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Abstract: Most studies on ketosis have focused on short-term effects, male athletes, or weight loss
Hereby, we studied the effects of short-term ketosis suppression in healthy women on long-stand-
ing ketosis. Ten lean (BMI 20.5 + 1.4), metabolically healthy, pre-menopausal women (age 32.3 + 8.9)
maintaining nutritional ketosis (NK) for >1 year (3.9 years + 2.3), underwent three 21-day phases;
Nutritional ketosis (NK; P1), suppressed ketosis (SuK; P2), and returned to NK (P3). Adherence to
each phase was confirmed with daily capillary D-beta-hydroxybutyrate (BHB) tests (P1=1.9 +0.7;
P2=0.1+£0.1; and P3 =1.9 + 0.6 mmol/L). Ageing biomarkers and anthropometrics were evaluated
at the end of each phase. Ketosis suppression significantly increased: insulin, 1.78-fold from 33.60 (+
8.63) to 59.80 (+ 14.69) mmol/L (p = 0.0002); IGF1, 1.83-fold from 149.30 (+ 32.96) to 273.40 (+ 85.66)
ug/L (p = 0.0045); glucose, 1.17-fold from 78.6 (+ 9.5) to 92.2 (+ 10.6) mg/dL (p = 0.0088); respiratory
quotient (RQ), 1.09-fold 0.66 (+0.05) to 0.72 (+ 0.06; p = 0.0427); and PAI-1, 13.34 (+6.85) to 16.69
(+ 6.26) ng/mL (p = 0.0428). VEGF, EGF and monocyte chemotactic protein also significantly in-
creased, indicating a pro-inflammatory shift. Sustained ketosis showed no adverse health effects, it
may mitigate hyperinsulinemia without impairing metabolic flexibility in metabolically healthy
women.
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1. Introduction

The 21st century bears the hallmark of an ageing global population, in an estimated 8
billion people by 2023 [1]. By 2030, one in every six Europeans are expected to be aged
over 60 years, and by 2040, a quarter of older adults will surpass 85 years of age [2]. This
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demographic shift gains paramount significance when viewed through the prism of 47
health implications associated with ageing. In 2019 and 2022, the leading cause of death 48
for females in England and Wales, was Alzheimer’s disease (AD) and other dementia’s 49
[3], followed by cardiovascular disease (CVD) and stroke, as well as cancers including: 50
tracheae, bronchus and lung; colon and rectum; prostate; breast; and lymphomas and 51
multiple myeloma [4]. These diseases also top the leading causes of death in the United 52
States, with CVD leading, closely followed by AD and cancers (WHO, 2019). Analysed 53
data of 8,721 participants from the National Health and Nutrition Examination Survey 54
2009-2016 showed that the proportion of metabolically healthy Americans decreased from 55
19.9% to 12.2%, which means 87.8% were metabolically unhealthy and on the hyperin- 56
sulinaemia spectrum [5,6]. Ageing is associated with increased risk and rates of non-com- 57
municable chronic diseases, including CVD, AD, hypertension, type 2 diabetes mellitus 58
(T2DM), metabolic syndrome (MetS), non-alcoholic fatty liver disease (NAFLD), chronic 59
inflammation, and cancer [6]. These conditions detrimentally affect quality of life, health- 60
span, and lifespan. Specifically, MetS emerges as a direct consequence of chronic hyper- 61
insulinaemia, which is closely linked to inflammation [6-9]. 62
Lifespan, healthspan and cellular health are greatly influenced by nutrient availabil- 63
ity. When the availability of nutrients is low, cells prioritise essential functions over cell 64
division, which slows progression through their replicative cycles preserving their Hay- 65
flick limit [10]. Carbohydrate restriction (CR) and fasting have been shown to extend 66
lifespan [11]. Cells are capable of sensing energy availability and nutrient types, activating 67
intracellular signalling pathways to stimulate anabolic or catabolic processes which affect 68
cellular health and longevity [12-14]. Glucose, fatty acids, D-beta-hydroxybutyrate (BHB) 69
and protein metabolic substrates serve as indicators of the body’s overall metabolic con- 70
dition and nutrient availability. CR and fasting induce a metabolic phenotype called ke- 71
tosis [8], characterised by decreased glucose and insulin levels and elevated BHB concen- 72
tration; this state is termed nutritional ketosis (NK) when detectable plasma BHB concen- 73
tration begins to exceed > 0.3 mmol/L and < 10 mmol/L, with endogenous insulin produc- 74
tion below a level that inhibits ketogenesis [8]. 75
Chronic insulin secretion and signalling, driven by dietary sources of glucose, leads 76
to hyperinsulinaemia and/or insulin resistance, and consequently chronic diseases which 77
decrease healthspan by accelerating cellular growth and division whilst impeding apop- 78
tosis and promoting production of inflammatory cytokines. Reducing insulin and insulin- 79
like growth factor receptor signalling (IIS) as well as increasing BHB has been found to 80
increase lifespan and healthspan in model organisms and animal studies [11,15-17]. Con- 81
versely, ketosis has been shown to increase healthspan and lifespan through mechanisms, 82
such as promoting transcription of longevity-related genes, increasing autophagy, mi- 83
tophagy and mitochondrial biogenesis, and enhance antioxidant production [6,17-20]. 84
Fasting mimicking diets (FMDs), including ketogenic diets, upregulate beta-oxidation, ke- 85
togenesis and ketolysis, enhance mitophagy, increase mitochondrial biogenesis and alter 86
gene expression promoting oxidative stress responses and cell survival [6,21-24]. 87
Historical and emerging research demonstrates the positive impact of ketogenic met- 88
abolic therapy (KMT) in treating and preventing neurological diseases, CVD, cancer, 89
T2DM and chronic inflammation [25]. Insulin negatively regulates 3-hydroxy-3-methyl- 90
glutaryl-COA (HMG-CoA) synthase the rate limiting enzyme for ketogenesis [19,26]. Di- 91
etary farinaceous and sucrose rich foods are potent stimulators of bolus insulin secretion 92
[8,27]. Repeated bolus glucose excursions chronically stimulate bolus insulin synthesis 93
and release, and over time downregulate ketogenesis enzyme expression, leading to 94
chronic hypoketonaemia [8,26,28]. There are a paucity of trials studying long-standing 95
ketosis metabolically healthy individuals, that sustain ketosis as their normal metabolic 96
phenotype 1 lifestyle [8], and even fewer on active, yet non-athletic females. We, therefore 97
studied the effect of suppressing ketosis for 21 days in this demographic cohort. In order 98
to suppress ketosis, participants followed the Standard U.K. (SUK) dietary guidelines, 99
which recommend the daily consumption of at least 267 g of carbohydrate per day for 100
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Fat mass (kg)

women [29]. Following the intervention to suppress ketosis, participants returned to NK,
and were reassessed 21 days later, to better understand if changes seen after suppression
of ketosis for 21 days were due to the intervention, and to investigate metabolic flexibility.

2. Results

2.1 Suppression of ketosis increases BMI and fat mass

Following 21-days suppression of ketosis (SuK), phase 2 (P2), there were significant
increases in both weight from baseline NK, phase 1 (P1) 52.99 kg (+ 4.24) to 55.65 kg (+
4.10, P2; p = 0.0002) and BMI from 20.52 (+ 1.39, P1) to 21.54 (= 1.30, P2; p < 0.0001) in all
participants, compared to NK; P1 (Table 1). Fat mass and TBW also increased from 14.21
kg (+2.55, P1) to 15.88 kg (+ 2.23, P2; p = 0.0008) and from 28.15 L (+ 2.87, P1) t0 29.15 L (+
2.96, P2; p = 0.0016), respectively (Table 1). Additionally, both waist-to-hip and waist-to-
height ratios increased significantly in P2 compared to P1 (Table 1).

These trends then reversed after the removal of SuK, at the end of 21-days reverting
to NK phase 3 (P3), compared to P2. Both weight (53.93 kg + 4.04; p < 0.0001, P3) and BMI
(20.82 + 1.46; p = 0.0025, P3) trended back towards baseline in all but one participant,
where only a small increase in weight was observed (+0.2 kg). Concordantly, the decreases
in weight between the phases were accompanied by significant decreases in fat mass
(14.78 kg + 2.20; p = 0.0057, P3) and TBW (28.42 L + 3.15; p = 0.0026, P3). These changes
were also accompanied by decreases in both waist-to-hip and waist-to-height ratios (Ta-
ble 1).

RQ increased in most participants (80%) following P2 (0.66 + 0.05, P1 to 0.72 + 0.06,
P2; p = 0.0427; Figure 1). After removal of the intervention at the end of P3, we observed
a decrease in RQ in all participants, returning to their baseline (0.65 + 0.06, P3; p = 0.0005;
Figure 1). There were no changes in either systolic or diastolic blood pressure across all
the study phases (Table 1).

Table 1. Participants’ characteristics. Measurements were taken following each of the study phases:
baseline nutritional ketosis (NK) P1; intervention suppress ketosis (SuK) P2; and removal of SuK
returning to NK P3; Measurements were taken at 8 am after a 12-hour overnight fast; (n = 10).

P1 P2 P3 ANOVA PlvsP2 P2vsP3 PlvsP3
p value

32.30 (+8.97)

160.95 (+ 7.28)
52.99 (+ 4.24) 55.65 (+ 4.10) 53.93 (+ 4.04) <0.0001 0.0002 <0.0001 0.7888
20.52 (+ 1.39) 21.54 (+ 1.30) 20.82 (+ 1.46) <0.0001 <0.0001 0.0025 0.0197
0.75 (+ 0.03) 0.77 (+ 0.03) 0.74 (+ 0.03) <0.0001 0.0015 <0.0001 0.5361
0.43 (+0.03) 0.45 (+ 0.03) 0.43 (+ 0.03) <0.0001 0.0009 <0.0001 >0.9999
14.21 (+ 2.55) 15.88 (+ 2.23) 14.78 (+ 2.20) <0.0001 0.0008 0.0057 0.1016
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TBW (L)

RQ

Systole

(mmHg)

Diastole

(mmHg)

28.15 (+ 2.87) 29.15 (+ 2.96) 28.42 (+3.15) 0.0005 0.0016 0.0262 0.3473
0.66 (+ 0.05) 0.72 (£ 0.06) 0.65 (+ 0.06) 0.0096 0.0427 0.0005 0.8606
103.25 (+ 6.24) 103.70 (+ 10.17) 100.00 (+ 9.54) 0.1455 0.9753 0.1746 0.2274
70.75 (+ 4.91) 69.45 (+ 7.14) 68.15 (+ 7.36) 0.3227 0.8044 0.7147 0.1715
1.0 - * ok
0.8 -
132
o 0.6 -
14
0.4-
0.2 -
P1 P2 P3
Phase

Figure 1. Respiratory quotient (RQ) measurements across all phases. Measurements were taken fol-
lowing each of the study phases: baseline nutritional ketosis (NK) P1; intervention suppress ketosis
(SuK) P2; and removal of SuK returning to NK P3; RQ was determined by indirect calorimetry.
Measurements were taken at 8 am after a 12-hour overnight fast; (n = 10); * p < 0.05; *** p < 0.001.

2.2. Adherence

Based on the study protocol, participants were required to self-report 252 capillary
BHB concentrations: 84 tests across each of the phases (Figure 7). The number of fulfilled
tests and percentage of completed tests out of the possible 252 for all participants is shown
in Table 2. The average percentage of successful tests was 99.37%, with 4 participants
completing 100% of all 252 potential tests.

The mean capillary BHB concentration significantly decreased from 1.9 mmol/L (+
0.7) in the baseline ketosis phase (P1) to 0.1 mmol/L (+ 0.1) following the suppression of
ketosis phase (P2; p < 0.0001). During P3, mean capillary BHB concentration increased
significantly (p < 0.0001) and returned to baseline (1.9 + 0.6 mmol/L). The maintenance of
high mean capillary BHB concentrations (> 0.5 mmol/L) during P1 and P3 indicated that
all participants adhered to the requirements to maintain ketosis during these phases. Sim-
ilarly, the low levels of BHB during P2 indicated adherence to the study protocol, whereby
participants effectively suppressed nutritional ketosis (Table 2).
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Participant

1011

1021

1031

1041

1051

1061

1071

1081

1091

1101

Mean

Table 2. Summary of fulfilled capillary BHB testing for all study participants across all phases (P1
— P3). Measurements were taken following each of the study phases: baseline nutritional ketosis
(NK) P1; intervention suppress ketosis (SuK) P2; and removal of SuK returning to NK P3; (n = 10).

No of tests taken % of tests fulfilled out of 252

251

252

252

252

251

245

248

250

251

252

250.4

2.15

99.6

100

100

100

99.6

97.22

98.41

99.21

99.6

100

99.37

0.85

Mean Capillary BHB Concentration (mmol/L)

P1

2.7

2.8

2.6

1.5

1.7

0.7

1.7

1.8

1.5

1.9

0.7

P2

0.1

0.1

0.1

0.2

0.1

0.2

0.1

0.1

0.1

0.1

0.1

P3

2.3

2.2

1.8

1.6

1.6

0.8

24

1.2

2.5

24

1.9

0.6

There were variations in capillary BHB concentrations across the daily tests. The
frequencies of tests which satisfied different cut-offs are summarised in Table 3. During
P1 and P3, almost all reported capillary BHB concentrations were > 0.3 mmol/L or > 0.5
mmol/L, which are generally considered the cut-off for ketosis or nutritional ketosis, re-
spectively [8,30]. There were very few tests meeting these thresholds in P2, compared to

P1 and P3 (Table 3).

During P1, 2/252 tests for two participants with capillary BHB concentrations of 0.3
mmol/L, and 8/252 and 2/252 for the same two participants in P2 and P3 (Table 2). There
were no reported capillary BHB concentrations of < 0.1 mmol/L in either P1 or P3 (Table

3).
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Participant

1011

1021

1031

1041

1051

1061

1071

1081

1091

1101

P1

100.00

100.00

100.00

98.81

100.00

94.05

96.30

96.39

98.81

96.43

During P2, the majority of capillary BHB concentrations were < 0.3 mmol/L, with a
significant proportion of readings < 0.1 mmol/L. There were also some instances of capil-
lary BHB readings > 0.3 mmol/L or > 0.5 mmol/L during P2 (Table 3). These tests were
often early in the morning after an overnight fast and during the first days of SuK (data
not shown).

The high level of adherence to testing coupled with the expected high concentrations
of capillary BHB in P1 and P3, and low concentrations of capillary BHB in P2, indicated
high levels of adherence to the protocol throughout the entire study.

Table 3. Percentages of capillary BHB readings categorised as by different cut-offs across the study
phases.

Capillary BHB (mmol/L)

20.5 >0.3 <03 <0.1
P2 P3 P1 P2 P3 P1 P2 P3 P1 P2 P3
2.38 95.18 100.00 4.76 98.80 0.00 95.24 1.20 0.00 28.57 0.00
2.38 88.10 100.00 2.38 94.05 0.00 97.62 5.95 0.00 60.71 0.00
2.38 92.86 100.00 2.38 95.24 0.00 97.62 4.76 0.00 59.52 0.00
0.00 100.00 100.00 8.33 100.00 0.00 91.67 0.00 0.00 13.10 0.00
0.00 97.62 100.00 1.19 98.81 0.00 98.81 0.00 0.00 94.05 0.00
0.00 82.93 97.62 0.00 90.24 2.38 100.00 9.76 0.00 37.97 0.00
4.82 97.62 97.53 4.82 97.62 2.47 95.18 2.38 0.00 1.20 0.00
0.00 90.48 98.80 1.20 95.24 1.20 98.80 4.76 0.00 33.73 0.00
0.00 98.80 100.00 1.19 100.00 0.00 98.81 0.00 0.00 21.43 0.00
0.00 98.81 100.00 0.00 100.00 0.00 100.00 0.00 0.00 54.76 0.00

2.3. Suppression of ketosis is associated with increases in insulin, IGF-1, glucose and T3
Following P2, fasting insulin significantly increased from 33.60 pmol/L (+ 8.63, P1) to
59.80 pmol/L (+ 14.69, P2; p = 0.0002; Figure 2A) and IGF-1 from 149.30 ug/L (+ 32.96, P1)
to 273.40 ug/L (+ 85.66, P2; p = 0.0045; Figure 2B) compared to P1 (Table 4). This was
accompanied by a significant increase in blood glucose from 4.36 (+ 0.53) to 5.12 mmol/L
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Insulin (pmol/L)

IGF-1 (ug/L)
Glucose (mmol/L)
BHB (mmol/L)
IGFBP-3 (mg/mL)
IGF-1/IGFBP-3'

TSH (mU/L)

Free T3 (pmol/L)
Reverse T3 (nmol/L)

T4 (pmol/L)

(059, P2; p = 0.0088) (in mg/dL: 78.6 (= 9.5) to 92.3 (+ 10.6)); Figure 2C) and decrease in
BHB concentrations from 2.43 (+ 1.28) to 0.18 mmol/L (+ 0.13, P2; p = 0.0012); Figure 2D;
Table 4). Free T3 also significantly increased from 3.81 pmol/L (+ 0.28, P1) to 5.51 pmol/L
(£ 0.72, P2; p =<0.0001; Figure 3B) following P2.

These trends reversed following P3, where we observed significant changes in the
concentrations of insulin (p < 0.0001; Figure 2A), IGF-1 (p = 0.0055; Figure 2B), glucose (p
=0.0177; Figure 2B), BHB (p < 0.0001; Figure 2D) and free T3 (p = 0.0015; Figure 3B; Table
4), compared to P2.

Table 4. Fasted insulin, IGF-1, glucose, and BHB across all phases. Measurements were taken fol-
lowing each of the study phases: baseline nutritional ketosis (NK) P1; intervention suppress ketosis
(SuK) P2; and removal of SuK returning to NK P3; Measurements were taken at 8 am after a 12-hour
overnight fast; (n=10; 'n = 5)

P1 P2 P3 ANOVA PlvsP2 P2vsP3 PlvsP3
p value
33.60 (+ 8.63) 59.80 (+ 14.69) 31.60 (+ 9.38) <0.0001 0.0002 <0.0001 0.5361

149.30 (+ 32.96) 273.40 (+ 85.66) 136.90 (+ 39.60) 0.0015 0.0045 0.0055 0.4124
4.36 (+ 0.53) 5.12 (+ 0.59) 4.41 (+ 0.30) 0.0015 0.0088 0.0177 0.9469
2.43 (+1.28) 0.18 (+ 0.13) 2.31(x0.71) 0.0001 0.0012 <0.0001 0.9854
3.69 (+ 0.56) 4.41 (£1.27) 3.67 (x 0.70) 0.2357 0.3621 0.4272 0.9361
0.14 (+ 0.03) 0.25 (+ 0.08) 0.15 (+ 0.04) 0.0584 0.0870 0.1554 0.9049
1.40 (x 0.74) 1.56 (£ 0.75) 1.25 (£ 0.81) 0.3065 0.2334 0.4498 0.7742
3.81(+x0.28) 5.51(x0.72) 4.05 (+ 0.54) <0.0001 <0.0001 0.0015 0.3040
0.29 (+ 0.09) 0.26 (+ 0.10) 0.25 (+ 0.09) 0.6039 0.7030 0.9674 0.6323
13.51 (+ 1.61) 13.24 (+ 1.49) 12.65 (+ 0.66) 0.2125 0.8795 0.3059 0.2099
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Figure 2. Changes in fasted blood insulin (A), IGF-1 (B), glucose (C) and BHB (D) concentrations
across all phases. Measurements were taken following each of the study phases: baseline nutritional
ketosis (NK) P1; intervention suppress ketosis (SuK) P2; and removal of SuK returning to NK, P3;
Measurements were taken at 8 am after a 12-hour overnight fast; (n=10). *p <0.05; **p <0.01; ***
p <0.001; **** p < 0.0001
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Figure 3. Changes in TSH (A), T3 Free (B) and T4 (C) concentrations across all phases. Measurements
were taken following each of the study phases: baseline nutritional ketosis (NK) P1; intervention
suppress ketosis (SuK) P2; and removal of SuK returning to NK P3; Measurements were taken at 8
am after a 12-hour overnight fast; (n=10). **p <0.01; **** p <0.0001

204

205
206
207
208
209

210
211
212
213



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 9 of 40

2.4. Oral glucose tolerance tests 214
2.4.1. Between phases (P1 vs P2 vs P3) OGTT glucose response 215
216

Basal values of blood glucose measured by OGTT were lower in P1 and P3 (423 217
mmol/L + 0.50 and 4.24 mmol/L + 0.28, respectively) compared to P2 (5.01 mmol/L +0.70; 218
Figure 4A). We found significant differences in mean glucose concentration amongst the 219
three phases at baseline (p = 0.0016). Post hoc comparisons showed a significant difference 220
in glucose concentration between P1 and P2 (p = 0.0065), and between P2 and P3 (p = 221
0.0166). 222

P1 and P3 showed a similar pattern in blood glucose response whereby glucose 223
peaked at 60 minutes (8.31 mmol/L +2.78 and 7.48 + 1.73, respectively; p = 0.4385). How- 224
ever, in P2, glucose concentration reached a peak earlier, at 30 minutes (6.63 mmol/L + 225
1.20). P1 and P3 showed a trough in glucose response at 240 minutes (3.76 mmol/L £ 0.91 226
and 3.38 mmol/L + 0.20, respectively; p = 0.4137), whereas glucose concentration in P2 227
dropped earlier at 180 minutes (3.64 mmol/L + 0.61). P1 and 3, by minutes 240 and 300, 228
glucose continued to trend down, whereas in P2, glucose trends up at these time points. 229

By 300 minutes, values returned to their phase baselines. 230
231
232
2.4.2. Within-phase glucose response during a 5-hour OGTT 233
234

There were significant changes in glucose concentration across seven timepoints (0, 235
30, 60, 120, 180, 240 and 300 minutes) in P1 (p <0.0001; Figure 4A). More specifically, there 236
was a statistically significant increase in blood glucose change from 0 minutes (4.23 237
mmol/L * 0.50) to 30 minutes (7.49 mmol/L + 1.25; p = 0.0009), and to 60 minutes (8.31 238
mmol/L * 2.78; p = 0.0287). There was also a significant difference between the peak of 239
glucose at 60 minutes (8.31 mmol/L + 2.78) and at 240 minutes (3.76 mmol/L + 0.91; p = 240
0.0070), which continued to decrease at 300 minutes (3.52 mmol/L + 0.55; p = 0.0068). 241

Following P2, there were significant changes in glucose concentration amongst all =~ 242
timepoints (p =0.0002; Figure 4A). More precisely, glucose concentration was significantly = 243
increased from 0 minutes (5.01 mmol/L + 0.70) to 30 minutes (6.63 mmol/L + 1.20; p = 244
0.0435), but not between 0 and 60 minutes. There were also statistically significant differ- 245
ences between the peak at 30 minutes (6.63 mmol/L + 1.20) and the trough at 180 minutes 246
(3.64 mmol/L + 0.61; p = 0.0002). 247

After returning to P3, significant changes were observed in glucose concentration 248
amongst all timepoints (p < 0.0001; Figure 4A). There was a statistically significant in- 249
crease from 0 minutes (4.24 mmol/L + 0.28) to 30 minutes (7.41 mmol/L + 1.02; p =0.0001), 250
and to 60 minutes (7.48 mmol/L + 1.73; p = 0.0059). Similarly, to P1, there was also a sig- 251
nificant difference between the peak of glucose at 60 minutes (7.48 mmol/L +1.73) and the 252

trough at 240 minutes (3.38 mmol/L + 0.20; p = 0.0004). 253
254
255
2.43. Following plateau, blood glucose concentration increased during ketosis 256
suppression. 257
258

After 180 minutes in P2, glucose began to trend upwards, which was not observed in 259
P1 or P3. At 240 minutes, whilst glucose concentration was higher in P2 (4.40 mmol/L = 260
0.45) vs P1 (3.76 mmol/L + 0.90), this difference was not statistically significant (p =0.1342). 261
However, glucose concentration was significantly higher in P2 (4.40 mmol/L + 0.45) 262
compared to P3 (3.38 + 0.20; p = 0.0007). Similarly, at 300 minutes glucose concentration 263
was significantly higher in P2 (4.70 mmol/L + 0.38) compared to P1 (3.52 £0.55; p=0.0001), 264
and to P3 (3.53 = 0.13; p < 0.0001). There was no difference in the concentration of glucose 265
at 240 minutes (p = 0.4137) or at 300 minutes (p = 0.9988) when comparing P1 and P3; 266
Figure 4A. 267
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268

2.4.4. Between phases (P1 vs P2 vs P3) OGTT insulin response 269
270

Fasting insulin concentrations were also found to be lower in P1 and P3 (29.94 pmol/L 271
+21.48 and 27.97 pmol/L + 31.68, respectively) in comparison to P2 (98.19 pmol/L £ 107.69), 272
although were not significantly different (P1 vs P2; p =0.0971, and P2 vs P3, p = 0.0754; 273
Figure 4B). Insulin concentration peaked at 30 minutes in P2 (411.07 pmol/L +226.59) and = 274
at 60 minutes in P1 and P3 (351.94 pmol/L + 192.36 and 330.27 pmol/L + 160.56, 275
respectively). However, insulin concentration returned to baseline values in all phases 276
with a similar pattern at the end of the experimental period (300 minutes). We also 277
analysed changes in insulin concentration at 30 minutes amongst three phases. Data 278
showed a significant difference between P1 (256.27 pmol/L + 112.59) and P2 (411.07 279
pmol/L + 226.59; p = 0.0324), and between P2 (411.07 pmol/L * 226.59) and P3 (278.23 280

pmol/L +137.20; p = 0.0161). 281
282
283
2.4.5. Within-phase insulin response during a 5-hour OGTT 284
285

Following P1, repeated measures one-way ANOVA illustrated statistically 286
significant changes in insulin concentration across all timepoints (p < 0.0001; Figure 4B). 287
More precisely, there was a significant increase from 0 minutes (29.94 pmol/L + 21.48) to 288
30 minutes (256.27 pmol/L + 112.59; p = 0.0013), and to 60 minutes (351.94 pmol/L +192.36; 289
p =0.0047). There was also a significant difference between the peak at 60 minutes (351.94 290
pmol/L +192.36) and 180 minutes (41.08 pmol/L +26.62; p = 0.0069). 291

P2 also showed significant changes in insulin concentrations amongst all 292
timepoints (p < 0.0001; Figure 4B). More specifically, there was a statistically significant 293
increase from 0 minutes (98.19 pmol/L + 107.69) to 30 minutes (411.07 pmol/L +226.59; p 294
=0.0011), and to 60 minutes (366.68 pmol/L + 204.21; p = 0.0291). Additionally, there was 295
a statistically significant difference between the peak at 30 minutes (411.07 pmol/L + 296
226.59) and 180 minutes (55.95 pmol/L + 57.99; p = 0.0054), and between at 60 minutes 297
(366.68 pmol/L + 204.21) and 180 minutes (55.95 pmol/L + 57.99; p = 0.0028). 298

Similarly, after returning to P3, insulin concentrations significantly changed across 299
all timepoints (p < 0.0001; Figure 4B). Insulin levels were significantly increased from 0 300
minutes (27.97 pmol/L + 31.68) to 30 minutes (278.23 pmol/L + 137.20; p = 0.0024), and to 301
60 minutes (330.27 pmol/L + 160.56; p = 0.0015). Like P1, there was a significant difference 302
between the peak at 60 minutes (330.27 pmol/L + 160.56) and 180 minutes (52.11 pmol/L + 303
84.10; p = 0.0005). 304

Notably, in all three phases, insulin concentrations began to converge and trend 305
significantly downwards at 180 minutes. At 240 and 300 minutes, the concentration of 306

insulin began to plateau. 307
308
309
2.4.6. Between phases (P1 vs P2 vs P3) OGTT BHB response 310
311

Basal values of BHB were higher in P1 and P3 (2.60 mmol/L + 1.22 and 2.36 mmol/L. 312
+ 0.78, respectively) than in P2 (0.18 mmol/L + 0.12), and they significantly differed 313
between P1 vs P2 (p = 0.0004), and between P2 vs P3 (p <0.0001; Figure 4C). 314

A statistically significant difference was also observed amongst three phasesin mean 315
BHB concentration at 30 minutes (p = 0.0020), at 60 minutes (p =0.0034) and at 300 minutes 316
(p < 0.0001). Post hoc testing indicated that BHB concentration significantly differed 317
between P1 (2.22 mmol/L + 1.51) and P2 (0.24 mmol/L + 0.18; p = 0.0078), and between P2 318
(0.24 mmol/L + 0.18) and P3 (1.89 mmol/L + 0.77; p = 0.0004) at 30 minutes. In addition, 319
BHB concentration at 60 minutes was significantly different between P1 (1.41 mmol/L + 320
1.02) and P2 (0.19 mmol/L + 0.17; p = 0.0107), and between P2 (0.19 mmol/L +0.17) and P3 321
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(1.08 mmol/L + 0.70; p = 0.0039). Further, there were significant differences between P1 322
(2.02 mmol/L +0.72) and P2 (0.36 mmol/L + 0.28; p <0.0001), and between P2 (0.36 mmol/L. 323

+0.28) and P3 (1.94 mmol/L + 0.46; p <0.0001) at 300 minutes. 324
325
326
2.4.7. Within-phase BHB response during a 5-hour OGTT 327
328

There were statistically significant changes in BHB concentration across time points 329
overall in P1 (p = 0.0006; Figure 4C), with no significant changes between 0 minutes (2.60 330
mmol/L * 1.22) and 30 minutes (2.22 mmol/L + 1.51; p = 0.2056). However, there was a 331
significant decrease from 0 minutes (2.60 mmol/L + 1.22) to 60 minutes (1.41 mmol/L + 332
1.02; p < 0.0001). Whilst there were minimal changes in BHB concentration across all 333
timepoints following P2 (p = 0.0961; Figure 4C), after returning to P3 there were significant 334
changes across time (p < 0.0001). More specifically, there was a significant decrease from 335
0 minutes (2.36 mmol/L + 0.78) to 30 minutes (1.89 mmol/L + 0.77; p = 0.0444), and to 60 336
minutes (1.08 mmol/L + 0.70; p = 0.0001). 337

Following the carbohydrate-containing drink, both P1 and P3 demonstrated a similar 338
pattern response in BHB change, with BHB concentration showing a steady time- 339
dependent decrease until 120 minutes. Then, returning in a linear recovery from 180 340
minutes (0.42 mmol/L + 0.37, P1; 0.52 mmol/L + 0.42, P3), with a significant increase until 341
300 minutes (2.02 mmol/L + 0.72; p = 0.0005, P1; 1.94 mmol/L + 0.46; p < 0.0001, P3). 342
Conversely, during SuK (P2), BHB concentration followed a similar response across time, 343
whereby there were minimal changes throughout the experimental period (Figure 4C). 344

345
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Figure 4. Differences in glucose (A), insulin (B) and BHB (C) as measured by oral glucose tolerance
test across all study participants in all phases. Measurements were taken following each of the study
phases: baseline nutritional ketosis (NK) P1 (blue circles); intervention suppress ketosis (SuK) P2
(pink squares); and removal of SuK returning to NK, P3 (black triangles); (n = 10). The connected line
indicates group means (+SD); * indicates significant difference within each phase across different timepoints;
# indicates significant difference between phases at the time point as indicated. * p < 0.05; ** p < 0.01; ** p <
0.001; **** p < 0.0001
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2.5. Suppression of ketosis is associated with increases in inflammatory liver markers 399

Following P2, GGT concentrations increased significantly in all participants from 9.60 400
U/L (3.13) in P1 to 12.40 U/L (* 2.55) in P2 (p = 0.0087; Figure 5A). From P2 to P3, GGT 401
levels were significantly reduced to 9.70 U/L (+ 2.50; p = 0.0286; Figure 5A; Table 5). We 402
also found that SuK (P2) significantly increased PAI-1 levels from 13.34 ng/mL (+ 6.85, P1) 403
to 16.69 ng/mL (+ 6.26, P2; p = 0.0428). No changes in PAI-1 levels were observed following 404
P3 (17.05 ng/mL + 5.58) compared to P2 (p = 0.9483; Figure 5B; Table 5). 405

CRP was found to be low or less than the lowest detectable limit of the assay in all 406
participants across all study phases (data not shown). CRP was therefore measured using 407
a high sensitivity assay (ultra-sensitive CRP) in 5 participants (Table 5). Despite this, no 408
significant changes were determined from P1 (1.00 mg/L +1.19) to P2 (1.16 mg/L + 1.56; p 409
=0.9938); or from P2 to P3 (1.35 mg/L + 2.23; p = 0.7477). We found no statistically signifi- 410
cant changes in all other liver or lipid markers across all phases of the study (Table 5). 411

Table 5. Concentrations of fasted liver markers measured across all phases. Measurements were 412
taken following each of the study phases: baseline nutritional ketosis (NK) P1; intervention suppress 413
ketosis (SuK) P2; and removal of SuK returning to NK, P3; Measurements were taken at 8 am after 414

a 12-hour overnight fast; (n = 10; *P3, n=9; SP1, P2, P3, n="5) 415
P1 P2 P3 ANOVA PlvsP2 P2 vs P3 P1lvsP3
p value
Triglycerides 66.80 (£28.00)  66.10 (+ 21.09) 79.30 (+ 45.88) 0.5018 0.9972 0.6629 0.6270
(mg/dL)
Total cholesterol  231.50 (62.42) 188.50 (£30.28)  210.20 (+ 43.44) 0.0335 0.0802 0.2132 0.1061
(mg/dL)
HDL cholesterol 70.10 (£10.37)  72.70 (+ 13.59) 69.80 (+ 11.84) 0.6231 0.7460 0.6762 0.9943
(mg/dL)
LDL cholesterol 4.46 (+ 2.03) 3.13 (£ 0.91) 3.96 (+ 1.34) 0.0888 0.1798 0.3280 0.1498
(me/dL)"
Triglycer- 1.01 (£ 0.55) 0.95(+ 0.38) 1.25 (£ 0.90) 0.3804 0.9478 0.5358 0.5515
ides/HDL
(mmol/L)
CRP (Ultra-Sensi- 1.00 (+ 1.19) 1.16 (+ 1.56) 1.35 (+ 2.23) 0.7103 0.9938 0.7477 0.7728
tive) (mg/L)®
Gamma-GT (U/L) 9.60 (+3.13) 12.40 ( 2.55) 9.70 (+ 2.50) 0.0029 0.0087 0.0286 0.9885
Cortisol (ug/dL) 12.62 (£ 5.27) 11.27 (+5.85) 13.19 (£ 5.22) 0.3574 0.6886 0.4087 0.8258

PAI-1 (ng/mlL) 13.34 (+ 6.85) 16.69 (+ 6.26) 17.05 (+ 5.58) 0.0431 0.0428 0.9483 0.1373
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Figure 5. Changes in liver parameters GGT (A) and PAI-1 (B) in participants across all phases. Meas-
urements were taken following each of the study phases: baseline nutritional ketosis (NK) P1; inter-
vention suppress ketosis (SuK) P2; and removal of SuK returning to NK, P3; Measurements were
taken at 8 am after a 12-hour overnight fast; (n =10). *p <0.05; ** p < 0.01

2.6. Ketosis maintains lower levels of EGF, VEGF and MCP-1

There were increases in EGF from 33.02 pg/mL (+ 30.96) in P1 to 50.13 pg/mL (+ 38.19)
following P2 (p = 0.0450; Figure 6A; Table 6). VEGF also increased from 93.93 pg/mL (+
54.30) in P1 to 147.33 pg/mL (+ 100.03) following P2 (p = 0.0314; Figure 6B; Table 6). MCP-
1 significantly increased from 103.98 pg/mL (+ 39.30) in P1 to 192.53 (+ 84.73) following P2
(p=0.0137; Figure 6C; Table 6).

Following P3, these growth factors and cytokines trended back to baseline and de-
creased significantly compared to P2. EGF (p = 0.3473; Figure 7A; Table 6) and VEGF (p =
0.2102; Figure 6B; Table 6) decreased to 37.82 pg/mL (+ 26.81) and 134.80 pg/mL (+ 98.79),
respectively. Concentrations of MCP-1 also decreased significantly to 128.52 pg/mL (+
51.80) following P3 compared to P2 (p = 0.0175; Figure 6C; Table 6).

There were minimal changes in IL-1b following P2 (p = 0.7045). However, following
P3 all participants had a significantly decreased expression of IL-1b (p = 0.0381; Table 6).
Similarly, there were minimal changes following P2 in the expression of TNF-a (p =
0.3887); however, in P3, 86% of participants decreased their expression of TNF-a (p =
0.0785; Table 6). We found no change in all other cytokines and growth factors across all
phases of the study (Table 6).

Table 6. Concentrations of fasted growth factors and cytokines across the different phases of the
study Measurements were taken following each of the study phases: baseline nutritional ketosis
(NK) P1; intervention suppress ketosis (SuK) P2; and removal of SuK returning to NK, P3; Measure-
ments were taken at 8 am after a 12-hour overnight fast; (P1, P2, n=10; P3, n=9)
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P1 P2 P3 ANOVA PlvsP2 P2vsP3  PlvsP3
p value
EGF (pg/mL) 33.02 (+ 30.96) 50.13 (+ 38.19) 37.82 (+ 26.81) 0.0139 0.0450 0.3473 0.0478
VEGF
93.93 (+ 54.30) 147.33 (+ 100.03) 134.80 (+ 98.79) 0.0147 0.0314 0.2102 0.0801

(pg/mL)
Interferon-y

1.14 (+ 2.64) 0.72 (£ 1.05) 0.57 (£ 0.90) 0.3755 0.7019 0.2452 0.6019
(pg/mL)
(McP-1)

103.98 (+ 39.30) 192.53 (+ 84.73) 128.52 (+ 51.80) 0.0026 0.0137 0.0175 0.2622

(pg/mL)
TNF-a

2.23 (£ 1.75) 2.66 (+ 1.26) 2.09 (£ 0.97) 0.1387 0.3887 0.0785 0.8430
(pg/mL)
IL-1a

0.30 (£ 0.40) 0.26 (£ 0.25) 0.26 (£ 0.25) 0.3230 0.6266 0.5406 0.5104
(pg/mL)
IL-1b

2.23 (£ 3.42) 1.85 (+2.02) 1.71 (+ 2.04) 0.3090 0.7045 0.0381 0.4989
(pg/mL)
IL-2 (pg/mL) 1.92 (+ 1.48) 1.71 (+ 1.16) 1.94 (+1.37) 0.2932 0.4409 0.7569 0.3809
IL-4 (pg/mL) 2.14 (+ 0.80) 2.06 (+ 0.99) 2.25 (+1.17) 0.4635 0.5358 0.5138 0.9090
IL-6 (pg/mL) 0.95 (+ 0.80) 1.22 (£ 1.11) 0.84 (+ 0.56) 0.5034 0.9238 0.5677 0.5771
IL-8 (pg/mL) 8.91 (+ 9.56) 8.60 (+ 5.93) 8.08 (+ 6.30) 0.6738 0.9966 0.5725 0.8009
IL-10

0.61 (£ 0.37) 0.68 (£ 0.46) 0.53 (£ 0.25) 0.4323 0.9084 0.4420 0.5573
(pg/mL)

443
444
445
446
447
448
449
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Figure 6. Fasted EGF (A), VEGF (B) and MCP-1 (C) in participants across all phases. Measurements
were taken following each of the study phases: baseline nutritional ketosis (NK) P1; intervention
suppress ketosis (SuK) P2; and removal of SuK returning to NK, P3; Measurements were taken at 8
am after a 12-hour overnight fast; (A & B, n=10; C, n=9). *p <0.05

3. Discussion

There have been many studies investigating the effect of ketosis in humans, however,
little is known about the physiological adaptations in individuals who have never had a
metabolic illness and maintained long-term (> 1 year) habitual ketosis for more than 80%
of their year. Furthermore, prior work has primarily examined males. Our cohort self-
reported to have sustained nutritional ketosis for an average of 3.9 years, with confirmed
NK for at least 6 months in the lead-in period to the trial. Participants presented with
healthy weights, BMI, waist-to-hip, waist-to-height, and blood pressure (Table 3). Molec-
ular markers including lipid panels, liver enzymes (Table 5) and cytokines (Table 6) were
also within healthy ranges. Thus, our data indicate that long term NK, euketonaemia, does
not have a negative effect on health in this cohort.

Euketonaemia is defined as a state of ketosis that is not associated with any harmful
effects. Although in most cases the term has been used to refer to a state of normal keto-
nemia in patients with diabetes, the term has also been used in a broader sense to refer to
a state of normal ketonemia in healthy individuals [31,32]. Euketomaemia in adults has
been associated with improved insulin sensitivity and euglycaemia [33-35]. Moreover,
euketonaemia is associated with reduced inflammation in the brain [36,37], is consistent
with evolutionary biology and has a protective effect on mitochondria [38].

3.1. Macroscopic changes/ Anthropometrics

Throughout the intervention phase (P2), where participants were actively suppress-
ing ketosis, participants often reported capillary BHB concentrations of > 0.3 mmol/L after
the overnight fast, and even three hours after a carbohydrate-containing meal (Table 2).
Together these data indicate that the participants were indeed highly fat-adapted and,
even with the introduction of carbohydrates into their diet, their bodies reverted to beta-
oxidation and ketolysis during periods of fasting. Following P3, participants tracked back
to the baseline level of ketosis as indicated by their capillary BHB levels (Figure 2D). The
participants enrolled in this study were able to tolerate 21 days of suppression of ketosis
and the consequent upregulation of glucose metabolism and still return to their baseline
level of ketosis. This suggests that metabolic flexibility is maintained in long-term habitual
ketosis in metabolically healthy individuals.

450
451
452
453
454
455

457

458

459

460

461
462
463
464

465

466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483

484

485
486
487
488
489
490
491
492
493
494
495
496



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 17 of 40

Across all three phases, in two different metabolic states (ketosis vs glucose fuelling), 497
participants” RQ values were indicative of individuals that were metabolically healthy, 498
interestingly their values were superior to observations previously made in high perfor- 499
mance athletes [39-42]. Even after 21 days of SuK, a 12-hour overnight fast still induced 500
higher fat oxidation, as evidenced by their P2 RQ values (Figure 1; Table 1). However, 501
surprisingly, there was still a significant difference between P2 compared to P1 and P3, 502
even within the overall highly fat-adapted state that all the participants were in, in all 503
three phases after an overnight fast (Figure 1A). Given that the baseline RQ values were 504
indicative of a high state of beta-oxidation, it was not expected that a 21-day of SuK would 505
result in RQ measurements that were statistically inferior to those observed at baseline 506
(P1). 507

Three weeks of SuK resulted in changes in body composition, with increases in 508
weight and BMI. This was largely accounted for by increases in TBW and total body fat 509
(Table 1). However, the increased body composition measurements taken following P2 510
(and indeed, P1 and P3) were still within normal ranges [43,44], and tracked back to base- 511

line levels following P3. 512
513
3.2. Insulin, IGF-1, and glucose 514

In the normative setting, the most influential pancreatic insulin secretagogue is die- 515
tary carbohydrate, whilst basal insulin release is regulated by a multitude of factors in- 516
cluding hepatic glycogenolysis, which is further regulated by glucagon, osteocalcin and 517
other secretagogues [8]. It is interesting that with the increased repeated stimulation of 518
bolus insulin during P2, fasting (basal) insulin and glucose subsequently increased (Fig- 519
ure 2). This is likely due to insulin’s systemic effects, where enforced glucose fuelling re- 520
sults in increased glucose demand. In addition, insulin’s suppressive effect on beta-oxida- 521
tion, where ketogenesis nor lipid provision for beta-oxidation is sufficient due to insulin 522
also inhibiting insulin sensitive lipase which is required to release lipids from adipocytes 523
[45-47]. Therefore, the upregulation of hepatic glycogenolysis occurs, in response to 524
chronic insulin signalling. 525

Participants' habitual ketosis lifestyle also demonstrated significantly lower IGF-1 526
levels in P1 and P3 (Figure 3). IGF-1 is regulated by insulin on multiple fronts; regulating 527
synthesis and bioavailability via IGF1-binding proteins [48], as well as amplification of 528
signal transduction capacity [49-51]. Insulin and IGF-1 both transactivate each other’s re- 529
ceptors, as well as form cross hybridised receptors [52]. Chronically elevated IGF-1, and/or 530
increased IGF-1 bioavailability and sensitivity, receptor expression and amount of Ras 531
protein prenylation [51] are strongly implicated in neoplasia and ageing [48,53-56], whilst 532
IGF-1 knockdown within in vivo models show improved longevity [56,57]. 533

In observational studies, low levels of insulin and IGF-1 have also been associated 534
with reduced levels of pathologies. For example, elevated IGF-1 has been shown to corre- 535
spond to a 69% increase in colorectal cancer risk, a 49% increase in prostate cancer, 65% 536
increase in breast cancer, and a 106% increase in lung cancer risk [58] (relative risks). No- 537
tably, a recent meta-analysis involving over 30,000 participants indicated that IGF-1 538
within the range of 120 - 160 ng/mL was the optimum range associated with the lowest 539
risk of all-cause mortality [58]. The participants in the present study fell well within this 540
range during the P1 and P3 phase, however, during SuK (P2), IGF-1 significantly in- 541
creased, which may confer an increased risk of all-cause mortality. Conversely, the lower 542
levels of insulin and IGF-1 during the P1 and P3 phases may be of health benefit given 543
that higher levels of IGF-1 and insulin are significant risk factors for various diseases. 544

Insulin/IGF-1 signalling inhibits FOXO activity via increasing phosphorylation caus- 545
ing cytosolic sequestration and suppressing BHB action on FOXO expression and nuclear 546
translocation, through the Akt signalling pathway [59]. FOXO is a transcription factor 547
which regulates the expression of a vast number of genes with functions associated with 548
longevity, including cell cycle arrest, autophagy and DNA damage repair [60], as well as 549
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regulating metabolism and antioxidant defence [61]. In addition to being a metabolic 550
substrate, BHB also acts as a signalling molecule, modulating intracellular activity in cells 551
across the body, such as regulating gene expression through inhibition of class I histone 552
deacetylases (HDACs) via competitive inhibition [62]. Specifically, BHB prevents histone 553
acetylation at the FOXO gene regions [18] and 12-hour fasted mice have significantly in- 554
creased levels of FOXO protein expression in the liver [63]. Based on our understanding 555
of these cellular and intracellular signalling and fuelling dynamics, we propose that the 556
low levels of insulin and IGF-1 maintained by the participants in our study during P1 and 557
P2, along with BHB > 0.5 mmol/L, through their lifestyle habits, are a logical and poten- 558
tially effective way to slow and/or reduce cellular ageing. It is unlikely that life-long sus- 559
tained vs suppressed ketosis human trials will ever happen, and these indirect compari- 560
sons are our next best option, where we see in whole of life animal trials, maintaining 561
minimal insulin demand and IGF-1 levels consistently results in optimum longevity [54— 562
56,64]. 563

Considering that our cohort is exclusively female, it is imperative to recognise, for 564
global population health, the pressing importance of focusing on diabetes, hyperin- 565
sulinaemia (insulin may be inside reference ranges, however chronic hypoketonaemia 566
may indicate an individual’s hyperinsulinaemia threshold), obesity and breast cancer. 567
Given their widespread prevalence [65-68], understanding the intricate links between 568
these conditions is critical in order to prevent occurrence and to improve outcomes. Our 569
participant data show long term NK reduces fasting insulin, IGF-1, and glucose. This data 570
adds to existing evidence that sustaining a lifestyle which promotes ketosis is an effective 571

modality for the prevention and management of both type 1 and type 2 diabetes [69]. 572
573
3.3. Thyroid - free T3 574

Along with increased glucose and insulin concentrations, SuK (P2) resulted in in- 575
creased levels of free T3 (fT3). Given fT3 is highly involved in the transcription and trans- 576
lation of OXPHOS proteins, it would be expected that being in ketosis would come with 577
higher levels of fT3 than a suppressed ketosis state. Being in ketosis is highly dependent 578
on OXPHOS capacity. We found in our healthy long standing ketosis maintaining cohort, 579
that their fT3 was significantly lower than after 21 days of suppressed ketosis. A plausible 580
explanation is that ketosis is a fasting-mimicking metabolic state, reduces thyroid hor- 581
mone (TH) demand due to less ROS damage on OXPHOS proteins and mt IMM lipids, 582
such as cardiolipin [70], and may increase sensitivity, such as increasing mitochondrial 583
T3 receptors and/or increasing monocarboxylate transporter 8 [71]. In addition, BHB has 584
an epigenetic regulatory role of its own, enabling increased transcription of OXPHOS pro- 585
teins [20]. For short durations, such as 21 days that evolutionarily would be akin to a short 586
summer/autumn, is within the thyroid's capacity to deal with. However, in possible sim- 587
ilarity to the pancreatic beta cells, chronic demand of the thyroid to produce increased 588
amounts of TH, may result in mechanisms that down regulate either production or con- 589
version of T4 to fT3, respectively. 590

In P2, our cohort were not chronic long-term hyperinsulinaemic. Hence, they had the 591
earlier phase of greater demand of thyroid hormone (TH). If those 21 days turned into 21 =~ 592
years, it is arguable that over that time frame, TH may be low, and more specifically T3, 593
in concordance with the research literature in T2DM hyperinsulinaemic populations. The = 594
aforementioned low T3 levels in our cohort when in ketosis, P1 and P3, could lead clini- 595
cians to mistakenly diagnose a metabolic phenotype 1 individual (see methods 2.2) with 59
hypothyroidism. Therefore, it is worth highlighting that T3 levels were still within nor- 597
mative ranges, however, this information should assist clinicians and researchers. Indicat- 598
ing a need for nuance and metabolic context when interpreting thyroid biomarkers. 599

600
601
602
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3.4. OGIT 603

Our data indicate that the participants enrolled in this study were able to maintain 604
normal glycaemic responses throughout the OGTT following each of the phases (Figure 605
5) highlighting that prolonged ketosis did not hinder metabolic flexibility. However, in 606
the first 2 hours of insulin response, there appears to be a shift to the right for P1 and P3. 607
This is likely due to a reduced frequency and load from a large glucose bolus exposure, 608
therefore increasing the time to peak for bolus insulin synthesis and secretion. Concur- 609
rently, plasma glucose appears to be greater during the first 2 hours in these two phases, 610
and also higher peaks of glucose in P1 and P3, compared to the P2 phase (although not 611
statistically significant). This pattern may be incorrectly labelled as a lack of sensitivity to 612
insulin; on the contrary, this is the sum of the exogenous glucose from the OGTT, plus 613
hepatic glucose output, which does not abate from the one-time glucose bolus. 614

The dosage of dietary glucose administered during the OGTT compounds with the 615
hepatic glucose output, and therefore contributes to an elevated peak of glucose concen- 616
trations during P1 and P3 (Figure 4a). When the participants were fat fuelling (metabolic 617
phenotype 1), their glucose needs were largely dependent on hepatic provision via gluco- 618
neogenesis and glycogenolysis. Sustained glycogenolysis during an OGTT is also seenin 619
hyperinsulinaemia individuals (metabolic phenotype 3), where the liver is pathway-se- 620
lective insulin signalling resistant, suppressing ketogenesis, and inhibiting beta-oxidation, 621
whilst increasing, de novo lipogenesis and glycogenolysis is not inhibited [72]. The chronic 622
hyperinsulinaemic state is also coupled with a higher glucagon state [73,74], adding to 623
hepatic signalling that maintains hepatic glucose provision to the wider system. 624

Hypothetically, under an evolutionary context, selection pressure would have fa- 625
voured the ability to adapt to and maintain NK due to seasonal food availability and in- 626
termittent CR/fasting, meaning the body's glucose needs would have been met by hepatic 627
gluconeogenesis and glycogenolysis. If an (infrequent) opportunity to consume a high 628
carbohydrate load would have presented itself, the subsequent increased insulin secretion 629
would likely not have inhibited gluconeogenesis and glycogenolysis during the one time 630
exposure, given the body is adapted and reliant on hepatic glucose as its main glucose 631
source [8,28]. If insulin in this one instance were to inhibit gluconeogenesis and gly- 632
cogenolysis, whilst facilitating oral glucose load myocyte uptake, a potential case of hy- 633
poglycaemia with hypoketonaemia and inhibition of beta-oxidation may simultaneously 634
occur, which would be potentially fatal. In this metabolic phenotype 1 context [8], an in- 635
frequent one time bolus insulin secretion does not inhibit gluconeogenesis and gly- 636
cogenolysis; this may incorrectly be interpreted as hepatic insulin resistance, as is the case 637
for hyperinsulinaemic T2DM (stage-3 metabolic phenotype 3) individuals [8]. This hasnot 638
been observed in our cohort, as ketogenesis declined during the first 2 hours, indicating 639
the liver is being affected by the bolus insulin release, and is selectively responding based 640
on metabolic phenotype physiological state and adaptation. Like switches and gates, the 641
metabolic phenotype signature changes hepatic responses to a bolus insulin signal. 642

Overall, our data indicates that long-term ketosis does not appear to negatively affect 643
the insulin-dependent glucose uptake nor reduce carbohydrate tolerance. In fact, follow- 644
ing SuK P2, participants demonstrated a significantly elevated peak level of insulin in 645
response to a glucose challenge across the OGTT, compared to P1 and P3. Furthermore, 646
in all phases, insulin levels were at their lowest and plateauing after 240 minutes, glucose 647
was on a rise upwards to basal P2 fasting levels after 180 minutes in P2, whereas glucose 648
was further declining back to basal fasting levels in P1 and P3. Together, these findings 649
indicate a lower total insulin requirement to maintain lower glucose levels when in a state 650
of NK, whereas SuK was associated with an increased insulin requirement. Maintaining 651
lower-normal glucose levels with lower insulin and IGF-1 levels are associated with im- 652
proved health outcomes, in decreasing risk of insulin resistance and T2DM, reducing 653
chronic diseases and also improving longevity and healthy ageing [56,57]. This suggests 654
that maintaining a long-term metabolic phenotype 1 profile may aid in maintaining a 655
healthier healthspan and lifespan. 656
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We previously hypothesised that the addition of the BHB sensitivity assay in an 657
OGTT challenge would help to differentiate between different metabolic phenotypes with 658
improved resolution [6,8]. Here we show that indeed, the combination of insulin and BHB 659
measurements throughout the OGTT helps to differentiate early stage hyperinsulinaemic 660
individuals (metabolic phenotype 3, stage 1 or 2), or prior metabolically unwell individu- 661
als who have restricted carbohydrates and gone into ketosis (metabolic phenotype 4), 662
from long standing healthy ketosis living individuals (metabolic phenotype 1). The com- 663
bination of glucose, BHB and insulin measurement help to provide greater resolution in 664
understanding metabolic health and, help clinicians and researchers to better classify in- 665
dividuals when designing trials or analysing data. 666

During P2, the participants were exposed to an increased frequency (ad libitum, 667
spread over three times a day SUK diet recommended, which prevents TRF induced ke- 668
tosis), dose (glycaemic load, SUK diet recommendation to consume at least 267 g of car- 669
bohydrate per day) and duration (21-day intervention) of dietary glucose, consequently 670
repeatedly triggering bolus insulin release (equating to an equivalent carbohydrate expo- 671
sure of approximately 63 OGTTs in 21 days). The increased bolus insulin secretion signals 672
to the liver to temporarily reduce glycogenolysis; this is considered hepatic insulin sensi- 673
tivity (response seen in metabolic phenotype 2 and not phenotype 3, stage 3), as hepatic 674
glucose output is reduced in response to the insulin signal. We have come to consider this 675
the normal and healthy response, which is likely correct for those consuming a ketosis 676
suppressive diet and do not have any chronic ageing and hyperinsulinaemia disease. 677
However, if we were to consider humans under an evolutionary context, with less fre- 678
quency, dose and duration of exogenous carbohydrate exposure, then it is arguable that 679
what we see in our cohort’s response curves in P1 and P3 would be the normal/healthy 680
physiological responses. Hepatic glucose provision under the context of being in sus- 681
tained NK would not be inhibited by bolus insulin secretion, and therefore this is not a 682
case of pathological insulin resistance which logically only would be the case under a 683
chronic hyperinsulinaemia and not an acute context (one-time OGTT for a metabolic phe- 684
notype 1 individual maintaining NK as a lifestyle). High levels of BHB would not be ob- 685
served in hyperinsulinaemic/T2DM/CVD individuals, and therefore analysis of BHB re- 686
sponse during an OGTT and/or for several consecutive days before the evening meal, is 687
essential for resolving a T2D glycaemic response (metabolic phenotype 3 spectrum) and 688
those on the hyperinsulinaemic spectrum, from those in ketosis [8]. 689

We found that during both ketosis phases (P1 and P3), BHB concentrations began to 690
recover following the glucose challenge at 180 minutes, with an overall U-shaped curve. 691
However, participants in P2 did not mirror this response pattern and sustained low levels 692
of ketones before and after 180 minutes following the glucose challenge, with a flat line 693
pattern. These data indicate that consumption of a carbohydrate diet that suppresses ke- 694
tosis, for 21 days, results in limited BHB ketogenesis, even following a 12-hour fasting 695
period, indicating adaptive changes and likely downregulation of cellular ketogenesis en- 696

zymes and activities. 697

698
3.5. Liver markers 699
3.5.1. GGT 700

There were significant findings regarding the effects of ketosis suppression and sub- 701
sequent return to ketosis on liver markers. It is recognised that GGT is a diagnostic marker 702
for many diseases in humans, including a fatty liver, T2DM, MetS and AD, which are 703
typified by hyperinsulinaemia [75-77]. In our study, SuK (P2) resulted in a significant in- 704
crease in GGT levels, an enzyme associated with oxidative stress, low-grade inflamma- 705
tion, and insulin resistance [78,79]. Furthermore, GGT participates in the direct generation 706
of ROS, via a glutathione (GSH)/transferrin system, where in the presence of molecular 707
oxygen and iron/copper ions from transferrin in the presence of cysteinylglycine (a prod- 708
uct of GGT/GSH reaction), results in a paradoxical generation of ROS. This results in 709
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increased free radical and oxidative damage to nucleic acids, protein and lipid peroxida- 710
tion [80]. Our findings suggest that suppressing ketosis may impose some degree of oxi- 711
dative stress and inflammation on the liver, leading to increased GGT levels. GGT levels 712
returned near-baseline levels after our participants discontinued suppressing ketosis, in- 713
dicating carbohydrate restriction is an effective tool in correcting the significant increases 714
in GGT. 715

High levels of GGT have been found to be associated with increased risk of MetSand 716
impaired fasting glucose [78,81,82]. Our participants' GGT levels in ketosis (P1 and P3) 717
and SuK (P2) were within standard reference ranges. However, a study in a large 718
nonobese population of nondiabetics n = 1,309, showed that a moderate elevation in GGT 719
within normal reference ranges is a strong risk marker predictor for T2DM, independent 720
of visceral fat, obesity and HOMA [83]. Unwin et al., later corroborated this finding, ina 721
primary healthcare setting. After restricting dietary carbohydrates in 67 individuals, with 722
a minimum 3 months adherence and an average follow-up of 13 months, they found the 723
improvements in GGT (reduction) had no correlation to weight loss [77]. GGT was shown 724
to be associated with cognitive decline prior to vascular dementia in longitudinal obser- 725
vations (n = 452, average 80 years of age) [84]. With an increasingly growing aged popu- 726
lation, monitoring GGT may also provide an ability to detect and intervene earlier in de- 727

mentia prevention. 728
729
3.5.2. PAI-1 730

The antifibrinolytic plasminogen activator inhibitor-1 (PAI-1) is the primary inhibitor 731
of plasminogen activators (PAs), via inhibition of tissue-type PA (tPA) and urokinase-type 732
PA (uPA) that proteolytically cleave zymogen plasminogen to active plasmin [85]. Ele- 733
vated PAI-1 levels propagate a prothrombotic state [85]. We found a significant increase = 734
in PAI-1 levels, during P2 compared to P1. Insulin has been shown to stimulate the secre- 735
tion of PAI-1 by adipocytes, and there is a strong positive correlation between hyperin- 736
sulinaemia and elevated PAI-1 [86-88]. However, although fat mass increased after SuK 737
(P2), it also returned to baseline return to ketosis (P3), whilst PAI-1 also significantly in- 738
creased after P2, yet trended back but not significantly to baseline after P3. With the loss 739
of gained fat mass after P3, with only a trend back for PAI-1, this indicates other mecha- 740
nisms outside of adiposity were involved. 741

PAI-1 circulates in the plasma at low levels (5-50 ng/mL) and its main pool in plate- 742
lets (approximately 300 ng/mL) [89]. Platelet activation is increased via increased PI3K, 743
Akt and PKC intracellular signalling, all of which are increased by hyperinsulinaemia and = 744
more so when glucose uptake insulin resistance develops [90-92]. In 2016, CVD mortality = 745
accounted for about 17.8 million deaths worldwide, where ischemic heart disease (IHD) 746
and stroke contributed to 87% [4]. Disseminated intravascular coagulopathy (DIC) and 747
thrombosis cause blockages of the blood flow to either the heart or brain resulting in in- 748
sufficient blood supply, as well as increased atherosclerosis [93]. These processes are 749
strongly associated with increased levels of PAI-1. NK may provide an effective strategy 750
to reduce risk of DIC, thrombosis. 751

Hyperinsulinaemia increases gene expression of and stabilises PAI-1. Semad et al.,, 752
demonstrated insulin increases in PAI-1 gene expression through a different signalling 753
pathway to insulin mediated glucose transport. Indicating in the hyperinsulinaemia insu- 754
lin resistant state, where glucose tolerance declines, signalling by hyperinsulinaemia to 755
upregulate PAI-1 gene expression is unimpeded, and regulated by a pathway that does 756
not become insulin resistant [30,86]. 757

PAI-1 contributes to an inflammatory response via infiltration of immune cells, spe- 758
cifically macrophages, in adipose tissue [85]. Adipocytes are a source of PAI-1[85,94]. Our 759
participants returned to their baseline mass with a concurrent loss of fat mass. Indicating 760
the non-significant trend of PAI-1 returning to baseline from P2 to P3 was not associated 761
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with the significant loss of fat mass. As such, we may also conclude that in our partici- 762
pants, the surge in PAI-1 during P2 was not due to enhanced adiposity. 763
A state of chronic inflammation, typical of conditions like obesity, T2DM, and MetS, 764

is distinguished by the augmented expression of inflammatory adipokines, such as IL-6 765
and tumour necrosis factor-a (INF-ar) [95]. These adipokines are known to upregulate 766
PAI-1 expression within adipose tissue [96]. In our study’s data, however, we did not 767
identify any marked alterations in these inflammatory markers across the different 768
phases. These observations may explain how the inflammatory cytokines, notably IL-6 769
and TNF-a, did not precipitate PAI-1 increase from P1 to P2, suggesting that this increase 770
was not caused by a surge in these cytokines. 771
Elevated, dose dependent levels of PAI-1 are pro-tumourigenic, pro-angiogenic and 772
anti-apoptotic [97,98]. PAI-1 is one of the most highly induced proteins in metastatic in- 773
vasive tumours and tumourigenesis process [85,99]. PAI-1 binds to the low density lipo- 774
protein receptor-related protein 1 (LRP1) receptor, activating intracellular signalling cas- 775
cades, modulating cell migration, such as mast cells in gliomas [85,100]. PAI-1 is a highly 776
reliable prognostic and biomarker in a host of cancers, including: breast [101-105], bladder 777
[106,107], colon [108], gliomas [100,109], ovarian [110-112], non-small cell lung cancer 778
[113] and renal [114] cancers. 779
PAI-1 is seen to increase with age, furthermore, PAI-1 is a part of the senescence- 780
associated secretory phenotype (SASP) paracrine signalling pathway, inducing the SASP 781
profile in neighbouring cells, therefore acting as both a marker and maker of cellular age- 782
ing and ageing related pathologies [85,115,116]. Our data suggests that reducing PAI-1 783
through adopting a ketogenic diet may have the potential to carry wide health benefits. 784
785

3.6. Cytokines 786

It is often posited that inflammation precedes hyperinsulinaemia, however, our data 787
does not support this. Where we observed increase in insulin and glucose, at the end of 788
P2, CRP, interleukins and TNF-a remained unchanged. With no increase in CRP nor in- 789
terleukin cytokines or TNF-q, indicating that inflammation by these molecules was not 790
mediating the increased insulin levels that suppresses ketogenesis. There were, however, 791

increases in growth factors VEGF, EGF and MCP which are discussed below. 792
793
3.6.1. VEGF and EGF 794

Following SuK (P2), we observed significant increases in VEGF and EGF compared 795
to baseline ketosis (P1) (Table 6; Figures 6A & B). This indicates that being in a state of 796
ketosis does not over stimulate the production of these growth factors and chemokines, 797
whereas being in a state of carbohydrate metabolism promotes their production. The con- 798
centration of these growth factors then trended back towards the baseline values after 21 799
days of returning to ketosis (P3). However, the concentrations were not significantly dif- 800
ferent compared to P2. This indicates that the relatively short period of carbohydrate fuel- 801
ling is a sufficient time to elevate the concentrations of these growth factors in a way that 802
cannot be fully recovered in 21 days after returning to ketosis. 803

Pericytes are supportive cells which wrap around blood vessels, serving as multilin- 804
eage progenitor cells and are essential for the development of new blood vessels [117]. 805
Insulin stimulates pericytes to increase their production of VEGF which in turn stimulates 806
endothelial cells to grow and proliferate, facilitating angiogenesis [118]. The lower levels 807
of insulin in the NK phases likely account for the lower levels of VEGF. Insulin and IGF- 808
1 have been shown to promote the upregulation of VEGF or EGF [119-122]. EGF signalling 809
is one of the key pathways involved in tumour development [123,124]. Ketogenic meta- 810
bolic therapy (KMT) may aid in reducing the expression of EGF and VEGF. 811

Considering our cohort is female, it is imperative to recognise the links between hy- 812
perinsulinaemia, metabolic health and breast cancer. Women with diabetes have been 813
shown to exhibit poorer outcomes for breast cancer compared to their non-diabetic 814
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counterparts [66]. Consistent with these findings, in vitro research has shown that treating 815
cancer cells, particularly breast and pancreatic, with high glucose initiates molecular al- 816
terations such as phosphorylation of EGFR, which promotes their proliferation [125-127]. 817
The implications of hyperglycaemia also extend to treatment outcomes, with heightened 818
glucose levels during chemotherapy leading to increased chemoresistance in tumour cells 819
[128]. Beyond direct cellular growth effects, the hyperglycaemic state appears to compro- 820
mise the body’s innate anti-tumour defences, notably by inhibiting neutrophil mobilisa- 821
tion, thereby granting tumour cells an immunological escape route and enhancing their 822
metastatic capabilities [129]. 823

SuK (P2) involved routine 3x a day feeding containing around 267 g of carbohydrate 824
resulting in the occurrence of hyperglycaemic and hyperinsulinaemic excursions equiva- 825
lent to 3 OGGTs per day for 21 days, totalling 63 OGTTs. These periodic increases in glu- 826
cose and consequent bolus insulin would not be captured in a fasting glucose/insulin test. ~ 827

This likely contributed to the upregulation of VEGF, EGF and PAI-1. 828
829
3.6.2. MCP-1 830

Following SuK (P2), MCP-1 expression significantly increased, returning to baseline 831
following P3 (Table 6; Figure 7C). MCP-1 is a chemokine (also termed CCL2) involved in 832
the recruitment of monocytes and produced by a range of cell types including mono- 833
cytes/macrophages, epithelial, adipocytes, endothelial and smooth muscle cells [130], cells 834
which express high levels of insulin receptors. Insulin has been shown to increase levels 835
of MCP-1 in adipose tissue of both lean and obese individuals [131]. Thus, carbohydrate 836
rich diets that suppress ketosis resulting in elevated insulin during P2 may help to explain 837
the significantly increased levels of MCP-1. 838

There are multiple lines of evidence from both human and murine studies which 839
suggest that MCP-1 appears to be a key player in insulin resistance. MCP-1-deficiency 840
ameliorates insulin resistance in mice via downregulation of ERK and p38MAPK phos- 841
phorylation in the liver [132]. Moreover, MCP-1 has been shown to mediate skeletal mus- 842
cle inflammation and localised insulin resistance in mouse muscle in T2DM models [133]. 843
Thus, NK may not only assist with regulating glycaemic control in T2DM, reducing insu- 844
lin demand and exposure [134], but may help to ameliorate further MCP-1-mediated in- 845
sulin resistance, further reducing insulin demand. 846

The reduction in MCP-1 during the ketosis phases indicate one manner by which a 847
ketogenic state may possess protective effects. Murine studies have shown that insulin 848
can increase the expression of MCP-1 by adipocytes [135], and stimulation of adipose tis- 849
sue with MCP-1 can also induce dedifferentiation, which may contribute to the patholo- 850
gies observed in obesity, such as cancer cell dedifferentiation which occurs in their malig- 851
nant transformation [135]. Elevated levels of MCP-1 have also been indicated in the path- 852
ophysiology of many other diseases inducing age-related macular degeneration [136], al- 853
lergic asthma [137,138], COVID-19 and CVD [139]. 854

Our cohort showed no significant changes in the interleukins, except for a decrease 855
in IL-1b from P2 to P3 (Table 6). IL-1b is a potent pro-inflammatory cytokine which be- 856
comes upregulated in response to pathogens and also in chronic disease [140]. IL-Ibisa 857
cytokine mainly produced by activated monocytes/macrophages [141]. Elevation of IL-1b 858
in P2 compared to P3 correlates with the increased expression of MCP-1 we observed in 859
this phase. However, we did not see an increase in IL-1b after SuK P2 from P1, this may 860
be because our participants were in an anti-inflammatory state (P1) that persisted during 861
the early days of SuK, which may have buffered/slowed down any change during that 862
time. 863

Given VEGF, EGF and MCP-1 are often elevated in many cancers [142-145], KMT 864
may be an effective way to support the action of certain cancer therapies, along with using 865
the glucose-ketone index (GKI) calculator to measure therapeutic efficacy in metabolic 866
management of brain cancers and likely other cancers [146]. Furthermore, KMT may be 867
an effective stand-alone therapy for cancer. There have, indeed, been various human 868
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studies indicate that a ketogenic diet is tolerable for individuals with cancer [147], but also 869
effective in reducing tumour burden and symptomatic disease [148]. Tumour cells are not 870
well adapted to metabolising ketones, but instead predominantly depend on glucose for 871
fuelling [149]. Limiting glucose availability for tumours by adapting into ketosis may 872
therefore create a metabolically unfavourable environment for tumour growth, whilst also 873
reducing insulin and IGF-1’s growth and division stimulating signals [150]. The data pre- 874
sented here indicate that long-term ketosis is safe in healthy populations; well-designed 875
clinical trials would elucidate the value of such an approach in cancer therapy. 876

4. Strengths and Limitations 877

Our study is the first investigating a non-athletic, healthy pre-menopausal female 878
population living in a long-term (> 1 year, group average of 3.9 years) habitual ketosis 879
lifestyle for more than 80% of their year. Our study was also culturally and ethnically 880
diverse, whereby participants followed their own lifestyle and food preferences. How- 881
ever, they were controlled (via photos and daily dietary diary) for each meal throughout 882
the day during the 9-week experimental period. Extensive nutritional instructions/guid- 883
ance (e.g., reminders to follow the SUK dietary recommendations during the SuK phase) 884
were also given to each participant. 885

Another strength of our study is participant adherence and compliance, as partici- 886
pants recorded and photographed daily capillary measurements (glucose and BHB) fora 887
6-months pre-trial, and throughout the experimental period (9 weeks) 4 times per day. 888
The use of standardised procedures, including laboratory visit, blood sampling time and 889
testing measurements is another strength of this study. The combination of anthropomet- 890
ric and metabolic indices as well as various biomarkers and OGTT assessments provides 891
further knowledge of the underlying metabolic responses of hyperinsulinaemia, and sub- 892
sequently on potential healthspan/lifespan. Finally, all our main results withstand a p- 893
value correction, indicating this study was fully powered. 894

On the other hand, variations of findings between studies may occur due to the study 895
population (e.g., females vs males); female participants may respond differently to male 896
cohorts, due to hormonal changes. In addition to this, training status of the participants 897
(trained vs untrained) [151,152] or the duration of the study protocol may play arole [153]. 898
Further work on metabolic health between different age groups (e.g., young vs elderly 899
population) and in healthy individuals in NK (as controls) vs people with pathologies (i.e.,, 900
cancer, T2D or elderly population with ageing-associated diseases, such as sarcopenia) in 901
larger cohorts is also needed. Future investigations should also conduct in depth profiling 902
analysis using RNA sequencing, proteomics, and metabolomics in response to hyperin- 903
sulinaemia. 904

Being a study on a wide range of physiological biomarkers (with different intrinsic 905
magnitudes of variance) it is expected to have a large variability of p-values. We would 906
like to highlight that while only insulin and IGF were used to calculate the sample size, 907
most biomarkers showed statistical significance clearly below our multiple comparisons 908
corrected p-value. Therefore, the borderline statistically significant findings in the meas- 909
ured cytokines and growth factors should be interpreted within the context of likely sta- 910
tistically underpowered tests on highly variable biomarkers and warrant further investi- 911
gation as their trends are in resonance with the protective metabolic and inflammatory 912
patterns we observed and have been documented elsewhere. 913

5. Translational Importance 914

Recently, it has been shown in a large cohort study that a diet with a high proportion 915
of carbohydrates significantly increases the risk of CVD [154]. This study, coupled with 916
the studies discussed above indicate that higher levels of insulin and IGF-1 are associated 917
with increased morbidity and mortality risk. The current SUK Eatwell guideline recom- 918
mendation to consume at least 267 g of carbohydrates a day, effectively suppressed 919
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ketosis, to a degree that by the end of this 21-day intervention, our participants were wak- 920
ing up with undetectable ketones on a capillary meter, indicating insulin demand, secre- 921
tion and exposure had been enough to down regulate ketogenesis to even prevent return 922
to ketosis after an overnight fast. We, therefore, propose that the reduced concentration 923
of BHB accompanied by higher concentrations of insulin and IGF-1 may confer increased 924

risk of morbidity and mortality over time, potentially increasing biological ageing rate. 925
6. Materials and Methods 926
6.1. Ethical Approval 927

Ethical approval was obtained by the College of Liberal of Arts and Sciences Research 928
Ethics Committee, University of Westminster, United Kingdom (ETH2122-0634). All pro- 929
cedures were conducted in accordance with the Declaration of Helsinki and UK legisla- 930
tion. Written informed consent was obtained from all participants prior to their participa- 931

tion. 932
933
6.2. Participants 934

Ten healthy, habitually keto-adapted (living ketosis lifestyle prior to starting trial, 935
self-reported average of 3.85 years), pre-menopausal women [age, 32.30 years + 8.97; body 936
mass index (BMI), 20.52 + 1.39] were recruited. Participants were not receiving hormonal 937
birth control, and classified as “metabolic phenotype 1” as defined by capillary BHB (>0.3 938
mmol/L) and low fasting insulin < 130 pmol/L, with normo-glycaemia [30]. Habitual ke- 939
tosis was determined by once-daily capillary BHB measurements between 4 — 6 pm, before 940
the evening meal, for 6 months prior to commencement of the study. A summary of the 941
participants’ characteristics at baseline is given in Table 1. 942

Exclusion criteria included smoking, taking any medication and evidence of meta- 943
bolic, immunological, or CVD. Participants were required to complete a medical history 944

questionnaire to confirm that they were free from any of the above diseases. 945
946
947
6.3. Study design 948

The study was an open-labelled non-randomised cross-over trial with three phases: 949
baseline nutritional ketosis (NK) (Phase 1; P1), suppression of ketosis (SuK) (Phase 2; P2) 950
and removal of intervention, returning to NK (Phase 3; P3) (Figure 7). 951

For the duration of the study, participants were required to monitor their capillary 952
glucose and ketone BHB concentrations (mmol/L) at four time points throughout the day 953
to ascertain compliance (Table 2 - 3). Timepoints were between: 7:30-9:30 am, 11:30-13:30 954
pm, 15:30-17:30 pm and 21:30-23:30 pm. Participants determined capillary glucose and 955
BHB using a Keto-Mojo™ GKI multi-function meter (Keto-Mojo, Napa, CA, United 956
States). This equipment was selected for its reliability and good diagnostic performance 957
[155]. 958
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Figure 7. KetoSAge Study design. Phase 1 and 3 covered the participants’ habitual ketosis lifestyle.
Phase 2 was the interventional phase to suppress ketosis (SuK). Each phase was monitored by finger
prick testing of capillary beta-hydroxybutyrate (BHB) concentration (mmol/L). Testing was con-
ducted 4 times per day, prior to mealtimes at evenly spaced intervals. At the end of each phase,
participants underwent laboratory testing for body composition, blood sampling for biomarkers
associated with chronic diseases and ageing and were given an oral glucose tolerance test (75g glu-
cose in 250 mL water). Blood samples were taken at 7 time points over 5 hours. Whole blood glucose,
and BHB were measured sequentially in real time using the Keto-Mojo™ Meter and plasma insulin
sensitivity assay was conducted later using ELISA.

Day 1

4 capillary blood tests per day by fingerprick, for 21 days

» Day 21 ——  » Day 22 Laboratory visit
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(P1-NK) Maintain lifestyle nutritional ketosis (NK) = capillary BHB = 0.5 mmol/L
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Laboratory | 8 am - Participant arrives at the laboratory (fasted for no less than 12
usi hours), for body composition measurements, blood sampling and an Nl
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21 days intervention - Participants suppress nutritional ketosis, 1. | { ¢
Suppress following the best interpretation of the UK Eatwell Guidelines (an anti- /
. ketosis diet recommending 268 grams of carbohydrate/day)
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Repeat of participant laboratory protocol day

During P1, participants maintained lifestyle NK, as determined by maintenance of
capillary blood concentration of BHB > 0.5 mmol/L, by ad libitum consumption of a very
low carbohydrate high fat diet (VCHF), % carbohydrate:protein:fat = 8:17:75 [22,156] (this
ratio is modulable according the metabolic health) or ad libitum feeding within a time-
restricted feeding (TRF) window, or a mixture of both (Table 2 - 3).

On day 22 (visit 1), participants attended the Human Physiology Laboratory at the
University of Westminster at the same time of day (8 am) in an overnight fasted state (>
12 hours) for baseline testing. The baseline visit included anthropometric measurements,
metabolic measurements, including exchange analysis (VOz, VCO2), venous blood sample
and an oral glucose tolerance test (OGTT) with BHB sensitivity. On day 23, participants
suppressed ketosis (P2) and capillary BHB was targeted to be sustained at < 0.3 mmol/L
for 21 days. Participants adapted out of ketosis during days 23 to 43 by following their
healthiest interpretation (ad libitum) of the UK Eatwell Guidelines (% carbohydrate:pro-
tein:fat = 55:20:25) which recommend consuming at least 267 g of carbohydrate per day,
divided over at least three meals.

On day 44 (visit 2), participants reported to the laboratory at 8 am having fasted over-
night to complete the same measurements as during visit 1. On day 45, the trial interven-
tion was removed, participants returned to their habitual lifestyle patterns resulting in a
return to NK (P3) and during days 45 to 65 they continued to monitor their capillary blood
glucose and ketones, where BHB was maintained at > 0.5 mmol/L, as in P1. On day 46
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(visit 3), participants returned to the laboratory to repeat identical measurements as pre- 989

vious visits. An overview of the study design is presented in Figure 7. 990
991
6.4. Anthropometric Measurements 992

Upon arrival at the laboratory, height (to nearest 0.1 cm) was measured using a sta- 993
diometer (Marsden HM-250P Leicester Height Measure), and body weight (to nearest 0.1 =~ 994
kg), BMI, fat mass and total body water (TBW) were measured by bioelectrical impedance 995
(BIA) using Seca® (mBCA 514 Medical Body Composition Analyzer, Gmbh&Co. KG, 9%
Hamburg, Germany) with participants being 12 hours fasted, with an empty bladder and 997
with standardised clothing. In addition, waist and hip circumference measures were ob- 998
tained with a non-stretch anthropometric circumference measuring tape (Seca® 201) 999
while participants stood upright on both feet. The average value (cm) of three measure- 1000

ments was used for analysis. 1001
1002
6.5. Metabolic Measurements 1003

Respiratory quotient (RQ) was measured by indirect calorimetry using a Quark RMR 1004
(COSMED srl, Rome, Italy) and was defined as the ratio of carbon dioxide (CO2) produc- 1005
tion to oxygen (O2) consumption. RQ was determined with the participants lying down at 1006
rest and with 15 minutes of lead time to allow respiration to equilibrate before measure- 1007
ments were taken. After RQ was determined, blood pressure was taken using an auto- 1008
matic upper arm blood pressure monitor (OMRON HEALTHCARE Co., Ltd., Kyoto, Ja- 1009

pan). 1010
1011
6.6. Blood collection 1012

Following anthropometric measurements, a single-use sterile 22G Terumo (Japan, 1013
Tokyo) Versatus Winged and Ported IV Catheter (Cannula) was inserted into the partici- 1014
pants antecubital vein for blood sampling. Saline solution flushes (0.9% NaCl, 5 mL, BD 1015
PosiFlush SP Syringe) were delivered in order to keep the intravenous line patent. 2 mL 1016
of blood was drawn and discarded prior to each blood draw to prevent blood sampling 1017
saline dilution. 1018

Blood was drawn into tubes anti-coagulated with either ethylenediaminetetraacetic =~ 1019
acid (EDTA) or lithium heparin (BD, Oxford, UK) ready for analysis by SYNLAB (see Sec- 1020
tion 2.7). Blood was also drawn into serum SST™ II Advance tubes with thrombin rapid 1021
clot activator and separation gel (BD, Oxford, UK) and left for 30 minutes at room tem- 1022
perature. Serum tubes were then centrifuged (Hettich Zentrifugen, Universal 320 R, Tut- 1023
tlingen, Germany) at 3,857 g for 10 minutes at room temperature. Serum samples were 1024
either sent to SYNLAB for analysis or aliquoted into cryovial tubes under sterile condi- 1025

tions and stored at -80°C for later analysis by Randox (see Section 2.7). 1026
1027
6.7. Blood profiling analysis 1028

Following blood draw, the blood samples were immediately sent to SYNLAB Bel- 1029
gium (Alexander Fleming, 3 — 6220 Heppignies — Company No: 0453.111.546), to deter- 1030
mine the concentrations of the following markers: insulin, insulin-like growth factor 1 1031
(IGF-1), insulin-like growth factor binding protein 3 (IGFBP-3), C-reactive protein (CRP), 1032
gamma-glutamyl transferase (GGT), cortisol, plasminogen activator inhibitor-1 (PAI-1), 1033
total cholesterol, high density lipoprotein (HDL) cholesterol, low density lipoprotein 1034
(LDL) cholesterol, triglycerides, thyroid stimulating hormone (TSH), free triiodothyro- 1035
nine (13), reverse T3, and thyroxine (T4). 1036

1037

At the end of the trial, frozen serum samples were sent to Randox Ireland (Ardmore, 1038
55 Diamond Road, Crumlin, Co. Antrim, BT29 4QY, company number: NI015738) to de- 1039
termine the concentrations of various cytokines and growth factors. These included: epi- 1040
thelial growth factor (EGF), vascular endothelial growth factor (VEGF), interferon-gamma 1041
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(INF-y), monocyte chemotactic protein (MCP-1), tumour necrosis factor-alpha (TNF-a), 1042

interleukin (IL)-1a, IL-1b, IL-2, IL-4, IL-6, IL-8, and IL-10. 1043
1044
6.8. Oral Glucose Tolerance Test 1045

Following anthropometric and metabolic measurements and blood sampling, partic- 1046
ipants were subjected to an OGTT. 75 g of glucose in 250 mL water (prepared fresh on 1047
each day) was consumed by participants within 5 minutes. Blood samples were then 1048
drawn into EDTA tubes via cannula at 7 timepoints: 0 minutes (before glucose bolus), 30, 1049
60, 120, 180, 240 and 300 minutes. All samples were immediately spun at 3,857 g for 10 1050
minutes at 4°C to obtain the plasma fraction. Plasma was aliquoted under sterile condi- 1051
tions and stored at -80°C for later batch analysis. Plasma insulin concentrations were de- 1052
termined by Quantikine ELISA (R&D Systems), following the manufacturer’s instruc- 1053
tions. Samples were thawed once and analysed in triplicate. Throughout the OGTT ateach 1054
timepoint, venous whole blood was used to measure glucose and BHB concentrations by 1055

a Keto-Mojo™ GKI multi-function meter. 1056
1057
6.9. Statistical analysis 1058

All data was found to be normally distributed by the Shapiro-Wilk test and therefore 1059
parametric analyses were conducted. Repeated measures one-way analysis of variance 1060
(ANOVA) was used to evaluate differences in various parameters between the three 1061
phases (baseline ketosis P1, suppression of ketosis P2 and return to ketosis P3), or across 1062
time points (0, 30, 60, 120, 180, 240, 300 minutes) for OGTT on glucose, insulin and BHB. 1063
Tukey’s HSD test was used for post hoc analysis to perform pairwise comparisons, and p 1064
values < 0.05 were considered statistically significant. Data were presented as mean + 1065
standard deviation, unless otherwise stated. Statistical analysis was performed, and all 1066

figures were generated, in GraphPad Prism (v9; San Diego, USA). 1067
1068
6.10. Sample size calculation 1069

Sample size was calculated based on pilot feasibility data with 5 participants put 1070
through all 3 phases. We calculated sample size using changes in fasted insulin and IGF- 1071
1 concentrations. The sample size was estimated using G*Power (v3.1) with an alpha level 1072
of 0.05, a power (1-f) of 0.80 and a medium effect size of f = 0.5 and a conservative intra- 1073
measurement correlation of 0.5. This analysis recommended a sample size of n =9, that 1074
predicted to produce results with an effect size of 1.1. 1075

7. Conclusions 1076

Evolutionary evidence suggests that ancestral populations were predominantly 1077
adapted to patterns of intermittent and time restricted feeding as opposed to continuous 1078
nutritional intake, rich in farinaceous and sucrose carbohydrates that stimulate bolus in- 1079
sulin secretion. The escalating prevalence of T2DM, obesity, CVD, AD and cancer ob- 1080
served in populations adhering to multiple substantial carbohydrate dominated mealsin 1081
developed nations is a testament to this. Individuals maintaining long-standing habitual 1082
NK, when subjected to 21-days of consuming carbohydrate to suppress ketosis, followed 1083
with restricting carbohydrate, reverting to an evolutionary ketotic state within one day, 1084
indicate metabolic flexibility and health. Our data show long-standing NK appears to pro- 1085
vide major health benefits in the maintenance of euglycaemia, with low insulin and IGF- 1086
1, the triad of markers most strongly associated with chronic diseases and biological age- 1087
ing. NK serves as a reliable surrogate marker for these parameters to understand an indi- 1088
vidual’s metabolic phenotype, and therefore risk. This study was conducted to establish 1089
a detailed metabolic phenotype biomarker profile in a long-standing healthy ketosis co- 1090
hort, providing a NK control group for other studies to establish metabolic phenotypesin 1091
people with cancer, CVD, AD, T2DM and ageing, and to assess treatment efficacy using 1092
KMT in gaining better health. Overall, sustained NK may mitigate hyperinsulinemia with- 1093
out impairing metabolic flexibility and carbohydrate tolerance in metabolically healthy 1094
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individuals. Maintaining low insulin requirement and IGF-1 levels, through endogenous
NK, may offer lower chronic disease risk resulting in benefits to both lifespan and health-
span.

Author Contributions: 1.D.C. conceived the hypothesis and study design, wrote the original draft,
designed the figures, and reviewed and edited the final manuscript. .D.C., Y.K. conducted the trial.
ILD.C,YK,S]., V.B, V.N, RA. collected and compiled data. . D.C,, Y.K, K.E., L.P. performed ex
vivo bench top assays. .D.C., Y.K,, K.E,, L.P. analysed data, designed tables and graphs. I.D.C., Y.K,,
KE.,LP,TNS,TD., ASM., AS., KB, B.T.E. contributed to writing and reviewed and edited the
final manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding. Or “The APC was funded by XXX".

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the College of Liberal of Arts and Sciences Research Ethics Com-
mittee, University of Westminster. Ethical approval was obtained by the College of Liberal of Arts
and Sciences Research Ethics Committee, University of Westminster, United Kingdom (ETH2122-
0634)

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon reasonable request.

Acknowledgments: The authors would like to acknowledge the time and dedication of all partici-
pants who participated in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1 O’Connor D, Molloy AM, Laird E, et al. Sustaining an ageing population: the role of micronutrients in frailty
and cognitive impairment. Proc Nutr Soc 2023;82:315-28. doi:10.1017/50029665123002707

2 UN. World population ageing 2019: Highlights. Econ. Dep. Aff. Soc. Div. Popul.
2019.https://www.un.org/en/development/desa/population/publications/pdf/ageing/WorldPopulationAge-
ing2019-Report.pdf (accessed 13 Sep 2023).

3 ONS. Death registration summary statistics, England and Wales - Office for National Statistics. ONS Website.
2023.https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/arti-

cles/deathregistrationsummarystatisticsenglandandwales/2022 (accessed 14 Sep 2023).

4 WHO. Global health estimates: Leading causes of death.
2019.https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-leading-causes-of-
death (accessed 13 Sep 2023).

1095
1096
1097
1098
1099
1100
1101
1102
1103
1104

1105

1106

1107

1108
1109
1110
1111
1112

1113

1114
1115
1116
1117
1118

1119

1120
1121

1122

1123

1124

1125

1126
1127

1128
1129
1130

1131
1132
1133

1134
1135
1136



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 30 of 40

5 Aratjo J, CaiJ, Stevens J. Prevalence of optimal metabolic ealth in american adults: National health and nutri- 1137
tion examination survey 2009-2016. Metab Syndr Relat Disord 2018;17:46-52. doi:10.1089/met.2018.0105 1138
6 Cooper ID, Kyriakidou Y, Petagine L, et al. Bio-hacking better health—Leveraging metabolic biochemistry to 1139
maximise healthspan. Antioxidants 2023, Vol 12, Page 1749 2023;12:1749. d0i:10.3390/ANTIOX12091749 1140
7 Crofts CAP, Zinn C, Wheldon M, et al. Hyperinsulinemia: A unifying theory of chronic disease? Diabesity 1141
2015;1:34. doi:10.15562/diabesity.2015.19 1142

8 Cooper ID, Brookler KH, Kyriakidou Y, et al. Metabolic phenotypes and step by step evolution of type 2 diabe- 1143

tes: A new paradigm. Biomed 2021, Vol 9, Page 800 2021;9:800. doi:10.3390/BIOMEDICINES9070800 1144
9 Ambroselli D, Masciulli F, Romano E, et al. New advances in metabolic syndrome, from prevention to treat- 1145
ment: The role of diet and food. Nutrients 2023;15:640. doi:10.3390/NU15030640/S1 1146
10 Hayflick L, Moorhead PS. The serial cultivation of human diploid cell strains. Exp Cell Res 1961;25:585-621. 1147
doi:10.1016/0014-4827(61)90192-6 1148
11 Veech RL, Bradshaw PC, Clarke K, et al. Ketone bodies mimic the life span extending properties of caloric re- 1149
striction. IUBMB Life 2017;69:305-14. doi:10.1002/iub.1627 1150
12 Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and disease. Cell 2017;168:960-76. 1151
doi:10.1016/j.cell.2017.02.004 1152

13 Pignatti C, D’adamo S, Stefanelli C, ef al. Nutrients and pathways that regulate health span and life span. Geri- 1153
atr 2020, Vol 5, Page 95 2020;5:95. d0i:10.3390/GERIATRICS5040095 1154

14 Ottens F, Franz A, Hoppe T. Build-UPS and break-downs: metabolism impacts on proteostasis and aging. Cell 1155
Death Differ 2021 282 2021;28:505-21. doi:10.1038/s41418-020-00682-y 1156

15 Roberts MN, Wallace MA, Tomilov AA, et al. A ketogenic diet extends longevity and healthspan in adult mice. 1157

Cell Metab 2017;26:539-546.5. doi:10.1016/j.cmet.2017.08.005 1158
16 Napoleao A, Fernandes L, Miranda C, et al. Effects of calorie restriction on health span and insulin resistance: 1159
classic calorie restriction diet vs. ketosis-inducing diet. Nutrients 2021;13. d0i:10.3390/NU13041302 1160
17 Newman JC, Verdin E. Ketone bodies as signaling metabolites. Trends Endocrinol Metab 2014;25:42-52. 1161
doi:10.1016/j.tem.2013.09.002 1162

18 Shimazu T, Hirschey MD, Newman J, et al. Suppression of oxidative stress by -hydroxybutyrate, an endoge- 1163
nous histone deacetylase inhibitor. Science (80- ) 2013;339:211-4. doi:10.1126/science.1227166 1164

19 Grabacka M, Pierzchalska M, Dean M, et al. Regulation of ketone body metabolism and the role of PPARa. Int ] 1165
Mol Sci 2016;17. doi:10.3390/ijms17122093 1166

20 Wang L, Chen P, Xiao W. B-hydroxybutyrate as an anti-aging metabolite. Nutrients 2021;13. 1167



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 31 of 40

21

22

23

24

25

26

27

28

29

30

31

32

33

34

doi:10.3390/NU13103420

Puchalska P, Crawford PA. Multi-dimensional roles of ketone bodies in fuel metabolism, signaling, and thera-
peutics. Cell Metab 2017;25:262-84. doi:10.1016/j.cmet.2016.12.022

Miller V], Villamena FA, Volek JS. Nutritional ketosis and mitohormesis: potential implications for mitochon-
drial function and human health. ] Nutr Metab 2018;2018. doi:10.1155/2018/5157645

Qu C, Keijer ], Adjobo-Hermans MJW, et al. The ketogenic diet as a therapeutic intervention strategy in mito-
chondrial disease. Int | Biochem Cell Biol 2021;138:106050. doi:10.1016/].BIOCEL.2021.106050

Benjamin DI, Both P, Benjamin JS, et al. Fasting induces a highly resilient deep quiescent state in muscle stem
cells via ketone body signaling. Cell Metab 2022;34:902-918.e6. d0i:10.1016/j.cmet.2022.04.012

Zhu H, Bi D, Zhang Y, et al. Ketogenic diet for human diseases: the underlying mechanisms and potential for
clinical implementations. Signal Transduct Target Ther 2022 71 2022;7:1-21. doi:10.1038/s41392-021-00831-w

Nadal A, Marrero PF, Haro D. Down-regulation of the mitochondrial 3-hydroxy-3-methylglutaryl-CoA syn-
thase gene by insulin: the role of the forkhead transcription factor FKHRL1. Biochem ] 2002;366:289-97.
doi:10.1042/BJ20020598

DiNicolantonio JJ, Bhutani ], OKeefe JH, et al. Postprandial insulin assay as the earliest biomarker for diagnos-
ing pre-diabetes, type 2 diabetes and increased cardiovascular risk. Open Hear 2017;4:e000656.
doi:10.1136/openhrt-2017-000656

Cooper ID, Brookler KH, Crofts CAP. Rethinking fragility fractures in type 2 diabetes: The link between hyper-
insulinaemia and osteofragilitas. Biomed 2021, Vol 9, Page 1165 2021;9:1165. d0i:10.3390/BIOMEDI-
CINES9091165

PHE. Government Dietary Recommendations Government recommendations for energy and nutrients for

males and females aged 1-18 years and 19+ years. Public Heal Engl 2016.

Cooper ID, Crofts CAP, DiNicolantonio JJ, et al. Relationships between hyperinsulinaemia, magnesium, vita-
min D, thrombosis and COVID-19: Rationale for clinical management. Open Hear 2020;7:e001356.
doi:10.1136/openhrt-2020-001356

Dilliraj LN, Schiuma G, Lara D, et al. The evolution of ketosis: Potential impact on clinical conditions. Nutrients
2022;14:3613. doi:10.3390/NU14173613/S1

Bronisz A, Ozorowski M, Hagner-Derengowska M. Pregnancy ketonemia and development of the fetal central
nervous system. Int | Endocrinol 2018;2018. doi:10.1155/2018/1242901

Kinzig KP, Honors MA, Hargrave SL. Insulin sensitivity and glucose tolerance are altered by maintenance on a
ketogenic diet. Endocrinology 2010;151:3105-14. doi:10.1210/en.2010-0175

Skow SL, Jha RK. A ketogenic diet is effective in improving insulin sensitivity in individuals with type 2

1168

1169
1170

1171
1172

1173
1174

1175
1176

1177
1178

1179
1180
1181

1182
1183
1184

1185
1186
1187

1188
1189

1190
1191
1192

1193
1194

1195
1196

1197
1198

1199



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 32 of 40

35

36

37

38

39

40

41

42

43

44

45

46

47

48

diabetes. Curr Diabetes Rev 2022;19. doi:10.2174/1573399818666220425093535

Paoli A;, Bianco A;, Moro T;, et al. The effects of ketogenic diet on insulin sensitivity and weight loss, which
came first: The chicken or the egg? Nutr 2023, Vol 15, Page 3120 2023;15:3120. doi:10.3390/NU15143120

Jiang Z, Yin X, Wang M, et al. Effects of ketogenic diet on neuroinflammation in neurodegenerative diseases.
Aging Dis 2022;13:1146. doi:10.14336/AD.2021.1217

Koh S, Dupuis N, Auvin S. Ketogenic diet and neuroinflammation. Epilepsy Res 2020;167:106454.
doi:10.1016/].EPLEPSYRES.2020.106454

Arima Y, Nakagawa Y, Takeo T, et al. Murine neonatal ketogenesis preserves mitochondrial energetics by pre-
venting protein hyperacetylation. Nat Metab 2021;3:196-210. doi:10.1038/542255-021-00342-6

Schutz Y, Ravussin E. Respiratory quotients lower than 0.70 in ketogenic diets. Am | Clin Nutr 1980;33:1317-9.
doi:10.1093/AJCN/33.6.1317

Goldenshluger A, Constantini K, Goldstein N, et al. Effect of dietary strategies on respiratory quotient and its
association with clinical parameters and organ fat loss: A randomized controlled trial. Nutrients 2021;13.
doi:10.3390/NU13072230

Ramos-Jiménez A, Hernandez-Torres RP, Torres-Duran P V., et al. The Respiratory Exchange Ratio is Associ-
ated with Fitness Indicators Both in Trained and Untrained Men: A Possible Application for People with Re-
duced Exercise Tolerance. Clin Med Circ Respirat Pulm Med 2008;2:CCRPM.S449. do0i:10.4137/CCRPM.S5449/AS-
SET/IMAGES/LARGE/10.4137_CCRPM.S5449-FIG3.JPEG

Bergman BC, Brooks GA. Respiratory gas-exchange ratios during graded exercise in fed and fasted trained and
untrained men. | Appl Physiol 1999;86:479-87. doi:10.1152/JAPPL.1999.86.2.479/ASSET/IM-
AGES/LARGE/JAPP05216005X.JPEG

Nishida C, Ko GT, Kumanyika S. Body fat distribution and noncommunicable diseases in populations: over-
view of the 2008 WHO Expert Consultation on Waist Circumference and Waist-Hip Ratio. Eur | Clin Nutr 2010
641 2009;64:2-5. d0i:10.1038/ejcn.2009.139

WHO. Waist Circumference and Waist-Hip Ratio. WHO Expert. 2011;64:2-5.http://www.na-
ture.com/doifinder/10.1038/ejcn.2009.139 (accessed 14 Sep 2023).

Choi SM, Tucker DF, Gross DN, et al. Insulin regulates adipocyte lipolysis via an Akt-independent signaling
pathway. Mol Cell Biol 2010;30:5009. doi:10.1128/MCB.00797-10

Althaher AR. An overview of hormone-sensitive lipase (HSL). Sci World | 2022;2022. d0i:10.1155/2022/1964684

Lan YL, Lou JC, Lyu W, et al. Update on the synergistic effect of HSL and insulin in the treatmentof metabolic
disorders. Ther Adv Endocrinol Metab 2019;10:1-10. doi:10.1177/2042018819877300

Sandhu MS, Dunger DB, Giovannucci EL. Insulin, insulin-like growth factor-I (IGF-I), IGF binding proteins,

1200

1201
1202

1203
1204

1205
1206

1207
1208

1209
1210

1211
1212
1213

1214
1215
1216
1217

1218
1219
1220

1221
1222
1223

1224
1225

1226
1227

1228

1229
1230

1231



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 33 of 40

49

50

51

52

53

54

55

56

57

58

59

60

61

62

their biologic interactions, and colorectal cancer. [NCI | Natl Cancer Inst 2002;94:972-80.
doi:10.1093/JNCI/94.13.972

Goalstone ML, Leitner JW, Wall K, et al. Effect of insulin on farnesyltransferase. | Biol Chem 1998;273:23892-6.
do0i:10.1074/jbc.273.37.23892

Draznin B, Miles P, Kruszynska Y, et al. Effects of insulin on prenylation as a mechanism of potentially detri-
mental influence of hyperinsulinemia. Endocrinology 2000;141:1310-6. doi:10.1210/ENDO.141.4.7411

Goalstone ML, Draznin B. What does insulin do to Ras? Cell Signal 1998;10:297-301. doi:10.1016/S0898-
6568(97)00132-0

Cao ], Yee D. Disrupting insulin and IGF receptor function in cancer. Int ] Mol Sci 2021, Vol 22, Page 555
2021;22:555. doi:10.3390/IJMS22020555

Pollak M. Insulin and insulin-like growth factor signalling in neoplasia. Nat Rev Cancer 2008;8:915-28.
doi:10.1038/nrc2536

Zhang WB, Aleksic S, Gao T, et al. Insulin-like growth factor-1 and IGF binding proteins predict all-cause mor-
tality and morbidity in older adults. Cells 2020, Vol 9, Page 1368 2020;9:1368. d0i:10.3390/CELLS9061368

Narasimhan SD, Yen K, Tissenbaum HA. Converging pathways in lifespan regulation. Curr Biol 2009;19:R657.
d0i:10.1016/j.cub.2009.06.013

Barbieri M, Bonafe M, Franceschi C, et al. Insulin/IGF-I-signaling pathway: An evolutionarily conserved mech-
anism of longevity from yeast to humans. Am | Physiol - Endocrinol Metab 2003;285. doi:10.1152/A]-
PENDO.00296.2003/ASSET/IMAGES/LARGE/H11131489001.JPEG

Holzenberger M, Dupont J, Ducos B, et al. IGF-1 receptor regulates lifespan and resistance to oxidative stress in
mice. Nat 2003 4216919 2002;421:182-7. doi:10.1038/nature01298

Rahmani J, Montesanto A, Giovannucci E, et al. Association between IGF-1 levels ranges and all-cause mortal-
ity: A meta-analysis. Aging Cell 2022;21. doi:10.1111/ACEL.13540

Jag UR, Zavadil ], Stanley FM. Insulin acts through FOXQO3a to activate transcription of plasminogen activator
inhibitor type 1. Mol Endocrinol 2009;23:1587-602. d0i:10.1210/me.2008-0421

Webb AE, Brunet A. FOXO transcription factors: key regulators of cellular quality control. Trends Biochem Sci
2014;39:159. doi:10.1016/].T1IBS.2014.02.003

Klotz LO, Sanchez-Ramos C, Prieto-Arroyo I, et al. Redox regulation of FoxO transcription factors. Redox Biol
2015;6:51-72. d0i:10.1016/j.redox.2015.06.019

Newman JC, Verdin E. B-hydroxybutyrate: A signaling metabolite. Annu Rev Nutr 2017;37:51-76.
doi:10.1146/annurev-nutr-071816-064916

1232
1233

1234
1235

1236
1237

1238
1239

1240
1241

1242
1243

1244
1245

1246
1247

1248
1249
1250

1251
1252

1253
1254

1255
1256

1257
1258

1259
1260

1261
1262



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 34 of 40

63

64

65

66

67

68

69

70

71

72

73

74

75

76

Miyauchi T, Uchida Y, Kadono K, et al. Up-regulation of FOXO1 and reduced inflammation by (3-hydroxy-
butyric acid are essential diet restriction benefits against liver injury. Proc Natl Acad Sci U S A 2019;116:13533—
42. doi:10.1073/PNAS.1820282116/-/DCSUPPLEMENTAL

Willcox BJ, Donlon TA, He Q, et al. FOXO3A genotype is strongly associated with human longevity. Proc Natl
Acad Sci U S A 2008;105:13987-92. doi:10.1073/pnas.0801030105

Visscher TLS, Seidell JC. The public health impact of obesity. https://doi.org/101146/annurev.publhealth221355
2003;22:355-75. doi:10.1146/ ANNUREV.PUBLHEALTH.22.1.355

Ahmed SBM, Radwan N, Amer S, et al. Assessing the link between diabetic metabolic dysregulation and breast
cancer progression. Int | Mol Sci 2023;24:11816. doi:10.3390/]JMS241411816/S1

WHO. Breast cancer. World Heal. Organ. 2023.https://www.who.int/news-room/fact-sheets/detail/breast-can-
cer#:~:text=In 2020%2C there were 2.3,the world%27s most prevalent cancer. (accessed 19 Sep 2023).

Kautzky-Willer A, Harreiter ], Pacini G. Sex and gender differences in risk, pathophysiology and complications
of type 2 diabetes mellitus. Endocr Rev 2016;37:278-316. doi:10.1210/ER.2015-1137

Bolla AM, Caretto A, Laurenzi A, et al. Low-carb and ketogenic diets in type 1 and type 2 diabetes. Nutrients
2019;11. doi:10.3390/NU11050962

Paradies G, Paradies V, Ruggiero FM, et al. Role of cardiolipin in mitochondrial function and dynamics in
health and disease: molecular and pharmacological aspects. Cells 2019;8:728. d0i:10.3390/cells8070728

Martinez B, Ortiz RM. Thyroid hormone regulation and insulin resistance: Insights from animals naturally
adapted to fasting. Physiology 2017;32:141-51. doi:10.1152/PHYSIOL.00018.2016/ASSET/IM-
AGES/LARGE/PHY0021703640002.JPEG

Petagine L, Zariwala MG, Patel VB. Non-alcoholic fatty liver disease: Immunological mechanisms and current
treatments. World | Gastroenterol 2023;29:4831-50. d0i:10.3748/wjg.v29.i32.4831

DemantMia, L. B, P. S, et al. Determinants of fasting hyperglucagonemia in patients with type 2 diabetes and
nondiabetic control subjects. https://home.liebertpub.com/met Published Online First: 28 November 2018.
doi:10.1089/MET.2018.0066

Kumpatla S, Parveen R, Murugan P, et al. Hyperglucagonemia and impaired insulin sensitivity are associated
with development of prediabetes and type 2 diabetes - A study from South India. Diabetes Metab Syndr Clin Res
Rev 2021;15:102199. d0i:10.1016/].DSX.2021.102199

Luchsinger JA, Tang MX, Shea S, et al. Hyperinsulinemia and risk of Alzheimer disease. Neurology
2004;63:1187-92. d0i:10.1212/01.WNL.0000140292.04932.87

Grundy SM. Gamma-glutamyl transferase: Another biomarker for metabolic syndrome and cardiovascular
risk. Arterioscler Thromb Vasc Biol 2007;27:4-7. d0i:10.1161/01.ATV.0000253905.13219.4b

1263
1264
1265

1266
1267

1268
1269

1270
1271

1272
1273

1274
1275

1276
1277

1278
1279

1280
1281
1282

1283
1284

1285
1286
1287

1288
1289
1290

1291
1292

1293
1294



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 35 of 40

77

78

79

80

81

82

83

84

85

86

87

88

89

Unwin DJ, Cuthbertson DJ, Feinman R, et al. A pilot study to explore the role of a low-carbohydrate interven-
tion to improve GGT levels and HbA 1c. Diabesity Pract 2015;4.

Kwak J, Seo IH, Lee YJ. Serum y-glutamyltransferase level and incidence risk of metabolic syndrome in com-
munity dwelling adults: longitudinal findings over 12 years. Diabetol Metab Syndr 2023;15. doi:10.1186/513098-
023-01000-5

Gohel MG, Chacko AN. Serum GGT activity and hsCRP level in patients with type 2 diabetes mellitus with
good and poor glycemic control: An evidence linking oxidative stress, inflammation and glycemic control. |
Diabetes Metab Disord 2013;12. doi:10.1186/2251-6581-12-56

Drozdz R, Parmentier C, Hachad H, et al. y-glutamyltransferase dependent generation of reactive oxygen spe-
cies from a glutathione/transferrin system. Free Radic Biol Med 1998;25:786-92. doi:10.1016/50891-5849(98)00127-
0

Wang Y, Wu T, Zang X, et al. Relationship between serum gamma-glutamyl transferase level and impaired
fasting glucose among chinese community-dwelling adults: A follow-up observation of 6 years. Metab Syndr
Relat Disord 2021;19:100-6. d0i:10.1089/MET.2020.0032

Xing M, Gao M, Li]J, et al. Characteristics of peripheral blood Gamma-glutamyl transferase in different liver
diseases. Medicine (Baltimore) 2022;101:E28443. doi:10.1097/MD.0000000000028443

Bonnet F, Ducluzeau PH, Gastaldelli A, et al. Liver enzymes are associated with hepatic insulin resistance, in-
sulin secretion, and glucagon concentration in healthy men and women. Diabetes 2011;60:1660.
d0i:10.2337/DB10-1806

Bjork MP, Johansson B. Gamma-Glutamyltransferase (GGT) as a biomarker of cognitive decline at the end of
life: contrasting age and time to death trajectories. Int psychogeriatrics 2018;30:981-90.
doi:10.1017/51041610217002393

Sillen M, Declerck PJ. A narrative review on plasminogen activator inhibitor-1 and Its (patho)physiological
role: To target or not to target? Int ] Mol Sci 2021, Vol 22, Page 2721 2021;22:2721. doi:10.3390/1JMS22052721

Samad F, Pandey M, Bell PA, et al. Insulin continues to induce plasminogen activator inhibitor 1 gene expres-
sion in insulin-resistant mice and adipocytes. Mol Med 2000;6:680-92. doi:10.1007/BF03402048/TABLES/1

Altalhi R, Pechlivani N, Ajjan RA. PAI-1 in diabetes: Pathophysiology and role as a therapeutic target. Int ] Mol
Sci 2021;22:1-15. doi:10.3390/1JMS22063170

Yarmolinsky J, Bordin Barbieri N, Weinmann T, et al. Plasminogen activator inhibitor-1 and type 2 diabetes: a
systematic review and meta-analysis of observational studies. Sci Reports 2016 61 2016;6:1-13.
doi:10.1038/srep17714

Booth NA, Simpson AJ, Croll A, et al. Plasminogen activator inhibitor (PAI-1) in plasma and platelets. Br | Hae-
matol 1988;70:327-33. d0i:10.1111/].1365-2141.1988.TB02490.X

1295
1296

1297
1298
1299

1300
1301
1302

1303
1304
1305

1306
1307
1308

1309
1310

1311
1312
1313

1314
1315
1316

1317
1318

1319
1320

1321
1322

1323
1324
1325

1326
1327



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 36 of 40

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

Leitner JW, Kline T, Carel K, et al. Hyperinsulinemia potentiates activation of p21Ras by growth factors. Endo-
crinology 1997;138:2211-4.

Hopkins BD, Pauli C, Xing D, et al. Suppression of insulin feedback enhances the efficacy of PI3K inhibitors.
Nat 2018 5607719 2018;560:499-503. doi:10.1038/s41586-018-0343-4

Bye AP, Unsworth AJ, Gibbins JM. Platelet signaling: a complex interplay between inhibitory and activatory
networks. | Thromb Haemost 2016;14:918. doi:10.1111/JTH.13302

Juhan-Vague I, Alessi MC, Mavri A, et al. Plasminogen activator inhibitor-1, inflammation, obesity, insulin re-
sistance and vascular risk. | Thromb Haemost 2003;1:1575-9. d0i:10.1046/].1538-7836.2003.00279.X

Alessi MC, Peiretti F, Morange P, et al. Production of plasminogen activator inhibitor 1 by human adipose tis-
sue: possible link between visceral fat accumulation and vascular disease. Diabetes 1997;46:860-7.
doi:10.2337/DIAB.46.5.860

Ellulu MS, Patimah I, Khaza’ai H, et al. Obesity and inflammation: the linking mechanism and the complica-
tions. Arch Med Sci 2017;13:851. do0i:10.5114/A0OMS.2016.58928

Pandey M, Loskutoff D], Samad F. Molecular mechanisms of tumor necrosis factor-alpha-mediated plasmino-
gen activator inhibitor-1 expression in adipocytes. FASEB ] 2005;19:1317-9. doi:10.1096/F].04-3459F]JE

Devy L, Blacher S, Grignet-Debrus C, et al. The pro- or antiangiogenic effect of plasminogen activator inhibitor
1is dose dependent. FASEB | 2002;16:147-54. d0i:10.1096/F].01-0552COM

Balsara RD, Ploplis VA. Plasminogen activator inhibitor-1: The double-edged sword in apoptosis. Thromb Hae-
most 2008;100:1029-36. doi:10.1160/TH08-07-0427/ID/JR10626-3/BIB

Bajou K, Noél A, Gerard RD, et al. Absence of host plasminogen activator inhibitor 1 prevents cancer invasion
and vascularization. Nat Med 1998 48 1998;4:923-8. d0i:10.1038/nm0898-923

Roy A, Coum A, Marinescu VD, et al. Glioma-derived plasminogen activator inhibitor-1 (PAI-1) regulates the
recruitment of LRP1 positive mast cells. Oncotarget 2015;6:23647-61. doi:10.18632/ONCOTARGET.4640

Harbeck N, Kates RE, Gauger K, et al. Urokinase-type plasminogen activator (uPA) and its inhibitor PAI-I:
Novel tumor-derived factors with a high prognostic and predictive impact in breast cancer. Thromb Haemost
2004;92:47-53. doi:10.1160/TH03-12-0798/ID/JR0798-7/BIB

Leissner P, Verjat T, Bachelot T, et al. Prognostic significance of urokinase plasminogen activator and plasmino-
gen activator inhibitor-1 mRNA expression in lymph node- and hormone receptor-positive breast cancer. BMC
Cancer 2006;6:1-9. doi:10.1186/1471-2407-6-216/FIGURES/6

Duffy MJ, O’'Donovan N, McDermott E, et al. Validated biomarkers: The key to precision treatment in patients
with breast cancer. Breast 2016;29:192-201. doi:10.1016/j.breast.2016.07.009

Jevri¢ M, Mati¢ IZ, Krivokuca A, et al. Association of uPA and PAI-1 tumor levels and 4G/5G variants of PAI-1

1328
1329

1330
1331

1332
1333

1334
1335

1336
1337
1338

1339
1340

1341
1342

1343
1344

1345
1346

1347
1348

1349
1350

1351
1352
1353

1354
1355
1356

1357
1358

1359



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 37 of 40

105

106

107

108

109

110

111

112

113

114

115

116

gene with disease outcome in luminal HER2-negative node-negative breast cancer patients treated with adju-
vant endocrine therapy. BMC Cancer 2019;19:1-13. doi:10.1186/512885-018-5255-Z/TABLES/7

Sobocan M, Ledinek Z, Crnobrnja B, et al. The value of uPA and PAI-1 levels in triple negative breast cancer.
Eur | Cancer 2020;138:573—4. doi:10.1016/s0959-8049(20)30724-3

Becker M, Szarvas T, Wittschier M, et al. Prognostic impact of plasminogen activator inhibitor type 1 expres-
sion in bladder cancer. Cancer 2010;116:4502-12. d0i:10.1002/CNCR.25326

Chan OTM, Furuya H, Pagano L, et al. Association of MMP-2, RB and PAI-1 with decreased recurrence-free
survival and overall survival in bladder cancer patients. Oncotarget 2017;8:99707-21. d0i:10.18632/ONCOTAR-
GET.20686

Herszényi L, Farinati F, Cardin R, et al. Tumor marker utility and prognostic relevance of cathepsin B, cathep-
sin L, urokinase-type plasminogen activator, plasminogen activator inhibitor type-1, CEA and CA 19-9 in colo-
rectal cancer. BMC Cancer 2008;8:1-12. doi:10.1186/1471-2407-8-194/FIGURES/2

Iwadate Y, Hayama M, Adachi A, et al. High serum level of plasminogen activator inhibitor-1 predicts histo-
logical grade of intracerebral gliomas. Anticancer Res 2008;28:415-8.

Kuhn W, Schmalfeldt B, Reuning U, et al. Prognostic significance of urokinase (uPA) and its inhibitor PAI-1 for
survival in advanced ovarian carcinoma stage FIGO Illc. Br ] Cancer 1999 7911 1999;79:1746-51.
doi:10.1038/sj.bjc.6690278

Nakatsuka E, Sawada K, Nakamura K, et al. Plasminogen activator inhibitor-1 is an independent prognostic
factor of ovarian cancer and IMD-4482, a novel plasminogen activator inhibitor-1 inhibitor, inhibits ovarian
cancer peritoneal dissemination. Oncotarget 2017;8:89887. doi:10.18632/ONCOTARGET.20834

Koensgen D, Stope MB, Tuerbachova |, et al. Expression, intracellular localization, and prognostic value of
plasminogen activator inhibitor 1 and PAI-1 RNA-binding Protein 1 in primary and recurrent ovarian cancer:
A study of the tumor bank ovarian cancer network. Gynecol Obstet Invest 2018;83:508-14. d0i:10.1159/000479027

Ostheimer C, Evers C, Bache M, et al. Prognostic implications of the co-detection of the urokinase plasminogen
activator system and osteopontin in patients with non-small-cell lung cancer undergoing radiotherapy and
correlation with gross tumor volume. Strahlentherapie und Onkol 2018;194:539-51. d0i:10.1007/s00066-017-1255-1

Zubac DP, Wentzel-Larsen T, Seidal T, et al. Type 1 plasminogen activator inhibitor (PAI-1) in clear cell renal
cell carcinoma (CCRCC) and its impact on angiogenesis, progression and patient survival after radical ne-
phrectomy. BMC Urol 2010;10:20. doi:10.1186/1471-2490-10-20

Vaughan DE, Rai R, Khan SS, et al. PAI-1 is a marker and a mediator of senescence. Arterioscler Thromb Vasc Biol
2017;37:1446. doi:10.1161/ATVBAHA.117.309451

Jiang CS, Rana T, Jin LW, et al. Aging, plasminogen activator inhibitor 1, brain cell senescence, and Alzheimer’s
Disease. Aging Dis 2023;14:515-28. doi:10.14336/AD.2022.1220

1360
1361

1362
1363

1364
1365

1366
1367
1368

1369
1370
1371

1372
1373

1374
1375
1376

1377
1378
1379

1380
1381
1382

1383
1384
1385

1386
1387
1388

1389
1390

1391
1392



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 38 of 40

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

Ahmed TA, El-Badri N. Pericytes: The role of multipotent stem cells in vascular maintenance and regenerative
medicine. Adv Exp Med Biol 2018;1079:69-86. d0i:10.1007/5584_2017_138

Escudero CA, Herlitz K, Troncoso F, et al. Pro-angiogenic role of insulin: From physiology to pathology. Front
Physiol 2017;8:224224. doi:10.3389/FPHYS.2017.00204/BIBTEX

Miele C, Rochford J], Filippa N, et al. Insulin and Insulin-like Growth Factor-I Induce Vascular Endothelial
Growth Factor mRNA Expression via Different Signaling Pathways. | Biol Chem 2000;275:21695-702.
doi:10.1074/JBC.M000805200

Hale L], Hurcombe J, Lay A, et al. Insulin directly stimulates VEGF-A production in the glomerular podocyte. |
Physiol Ren Physiol 2013;305:182—-8. doi:10.1152/ajprenal.00548.2012.-Podocytes

Hill DJ, Milner RDG. Insulin as a growth factor. Int Pediatr Res Found Inc 1985;19.

Steller MA, Delgado CH, Zou Z. Insulin-like growth factor II mediates epidermal growth factor-induced mito-
genesis in cervical cancer cells. Proc Natl Acad Sci 1995;92:11970—4. doi:10.1073/PNAS.92.26.11970

Ayati A, Moghimi S, Salarinejad S, et al. A review on progression of epidermal growth factor receptor (EGFR)
inhibitors as an efficient approach in cancer targeted therapy. Bioorg Cherm 2020;99:103811.
doi:10.1016/J.BIOORG.2020.103811

Mabeta P, Steenkamp V. The VEGF/VEGER axis revisited: Implications for cancer therapy. Int | Mol Sci 2022,
Vol 23, Page 15585 2022;23:15585. doi:10.3390/1JMS232415585

Flores-Lopez LA, Martinez-Hernandez MG, Viedma-Rodriguez R, et al. High glucose and insulin enhance uPA
expression, ROS formation and invasiveness in breast cancer-derived cells. Cell Oncol 2016;39:365-78.
doi:10.1007/513402-016-0282-8/FIGURES/7

Hou Y, Zhou M, Xie ], et al. High glucose levels promote the proliferation of breast cancer cells through
GTPases Breast Cancer-Targets and Therapy Dovepress High glucose levels promote the proliferation of breast
cancer cells through GTPases. Published Online First: 2017. d0i:10.2147/BCTT.S5135665

Han L, Ma Q, Li], et al. High glucose promotes pancreatic cancer cell proliferation via the induction of EGF
expression and transactivation of EGFR. PLoS One 2011;6:€27074. d0i:10.1371/JOURNAL.PONE.0027074

Zhao W, Chen R, Zhao M, et al. High glucose promotes gastric cancer chemoresistance in vivo and in vitro. Mol
Med Rep 2015;12:843-50. d0i:10.3892/MMR.2015.3522/HTML

Fainsod-Levi T, Gershkovitz M, V6 S, et al. Hyperglycemia impairs neutrophil mobilization leading to en-
hanced metastatic seeding. CellReports 2017;21:2384-92. d0i:10.1016/j.celrep.2017.11.010

Deshmane SL, Kremlev S, Amini S, et al. Monocyte chemoattractant protein-1 (MCP-1): An overview. | Interf
Cytokine Res 2009;29:313. doi:10.1089/JIR.2008.0027

Westerbacka J, Cornér A, Kolak M, et al. Insulin regulation of MCP-1 in human adipose tissue of obese and

1393
1394

1395
1396

1397
1398
1399

1400
1401

1402

1403
1404

1405
1406
1407

1408
1409

1410
1411
1412

1413
1414
1415

1416
1417

1418
1419

1420
1421

1422
1423

1424



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 39 of 40

132

133

134

135

136

137

138

139

140

141

142

143

144

lean women. Am ] Physiol - Endocrinol Metab 2008;294:841-5. d0i:10.1152/AJPENDO.00653.2006/ASSET/IM-
AGES/LARGE/ZH10040852840003.JPEG

Nio Y, Yamauchi T, Iwabu M, et al. Monocyte chemoattractant protein-1 (MCP-1) deficiency enhances alterna-
tively activated M2 macrophages and ameliorates insulin resistance and fatty liver in lipoatrophic diabetic A-
ZIP transgenic mice. Diabetologia 2012;55:3350-8. doi:10.1007/500125-012-2710-2/FIGURES/7

Patsouris D, Cao JJ, Vial G, et al. Insulin resistance is associated with MCP1-mediated macrophage accumula-
tion in skeletal muscle in mice and humans. PLoS One 2014;9:€110653. doi:10.1371/JOURNAL.PONE.0110653

Yuan X, Wang J, Yang S, et al. Effect of the ketogenic diet on glycemic control, insulin resistance, and lipid me-
tabolism in patients with T2DM: a systematic review and meta-analysis. Nutr Diabetes 2020;10.
doi:10.1038/541387-020-00142-Z

Sartipy P, Loskutoff DJ. Monocyte chemoattractant protein 1 in obesity and insulin resistance. Proc Natl Acad
Sci U S A 2003;100:7265. doi:10.1073/PNAS.1133870100

Du Z, Wu X, Song M, et al. Oxidative damage induces MCP-1 secretion and macrophage aggregation in age-
related macular degeneration (AMD). Graefes Arch Clin Exp Ophthalmol 2016;254:2469-76. doi:10.1007/500417-
016-3508-6

Quoc QL, Cao TBT, Moon JY, et al. Contribution of monocyte and macrophage extracellular traps to neutro-
philic airway inflammation in severe asthma. Allergol Int Published Online First: 2023.
doi:10.1016/].ALIT.2023.06.004

Gonzalo JA, Lloyd CM, Wen D, et al. The coordinated action of CC chemokines in the lung orchestrates allergic
inflammation and airway hyperresponsiveness. ] Exp Med 1998;188:157. doi:10.1084/JEM.188.1.157

Singh S, Anshita D, Ravichandiran V. MCP-1: Function, regulation, and involvement in disease. Int Im-
munopharmacol 2021;101:107598. doi:10.1016/].INTIMP.2021.107598

Kaneko N, Kurata M, Yamamoto T, et al. The role of interleukin-1 in general pathology. Inflamm Regen 2019 391
2019;39:1-16. doi:10.1186/541232-019-0101-5

Lopez-Castejon G, Brough D. Understanding the mechanism of IL-1f3 secretion. Cytokine Growth Factor Rev
2011;22:189. doi:10.1016/].CYTOGFR.2011.10.001

Abdulla MH, Sultana SA, Vaali-Mohammed MA, et al. Expression of VEGF, EGF and HGF in early- and late-
stage colorectal cancer. Mol Clin Oncol 2021;15. doi:10.3892/MCO.2021.2413

Yang Y, Cao Y. The impact of VEGF on cancer metastasis and systemic disease. Semin Cancer Biol 2022;86:251—
61. doi:10.1016/]. SEMCANCER.2022.03.011

Mulholland BS, Hofstee P, Millar EKA, et al. MCP-1 expression in breast cancer and its association with distant
relapse. Cancer Med 2023;12:16221-30. doi:10.1002/CAM4.6284

1425
1426

1427
1428
1429

1430
1431

1432
1433
1434

1435
1436

1437
1438
1439

1440
1441
1442

1443
1444

1445
1446

1447
1448

1449
1450

1451
1452

1453
1454

1455
1456



Int. . Mol. Sci. 2023, 24, x FOR PEER REVIEW 40 of 40

145

146

147

148

149

150

151

152

153

154

155

156

Wang L, Lan ], Tang ], et al. MCP-1 targeting: Shutting off an engine for tumor development. Oncol Lett
2022;23. doi:10.3892/0L.2021.13144

Meidenbauer JJ, Mukherjee P, Seyfried TN. The glucose ketone index calculator: A simple tool to monitor ther-
apeutic efficacy for metabolic management of brain cancer. Nutr Metab 2015;12:1-7. doi:10.1186/512986-015-
0009-2/TABLES/2

Tan-Shalaby J. Ketogenic diets and cancer: Emerging evidence. Fed Pract 2017;34:37S.

Weber DD, Aminzadeh-Gohari S, Tulipan J, et al. Ketogenic diet in the treatment of cancer — Where do we
stand? Mol Metab 2020;33:102. d0i:10.1016/]. MOLMET.2019.06.026

Liberti M V., Locasale JW. The Warburg Effect: How does it benefit cancer cells? Trends Biochem Sci 2016;41:211.

Draznin B. Mitogenic action of insulin: friend, foe or ‘frenemy’? Diabetologia 2010;53:229-33. d0i:10.1007/s00125-
009-1558-6

Volek JS, Freidenreich DJ, Saenz C, et al. Metabolic characteristics of keto-adapted ultra-endurance runners.
Metabolism 2015;65:100-10. doi:10.1016/j.metabol.2015.10.028

Kyriakidou Y, Cooper I, Kraev I, et al. Preliminary investigations into the effect of exercise-induced muscle
damage on systemic extracellular vesicle release in trained younger and older men. Front Physiol
2021;12:723931. d0i:10.3389/FPHYS.2021.723931/FULL

Jansen LT, Yang N, Wong JMW, et al. Prolonged glycemic adaptation following transition from a low- to high-
carbohydrate diet: A randomized controlled feeding trial. Diabetes Care 2022;45:576-84. doi:10.2337/DC21-1970

Jo U, Park K. Carbohydrate-based diet may increase the risk of cardiovascular disease: A pooled analysis of
two prospective cohort studies. Clin Nutr 2023;42:1301-7. doi:10.1016/j.cInu.2023.06.013

Moore AR, Holland-Winkler AM, Ansley JK, et al. Reliability and diagnostic performance of a new blood ke-
tone and glucose meter in humans. | Int Soc Sports Nutr 2021;18:1-9. d0i:10.1186/512970-020-00404-2/TABLES/2

Veyrat-Durebex C, Reynier P, Procaccio V, et al. How can a ketogenic diet improve motor function? Front Mol
Neurosci 2018;11. doi:10.3389/FNMOL.2018.00015

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

1457
1458

1459
1460
1461

1462

1463
1464

1465

1466
1467

1468
1469

1470
1471
1472

1473
1474

1475
1476

1477
1478

1479
1480

1481

1482
1483
1484



