of biomarkers. However, this disappears when
glucotoxity is no longer used as a proxy for lipotoxicity (df/dt is no
longer a quadratic equation in G, instead it depends on both PLipid
and G).

In summary, the two models show both differences and similarities
as well as different approaches.
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