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Abstract: Most studies on ketosis have focused on short-term effects, male athletes, or weight loss 25 
Hereby, we studied the effects of short-term ketosis suppression in healthy women on long-stand- 26 
ing ketosis. Ten lean (BMI 20.5 ± 1.4), metabolically healthy, pre-menopausal women (age 32.3 ± 8.9) 27 
maintaining nutritional ketosis (NK) for >1 year (3.9 years ± 2.3), underwent three 21-day phases; 28 
Nutritional ketosis (NK; P1), suppressed ketosis (SuK; P2), and returned to NK (P3). Adherence to 29 
each phase was confirmed with daily capillary D-beta-hydroxybutyrate (BHB) tests (P1 = 1.9 ± 0.7; 30 
P2 = 0.1 ± 0.1; and P3 = 1.9 ± 0.6 mmol/L). Ageing biomarkers and anthropometrics were evaluated 31 
at the end of each phase. Ketosis suppression significantly increased: insulin, 1.78-fold from 33.60 (± 32 
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) 33 
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 34 
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  35 
(± 6.26) ng/mL (p = 0.0428). VEGF, EGF and monocyte chemotactic protein also significantly in- 36 
creased, indicating a pro-inflammatory shift. Sustained ketosis showed no adverse health effects, it 37 
may mitigate hyperinsulinemia without impairing metabolic flexibility in metabolically healthy 38 
women. 39 

Keywords: Ageing; beta-hydroxybutyrate; cancer; hyperinsulinaemia; insulin resistance; ketosis; 40 
type 2 diabetes mellitus 41 
 42 

1. Introduction 43 
The 21st century bears the hallmark of an ageing global population, in an estimated 8 44 

billion people by 2023 [1]. By 2030, one in every six Europeans are expected to be aged 45 
over 60 years, and by 2040, a quarter of older adults will surpass 85 years of age [2]. This 46 
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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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women [29]. Following the intervention to suppress ketosis, participants returned to NK, 101 
and were reassessed 21 days later, to better understand if changes seen after suppression 102 
of ketosis for 21 days were due to the intervention, and to investigate metabolic flexibility. 103 

2. Results 104 

2.1 Suppression of ketosis increases BMI and fat mass  105 
Following 21-days suppression of ketosis (SuK), phase 2 (P2), there were significant 106 

increases in both weight from baseline NK, phase 1 (P1) 52.99 kg (± 4.24) to 55.65 kg (± 107 
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 108 
participants, compared to NK; P1 (Table 1). Fat mass and TBW also increased from 14.21 109 
kg (± 2.55, P1) to 15.88 kg (± 2.23, P2; p = 0.0008) and from 28.15 L (± 2.87, P1) to 29.15 L (± 110 
2.96, P2; p = 0.0016), respectively (Table 1). Additionally, both waist-to-hip and waist-to- 111 
height ratios increased significantly in P2 compared to P1 (Table 1).  112 

These trends then reversed after the removal of SuK, at the end of 21-days reverting 113 
to NK phase 3 (P3), compared to P2. Both weight (53.93 kg ± 4.04; p < 0.0001, P3) and BMI 114 
(20.82 ± 1.46; p = 0.0025, P3) trended back towards baseline in all but one participant, 115 
where only a small increase in weight was observed (+0.2 kg). Concordantly, the decreases 116 
in weight between the phases were accompanied by significant decreases in fat mass 117 
(14.78 kg ± 2.20; p = 0.0057, P3) and TBW (28.42 L ± 3.15; p = 0.0026, P3). These changes 118 
were also accompanied by decreases in both waist-to-hip and waist-to-height ratios (Ta- 119 
ble 1). 120 

RQ increased in most participants (80%) following P2 (0.66 ± 0.05, P1 to 0.72 ± 0.06, 121 
P2; p = 0.0427; Figure 1). After removal of the intervention at the end of P3, we observed 122 
a decrease in RQ in all participants, returning to their baseline (0.65 ± 0.06, P3; p = 0.0005; 123 
Figure 1). There were no changes in either systolic or diastolic blood pressure across all 124 
the study phases (Table 1). 125 

Table 1. Participants’ characteristics. Measurements were taken following each of the study phases: 126 
baseline nutritional ketosis (NK) P1; intervention suppress ketosis (SuK) P2; and removal of SuK 127 
returning to NK P3; Measurements were taken at 8 am after a 12-hour overnight fast; (n = 10).  128 

 P1 P2 P3 ANOVA  

p value 

P1 vs P2 P2 vs P3 P1 vs P3 

Age (years) 32.30 (± 8.97)     

Height (cm) 160.95 (± 7.28)     

Weight (kg) 52.99 (± 4.24) 55.65 (± 4.10) 53.93 (± 4.04) <0.0001 0.0002 <0.0001 0.7888 

BMI 20.52 (± 1.39) 21.54 (± 1.30) 20.82 (± 1.46) <0.0001 <0.0001 0.0025 0.0197 

Waist/Hip 0.75 (± 0.03) 0.77 (± 0.03) 0.74 (± 0.03) <0.0001 0.0015 <0.0001 0.5361 

Waist/Height 0.43 (± 0.03) 0.45 (± 0.03) 0.43 (± 0.03) <0.0001 0.0009 <0.0001 >0.9999 

Fat mass (kg) 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) 28.15 (± 2.87) 29.15 (± 2.96) 28.42 (± 3.15) 0.0005 0.0016 0.0262 0.3473 

RQ 0.66 (± 0.05) 0.72 (± 0.06) 0.65 (± 0.06) 0.0096 0.0427 0.0005 0.8606 

Systole 

(mmHg) 

103.25 (± 6.24) 103.70 (± 10.17) 100.00 (± 9.54) 0.1455 0.9753 0.1746 0.2274 

Diastole 

(mmHg) 

70.75 (± 4.91) 69.45 (± 7.14) 68.15 (± 7.36) 0.3227 0.8044 0.7147 0.1715 

 129 

 130 

 131 

 132 

 133 

 134 

 135 

 136 

 137 

 138 

 139 

Figure 1. Respiratory quotient (RQ) measurements across all phases. Measurements were taken fol- 140 
lowing each of the study phases: baseline nutritional ketosis (NK) P1; intervention suppress ketosis 141 
(SuK) P2; and removal of SuK returning to NK P3; RQ was determined by indirect calorimetry. 142 
Measurements were taken at 8 am after a 12-hour overnight fast; (n = 10); * p < 0.05; *** p < 0.001. 143 

2.2. Adherence 144 
Based on the study protocol, participants were required to self-report 252 capillary 145 

BHB concentrations: 84 tests across each of the phases (Figure 7). The number of fulfilled 146 
tests and percentage of completed tests out of the possible 252 for all participants is shown 147 
in Table 2. The average percentage of successful tests was 99.37%, with 4 participants 148 
completing 100% of all 252 potential tests. 149 

The mean capillary BHB concentration significantly decreased from 1.9 mmol/L (± 150 
0.7) in the baseline ketosis phase (P1) to 0.1 mmol/L (± 0.1) following the suppression of 151 
ketosis phase (P2; p < 0.0001). During P3, mean capillary BHB concentration increased 152 
significantly (p < 0.0001) and returned to baseline (1.9 ± 0.6 mmol/L). The maintenance of 153 
high mean capillary BHB concentrations (> 0.5 mmol/L) during P1 and P3 indicated that 154 
all participants adhered to the requirements to maintain ketosis during these phases. Sim- 155 
ilarly, the low levels of BHB during P2 indicated adherence to the study protocol, whereby 156 
participants effectively suppressed nutritional ketosis (Table 2). 157 
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Table 2. Summary of fulfilled capillary BHB testing for all study participants across all phases (P1 158 
– P3). Measurements were taken following each of the study phases: baseline nutritional ketosis 159 
(NK) P1; intervention suppress ketosis (SuK) P2; and removal of SuK returning to NK P3; (n = 10). 160 

 161 

   Mean Capillary BHB Concentration (mmol/L) 

Participant No of tests taken % of tests fulfilled out of 252 P1 P2 P3 

1011 251 99.6 2.7 0.1 2.3 

1021 252 100 2.8 0.1 2.2 

1031 252 100 2.6 0.1 1.8 

1041 252 100 1.5 0.2 1.6 

1051 251 99.6 1.7 0 1.6 

1061 245 97.22 0.7 0.1 0.8 

1071 248 98.41 1.7 0.2 2.4 

1081 250 99.21 2 0.1 1.2 

1091 251 99.6 1.8 0.1 2.5 

1101 252 100 1.5 0.1 2.4 

Mean 250.4 99.37 1.9 0.1 1.9 

±SD 2.15 0.85 0.7 0.1 0.6 

 162 
 There were variations in capillary BHB concentrations across the daily tests. The 163 

frequencies of tests which satisfied different cut-offs are summarised in Table 3. During 164 
P1 and P3, almost all reported capillary BHB concentrations were > 0.3 mmol/L or ≥ 0.5 165 
mmol/L, which are generally considered the cut-off for ketosis or nutritional ketosis, re- 166 
spectively [8,30]. There were very few tests meeting these thresholds in P2, compared to 167 
P1 and P3 (Table 3). 168 

During P1, 2/252 tests for two participants with capillary BHB concentrations of 0.3 169 
mmol/L, and 8/252 and 2/252 for the same two participants in P2 and P3 (Table 2). There 170 
were no reported capillary BHB concentrations of < 0.1 mmol/L in either P1 or P3 (Table 171 
3). 172 
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During P2, the majority of capillary BHB concentrations were < 0.3 mmol/L, with a 173 
significant proportion of readings < 0.1 mmol/L. There were also some instances of capil- 174 
lary BHB readings > 0.3 mmol/L or ≥ 0.5 mmol/L during P2 (Table 3). These tests were 175 
often early in the morning after an overnight fast and during the first days of SuK (data 176 
not shown).  177 

The high level of adherence to testing coupled with the expected high concentrations 178 
of capillary BHB in P1 and P3, and low concentrations of capillary BHB in P2, indicated 179 
high levels of adherence to the protocol throughout the entire study. 180 

 181 
Table 3. Percentages of capillary BHB readings categorised as by different cut-offs across the study 182 
phases.  183 

 Capillary BHB (mmol/L) 

 ≥ 0.5 > 0.3 ≤ 0.3 < 0.1 

Participant P1 P2 P3 P1 P2 P3 P1 P2 P3 P1 P2 P3 

1011 100.00 2.38 95.18 100.00 4.76 98.80 0.00 95.24 1.20 0.00 28.57 0.00 

1021 100.00 2.38 88.10 100.00 2.38 94.05 0.00 97.62 5.95 0.00 60.71 0.00 

1031 100.00 2.38 92.86 100.00 2.38 95.24 0.00 97.62 4.76 0.00 59.52 0.00 

1041 98.81 0.00 100.00 100.00 8.33 100.00 0.00 91.67 0.00 0.00 13.10 0.00 

1051 100.00 0.00 97.62 100.00 1.19 98.81 0.00 98.81 0.00 0.00 94.05 0.00 

1061 94.05 0.00 82.93 97.62 0.00 90.24 2.38 100.00 9.76 0.00 37.97 0.00 

1071 96.30 4.82 97.62 97.53 4.82 97.62 2.47 95.18 2.38 0.00 1.20 0.00 

1081 96.39 0.00 90.48 98.80 1.20 95.24 1.20 98.80 4.76 0.00 33.73 0.00 

1091 98.81 0.00 98.80 100.00 1.19 100.00 0.00 98.81 0.00 0.00 21.43 0.00 

1101 96.43 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 184 
Following P2, fasting insulin significantly increased from 33.60 pmol/L (± 8.63, P1) to 185 

59.80 pmol/L (± 14.69, P2; p = 0.0002; Figure 2A) and IGF-1 from 149.30 ug/L (± 32.96, P1) 186 
to 273.40 ug/L (± 85.66, P2; p = 0.0045; Figure 2B) compared to P1 (Table 4). This was 187 
accompanied by a significant increase in blood glucose from 4.36 (± 0.53) to 5.12 mmol/L 188 
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(± 0.59, P2; p = 0.0088) (in mg/dL: 78.6 (± 9.5) to 92.3 (± 10.6)); Figure 2C) and decrease in 189 
BHB concentrations from 2.43 (± 1.28) to 0.18 mmol/L (± 0.13, P2; p = 0.0012); Figure 2D; 190 
Table 4). Free T3 also significantly increased from 3.81 pmol/L (± 0.28, P1) to 5.51 pmol/L 191 
(± 0.72, P2; p = <0.0001; Figure 3B) following P2. 192 

These trends reversed following P3, where we observed significant changes in the 193 
concentrations of insulin (p < 0.0001; Figure 2A), IGF-1 (p = 0.0055; Figure 2B), glucose (p 194 
= 0.0177; Figure 2B), BHB (p < 0.0001; Figure 2D) and free T3 (p = 0.0015; Figure 3B; Table 195 
4), compared to P2.  196 

 197 
 198 

Table 4. Fasted insulin, IGF-1, glucose, and BHB across all phases. Measurements were taken fol- 199 
lowing each of the study phases: baseline nutritional ketosis (NK) P1; intervention suppress ketosis 200 
(SuK) P2; and removal of SuK returning to NK P3; Measurements were taken at 8 am after a 12-hour 201 
overnight fast; (n = 10; †n = 5) 202 

 203 

 P1 P2 P3 ANOVA  

p value 

P1 vs P2 P2 vs P3 P1 vs P3 

Insulin (pmol/L) 33.60 (± 8.63) 59.80 (± 14.69) 31.60 (± 9.38) <0.0001 0.0002 <0.0001 0.5361 

IGF-1 (µg/L) 149.30 (± 32.96) 273.40 (± 85.66) 136.90 (± 39.60) 0.0015 0.0045 0.0055 0.4124 

Glucose (mmol/L) 4.36 (± 0.53) 5.12 (± 0.59) 4.41 (± 0.30) 0.0015 0.0088 0.0177 0.9469 

BHB (mmol/L) 2.43 (± 1.28) 0.18 (± 0.13) 2.31 (± 0.71) 0.0001 0.0012 <0.0001 0.9854 

IGFBP-3 (mg/mL) 3.69 (± 0.56) 4.41 (± 1.27) 3.67 (± 0.70) 0.2357 0.3621 0.4272 0.9361 

IGF-1/IGFBP-3† 0.14 (± 0.03) 0.25 (± 0.08) 0.15 (± 0.04) 0.0584 0.0870 0.1554 0.9049 

TSH (mU/L) 1.40 (± 0.74) 1.56 (± 0.75) 1.25 (± 0.81) 0.3065 0.2334 0.4498 0.7742 

Free T3 (pmol/L) 3.81 (± 0.28) 5.51 (± 0.72) 4.05 (± 0.54) <0.0001 <0.0001 0.0015 0.3040 

Reverse T3 (nmol/L) 0.29 (± 0.09) 0.26 (± 0.10) 0.25 (± 0.09) 0.6039 0.7030 0.9674 0.6323 

T4 (pmol/L) 13.51 (± 1.61) 13.24 (± 1.49) 12.65 (± 0.66) 0.2125 0.8795 0.3059 0.2099 
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 204 

Figure 2. Changes in fasted blood insulin (A), IGF-1 (B), glucose (C) and BHB (D) concentrations 205 
across all phases. Measurements were taken following each of the study phases: baseline nutritional 206 
ketosis (NK) P1; intervention suppress ketosis (SuK) P2; and removal of SuK returning to NK, P3; 207 
Measurements were taken at 8 am after a 12-hour overnight fast; (n = 10).  * p < 0.05; ** p < 0.01; *** 208 
p < 0.001; **** p < 0.0001 209 

Figure 3. Changes in TSH (A), T3 Free (B) and T4 (C) concentrations across all phases. Measurements 210 
were taken following each of the study phases: baseline nutritional ketosis (NK) P1; intervention 211 
suppress ketosis (SuK) P2; and removal of SuK returning to NK P3; Measurements were taken at 8 212 
am after a 12-hour overnight fast; (n = 10).  ** p < 0.01; **** p < 0.0001 213 
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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 (4.23 217 
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 

2.4.3. 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 phases in 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 391 
test across all study participants in all phases. Measurements were taken following each of the study 392 
phases: baseline nutritional ketosis (NK) P1 (blue circles); intervention suppress ketosis (SuK) P2 393 
(pink squares); and removal of SuK returning to NK, P3 (black triangles); (n = 10). The connected line 394 
indicates group means (±SD); * indicates significant difference within each phase across different timepoints; 395 
# indicates significant difference between phases at the time point as indicated. * p < 0.05; ** p < 0.01; *** p < 396 
0.001; **** p < 0.0001 397 

 398 
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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; §P1, P2, P3, n = 5) 415 

 P1 P2 P3 ANOVA 

p value 

P1 vs P2 P2 vs P3 P1 vs P3 

Triglycerides 

(mg/dL) 

 

66.80 (± 28.00) 66.10 (± 21.09) 79.30 (± 45.88) 0.5018 0.9972 0.6629 0.6270 

Total cholesterol 

(mg/dL) 

231.50 (± 62.42) 188.50 (± 30.28) 210.20 (± 43.44) 0.0335 0.0802 0.2132 0.1061 

HDL cholesterol 

(mg/dL) 

70.10 (± 10.37) 72.70 (± 13.59) 69.80 (± 11.84) 0.6231 0.7460 0.6762 0.9943 

LDL cholesterol 

(mg/dL)† 

4.46 (± 2.03) 3.13 (± 0.91) 3.96 (± 1.34) 0.0888 0.1798 0.3280 0.1498 

Triglycer-

ides/HDL 

(mmol/L) 

1.01 (± 0.55) 0.95(± 0.38) 1.25 (± 0.90) 0.3804 0.9478 0.5358 0.5515 

CRP (Ultra-Sensi-

tive) (mg/L)§ 

1.00 (± 1.19) 1.16 (± 1.56) 1.35 (± 2.23) 0.7103 0.9938 0.7477 0.7728 

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 (µg/dL) 12.62 (± 5.27) 11.27 (± 5.85) 13.19 (± 5.22) 0.3574 0.6886 0.4087 0.8258 

PAI-1 (ng/mL) 

 

13.34 (± 6.85) 16.69 (± 6.26) 17.05 (± 5.58) 0.0431 0.0428 0.9483 0.1373 
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 416 

Figure 5. Changes in liver parameters GGT (A) and PAI-1 (B) in participants across all phases. Meas- 417 
urements were taken following each of the study phases: baseline nutritional ketosis (NK) P1; inter- 418 
vention suppress ketosis (SuK) P2; and removal of SuK returning to NK, P3; Measurements were 419 
taken at 8 am after a 12-hour overnight fast; (n = 10). * p < 0.05; ** p < 0.01 420 

2.6. Ketosis maintains lower levels of EGF, VEGF and MCP-1 421 
There were increases in EGF from 33.02 pg/mL (± 30.96) in P1 to 50.13 pg/mL (± 38.19) 422 

following P2 (p = 0.0450; Figure 6A; Table 6). VEGF also increased from 93.93 pg/mL (± 423 
54.30) in P1 to 147.33 pg/mL (± 100.03) following P2 (p = 0.0314; Figure 6B; Table 6). MCP- 424 
1 significantly increased from 103.98 pg/mL (± 39.30) in P1 to 192.53 (± 84.73) following P2 425 
(p = 0.0137; Figure 6C; Table 6). 426 

Following P3, these growth factors and cytokines trended back to baseline and de- 427 
creased significantly compared to P2. EGF (p = 0.3473; Figure 7A; Table 6) and VEGF (p = 428 
0.2102; Figure 6B; Table 6) decreased to 37.82 pg/mL (± 26.81) and 134.80 pg/mL (± 98.79), 429 
respectively. Concentrations of MCP-1 also decreased significantly to 128.52 pg/mL (± 430 
51.80) following P3 compared to P2 (p = 0.0175; Figure 6C; Table 6). 431 

There were minimal changes in IL-1b following P2 (p = 0.7045). However, following 432 
P3 all participants had a significantly decreased expression of IL-1b (p = 0.0381; Table 6). 433 
Similarly, there were minimal changes following P2 in the expression of TNF-α (p = 434 
0.3887); however, in P3, 86% of participants decreased their expression of TNF-α (p = 435 
0.0785; Table 6). We found no change in all other cytokines and growth factors across all 436 
phases of the study (Table 6). 437 

Table 6. Concentrations of fasted growth factors and cytokines across the different phases of the 438 
study Measurements were taken following each of the study phases: baseline nutritional ketosis 439 
(NK) P1; intervention suppress ketosis (SuK) P2; and removal of SuK returning to NK, P3; Measure- 440 
ments were taken at 8 am after a 12-hour overnight fast; (P1, P2, n = 10; P3, n = 9) 441 

 442 
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 P1 P2 P3 ANOVA  

p value 

P1 vs P2 P2 vs P3 P1 vs P3 

EGF (pg/mL) 33.02 (± 30.96) 50.13 (± 38.19) 37.82 (± 26.81) 0.0139 0.0450 0.3473 0.0478 

VEGF 

(pg/mL) 
93.93 (± 54.30) 147.33 (± 100.03) 134.80 (± 98.79) 0.0147 0.0314 0.2102 0.0801 

Interferon-γ 

(pg/mL) 
1.14 (± 2.64) 0.72 (± 1.05) 0.57 (± 0.90) 0.3755 0.7019 0.2452 0.6019 

(MCP-1) 

(pg/mL) 
103.98 (± 39.30) 192.53 (± 84.73) 128.52 (± 51.80) 0.0026 0.0137 0.0175 0.2622 

TNF-α 

(pg/mL) 
2.23 (± 1.75) 2.66 (± 1.26) 2.09 (± 0.97) 0.1387 0.3887 0.0785 0.8430 

IL-1a 

(pg/mL) 
0.30 (± 0.40) 0.26 (± 0.25) 0.26 (± 0.25) 0.3230 0.6266 0.5406 0.5104 

IL-1b 

(pg/mL) 
2.23 (± 3.42) 1.85 (± 2.02) 1.71 (± 2.04) 0.3090 0.7045 0.0381 0.4989 

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 

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

 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 461 
were taken following each of the study phases: baseline nutritional ketosis (NK) P1; intervention 462 
suppress ketosis (SuK) P2; and removal of SuK returning to NK, P3; Measurements were taken at 8 463 
am after a 12-hour overnight fast; (A & B, n = 10; C, n = 9). * p < 0.05 464 

3. Discussion 465 
There have been many studies investigating the effect of ketosis in humans, however, 466 

little is known about the physiological adaptations in individuals who have never had a 467 
metabolic illness and maintained long-term (> 1 year) habitual ketosis for more than 80% 468 
of their year. Furthermore, prior work has primarily examined males. Our cohort self- 469 
reported to have sustained nutritional ketosis for an average of 3.9 years, with confirmed 470 
NK for at least 6 months in the lead-in period to the trial. Participants presented with 471 
healthy weights, BMI, waist-to-hip, waist-to-height, and blood pressure (Table 3). Molec- 472 
ular markers including lipid panels, liver enzymes (Table 5) and cytokines (Table 6) were 473 
also within healthy ranges. Thus, our data indicate that long term NK, euketonaemia, does 474 
not have a negative effect on health in this cohort. 475 

Euketonaemia is defined as a state of ketosis that is not associated with any harmful 476 
effects. Although in most cases the term has been used to refer to a state of normal keto- 477 
nemia in patients with diabetes, the term has also been used in a broader sense to refer to 478 
a state of normal ketonemia in healthy individuals [31,32]. Euketomaemia in adults has 479 
been associated with improved insulin sensitivity and euglycaemia [33–35]. Moreover, 480 
euketonaemia is associated with reduced inflammation in the brain [36,37], is consistent 481 
with evolutionary biology and has a protective effect on mitochondria [38]. 482 

 483 
3.1. Macroscopic changes/Anthropometrics 484 

Throughout the intervention phase (P2), where participants were actively suppress- 485 
ing ketosis, participants often reported capillary BHB concentrations of > 0.3 mmol/L after 486 
the overnight fast, and even three hours after a carbohydrate-containing meal (Table 2). 487 
Together these data indicate that the participants were indeed highly fat-adapted and, 488 
even with the introduction of carbohydrates into their diet, their bodies reverted to beta- 489 
oxidation and ketolysis during periods of fasting. Following P3, participants tracked back 490 
to the baseline level of ketosis as indicated by their capillary BHB levels (Figure 2D). The 491 
participants enrolled in this study were able to tolerate 21 days of suppression of ketosis 492 
and the consequent upregulation of glucose metabolism and still return to their baseline 493 
level of ketosis. This suggests that metabolic flexibility is maintained in long-term habitual 494 
ketosis in metabolically healthy individuals. 495 

 496 
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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 
fT3 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 596 
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. OGTT 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 seen in 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 has not 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 



Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 21 of 40 
 

 

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 MetS and 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, in a 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-α (TNF-α) [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-α, 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-α remained unchanged. With no increase in CRP nor in- 789 
terleukin cytokines or TNF-α, 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 



Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 23 of 40 
 

 

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-1b is a 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) for a 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 a role [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. 959 
Phase 2 was the interventional phase to suppress ketosis (SuK). Each phase was monitored by finger 960 
prick testing of capillary beta-hydroxybutyrate (BHB) concentration (mmol/L). Testing was con- 961 
ducted 4 times per day, prior to mealtimes at evenly spaced intervals. At the end of each phase, 962 
participants underwent laboratory testing for body composition, blood sampling for biomarkers 963 
associated with chronic diseases and ageing and were given an oral glucose tolerance test (75g glu- 964 
cose in 250 mL water). Blood samples were taken at 7 time points over 5 hours. Whole blood glucose, 965 
and BHB were measured sequentially in real time using the Keto-Mojo™ Meter and plasma insulin 966 
sensitivity assay was conducted later using ELISA. 967 

 968 
During P1, participants maintained lifestyle NK, as determined by maintenance of 969 

capillary blood concentration of BHB ≥ 0.5 mmol/L, by ad libitum consumption of a very 970 
low carbohydrate high fat diet (VCHF), % carbohydrate:protein:fat = 8:17:75 [22,156] (this 971 
ratio is modulable according the metabolic health) or ad libitum feeding within a time- 972 
restricted feeding (TRF) window, or a mixture of both (Table 2 – 3). 973 

On day 22 (visit 1), participants attended the Human Physiology Laboratory at the 974 
University of Westminster at the same time of day (8 am) in an overnight fasted state (> 975 
12 hours) for baseline testing. The baseline visit included anthropometric measurements, 976 
metabolic measurements, including exchange analysis (VO2, VCO2), venous blood sample 977 
and an oral glucose tolerance test (OGTT) with BHB sensitivity. On day 23, participants 978 
suppressed ketosis (P2) and capillary BHB was targeted to be sustained at < 0.3 mmol/L 979 
for 21 days. Participants adapted out of ketosis during days 23 to 43 by following their 980 
healthiest interpretation (ad libitum) of the UK Eatwell Guidelines (% carbohydrate:pro- 981 
tein:fat = 55:20:25) which recommend consuming at least 267 g of carbohydrate per day, 982 
divided over at least three meals. 983 

On day 44 (visit 2), participants reported to the laboratory at 8 am having fasted over- 984 
night to complete the same measurements as during visit 1. On day 45, the trial interven- 985 
tion was removed, participants returned to their habitual lifestyle patterns resulting in a 986 
return to NK (P3) and during days 45 to 65 they continued to monitor their capillary blood 987 
glucose and ketones, where BHB was maintained at ≥ 0.5 mmol/L, as in P1. On day 46 988 



Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 27 of 40 
 

 

(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, 996 
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 (T3), 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-𝛄), monocyte chemotactic protein (MCP-1), tumour necrosis factor-alpha (TNF-ɑ), 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 at each 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-β) 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 meals in 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 phenotypes in 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 1095 
NK, may offer lower chronic disease risk resulting in benefits to both lifespan and health- 1096 
span. 1097 
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