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ABSTRACT

Background

Interventions that acutely increase blood ketone concentrations simultaneously lower blood
glucose levels, although the explanation for this phenomenon is unknown. The hypoglycaemic
effect of acute ketosis is greater in people with type 2 diabetes (T2D) in whom
gluconeogenesis contributes significantly to hyperglycaemia. L-alanine is a gluconeogenic
substrate secreted by skeletal muscle at higher levels in people with T2D. As infusion of
ketones lower circulating L-alanine blood levels, we sought to determine whether
supplementation with L-alanine would attenuate the hypoglycaemic effect of an exogenous
ketone ester (KE) supplement.

Methods

This crossover study involved 10 healthy human volunteers who fasted for 24 hours prior to
the ingestion of 25 g of D-B-hydroxybutyrate (BHB) in the form of a KE drink (AG®) on two
separate visits. During one of the visits participants additionally ingested 2 g of L-alanine to
see if L-alanine supplementation would attenuate the hypoglycaemic effect of the KE drink.
Blood L-alanine, L-glutamine, glucose, BHB, free fatty acids (FFA), lactate, and C-peptide
were measured every fifteen minutes for 120 minutes after ingestion of the KE, with or without
L-alanine.

Findings

The KE drinks elevated blood BHB concentrations from negligible levels to 4.5 + 1.24 mmol/L,
lowered glucose from 4.97 to 3.77 £ 0.4 mmol/L, and lowered and L-alanine from 0.56 to 0.41
*+ 0.9 mmol/L. L-alanine in the KE drink elevated blood L-Alanine to 0.68 + mmol/L, but had
no significant effect on blood BHB, L-glutamine, FFA, lactate, nor C-peptide concentrations.
By contrast, L-alanine supplementation significantly attenuated the ketosis-induced drop in
glucose from 28% to 16% (p<0.001).

Conclusions

The hypoglycaemic effect of acutely elevated BHB is partially due to BHB decreasing L-alanine

availability as a substrate for gluconeogenesis.
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INTRODUCTION

In the fed state, the human brain relies almost exclusively on glucose as an energy source.
However, in the fasted state or during carbohydrate scarcity, the human body has two adaptive
mechanisms: (i) Gluconeogenesis, which promotes the catabolism of muscle tissue. (ii)
Ketogenesis, which produces primarily D-B-hydroxybutyrate (BHB) from fat stores and
provides an alternative fuel substrate for the brain. This latter option fuels the energy
expensive brain, while at the same time preserving valuable lean tissue. Consistent with this

adaptive muscle-sparing model, BHB inhibits gluconeogenesis.

In type 2 diabetes (T2D), excessive gluconeogenesis underlies hyperglycemia®. Thus, one
could predict that BHB, by inhibiting gluconeogenesis?, could help manage hyperglycemia in

T2D. Consistent with this hypothesis, ketogenic diets have been shown to effectively reverse

T2D**. While most of the benefit of ketogenic diets in T2D likely comes from therapeutic

carbohydrate reduction, it is not yet clear to what degree BHB itself might play a supporting
therapeutic role. In fact, in both animals and humans, exogenous infusion of BHB are alone

sufficient to decrease blood glucose®™.

The development of an enantiomerically pure medical-grade exogenous ketone ester (KE) for
human consumption, following on the possibility that BHB could itself benefit persons with

T2D, has inspired interest in the exploration of exogenous ketosis for T2D*. This interest is

bolstered by the observation that the hypoglycemic effect of ketosis is larger in people living

with T2D than in non-diabetic adults™. And, as of yet, no mechanism has been found to explain

this difference.

Gluconeogenesis is main hyperglycaemic mechanism in people living with T2D**2. Ketosis, by
providing an alternate source of energy to the brain, preserves muscle tissue®* and ketones

limit the secretion of L-alanine, a gluconeogenic substrate, by muscle cells'**.



Thus, it is plausible that ketones decrease blood glucose (and do so to a greater extent in
those with T2D) by reducing L-alanine availability for gluconeogenesis. This study sought to
test this hypothesis by investigating whether L-alanine supplementation attenuates the

hypoglycaemic effect of exogenously induced ketosis.



METHODS
1) Ethics

This study was pre-registered at ISRCTN16169021 and received Ethics approval by the East
of England - Cambridge South Research Ethics Committee on February 18", 2019 (Reference
18/EE/0115). All participants were older than 18 years old and signed an informed consent

form approved by the same Research Ethics Committee.

This study was conducted in accordance with the guidelines set forth by the International
Conference on Harmonisation Guidelines for Good Clinical Practice, and the Declaration of
Helsinki regarding the treatment of human subjects in a study®>. Female potential participants

in risk of being pregnant were excluded.

) Statistical analysis

Sample size was calculated to detect a blood glucose difference of at least 0.9 mM between
groups with a statistical power of 80% and an alpha probability of 0.05. Therefore, six
participants per group were needed. To achieve a sex and age balanced cohort and to allow
for dropouts, a total of 10 participants were recruited and all completed the study. Sample size

calculations were performed using G*Power version 3.1%.

All statistical tests and analysis were performed using Excel® (Microsoft, United States). Data,
presented as means * standard deviations (SD), were analysed using one-way repeated
measurements ANOVA and adjusted with Bonferroni’s correction for multiple comparisons.
Differences were considered significant at p < 0.05. Since baseline blood concentrations of L-
alanine and L-glutamine have large interpersonal variations due to body composition,

comparisons were made using change from baseline.



Materials and procedures

10 healthy participants engaged in a randomized crossover experiment in which they came to
the lab on two occasions after a 24 hour fast. On one visit, participants drank a mix 25 g of the
AG® KE ((R)-3- hydroxy butyl (R)-3-hydroxybutyrate, provided by TdeltaS Ltd., United
Kingdom) diluted in 25 mL water. On the other visit, participants consumed the same drink
with an additional 2g of L-alanine (provided by Hard Eight Nutrition LLC, United States) to

match skeletal muscle release of L-alanine per two hours?.

After ingestion, the KE monoester bond is cleaved by esterases in the gut wall, yielding BHB
and butanediol in equal amounts. Both are absorbed into the portal circulation and the latter
is taken up by the liver, where it is converted to BHB by alcohol dehydrogenase. BHB leaves
hepatocytes via monocarboxylate transporters. Pharmacokinetic studies have shown that, in
the fasted and resting states, the BHB monoester can induce ketosis for 3—4 h, with a peak at
~1h?.

2

Blood samples were collected through a venous cannula at baseline and every fifteen minutes
for 120 minutes. Glucose, BHB, lactate, and free fatty acids were assayed using a commercial
semi-automated bench-top analyser (ABX Pentra, Montpellier, France). L-alanine, L-
glutamine and human C-peptide were measured using kits (by Abcam, United Kingdom:

ab83394, ab145659, and ab178641 respectively).



RESULTS

Participant anthropometric characteristics

Ten healthy participants, five males and five females, were enrolled in this crossover trial. All
participants were of normal weight (mean BMI 23.2 kg/m2 + 2.4) and mean age was 40 years
* 16 years. Table 1 summarises anthropometric characteristics of our participants. Ingestion
of the KE drink was well-tolerated by all participants and none presented symptomatic

hypoglycaemia.

Table 1. Participant characteristics

Sex 5 (F), 5 (M)
Age (years) 40 (16)
Height (cm) 176 (15)
Weight (kg) 73 (18)
BMI (kg/m?) 23.2 (2.4)

Data are expressed as mean (Standard deviation).

Blood L-alanine, L-glutamine and glucose concentration changes after ketone ester
ingestion, with and without L-alanine.

In the absence of L-alanine supplementation, inducing acute ketosis with the KE raised blood
BHB concentration to 4.5 £ 1.24mmol/L and L-glutamine by 9% % 4% (absolute change from
1.099 to 1.223 + 0.045 mmol/L). By contrast, exogenous ketosis lowered blood L-alanine by
26% * 9.3% (absolute change from 0.563 to 0.4409 + 0.053 mmol/L) and blood glucose by
28% * 8% (absolute change from 4.97 to 3.77 £ 0.4 mmol/L). Compared to baseline, changes

in BHB, glucose, and alanine, but not glutamine, were significantly different (p < 0.05).

In the presence of L-alanine supplementation, inducing ketosis raised blood BHB
concentration to 4.6 £ 1.35 mmol/L and L-glutamine by 10% + 6% (absolute change from

1.12to0 1.26 £ 0.05 mmol/L).



As expected, L-alanine supplementation led to a net increase in L-alanine by 16% (absolute
change from 0.543 to 0.682 + 0.051 mmol/L), thus maintaining L-alanine availability for
gluconeogenesis. Correspondingly, blood glucose decreased by a lesser amount, only by 17%
* 5% (absolute change from 5.01 to 4.03 = 0.3 mmol/l). Again, changes in BHB, glucose and
L-alanine, but not L-glutamine, were significant (p<0.05). These results are described in detail

in Table 2 and illustrated in Figure 1.

Table 2. Blood L-alanine, L-glutamine and glucose concentration changes after

inducing acute ketosis with and without L-alanine supplementation.

Timepoint BHB BHB + A Glucose Glucose + A Glutamine Glutamine + A Alanine Alanine + A
(mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L)
» 0 0.6 0.5 4.97 5.01 1.1 1.09 0.56 0.54
é” 15 3.4 3.2 4.52 4.64 0.90 0.88 0.49 0.57
£ 30 39 2.0 211 431 0.89 0.81 0.43 0.63
..g 45 3.8 4.3 3.77 4.03 0.86 0.82 0.40 0.68
2 60 4.3 4.7 3.79 4.07 0.93 0.91 0.41 0.64
g 75 4.5 4.6 3.91 4.15 1.16 1.01 0.44 0.59
© 90 4.1 4.2 3.99 4.37 1.26 1.19 0.49 0.55
120 3.7 3.6 4.1 4.51 1.31 1.23 0.51 0.54
a Timepoint BHB BHB Glucose Glucose + A Glutamine Glutamine + A Alanine Alanine + A
@ 0 0 0 0 0 0 0 0 0
S 15 566.7 627.5 -9 -4 -5 7 -26 10
%’: 30 650.0 778.4 -18 -13 -10 -9 -24 13
g E 45 633.3 843.1 -28 -17 -10 8 -25 1
3] 60 716.7 921.6 -24 -16 -7 6 -25 16
é 75 750.0 892.2 -24 -12 1 -24 12
§ 90 683.3 825.5 -22 -10 5 4 -13 8
i~ 120 616.7 705.9 -19 -9 10 7 -11 5

Data are expressed as means from n = 10.

All measurements were performed by triplicate.
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FIGURE 1. Blood L-alanine, L-glutamine and glucose concentration changes after
inducing acute ketosis with and without L-alanine supplementation.

Data are presented as the mean + SD (n = 10 participants, measurements by triplicate).



L-alanine supplementation attenuated the hypoglycaemic effect of acute ketosis.

2 g L-alanine significantly reduced the magnitude of the hypoglycaemic effect of exogenous
ketosis at 30, 45, 75 and 90 min after KE administration (p<0.001). Even when the difference
was not statistically significant, glucose levels were consistently lower at all timepoints when
L-alanine was supplemented (Table 2 and Figure 2).

BGlucose AUC (KE) B Glucose AUC (KE + L-Ala)

5'
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FIGURE 2. L-alanine supplementation attenuated the hypoglycaemic effect of ketosis.
Data are presented as mean AUC (n = 10 participants, measurements by triplicate). Y axis =
percent change from baseline of blood glucose concentration. X axis = Time (minutes) after
drinking 25 of BHB ketone monoester. Mean change after baseline at every timepoint was
analysed with a one-way repeated measures ANOVA and found to be statistically significant

after a Bonferroni correction for multiple comparisons (p < 0.006) as indicated by*.

L-alanine supplementation did not impact changes in blood lactate, free fatty acids
(FFA) and C-peptide during acute ketosis.

Compared to baseline, FFA concentrations were significantly lower at most timepoints 30
minutes after KE ingestion. C-peptide was moderately elevated in both groups at the 30
minutes timepoint. Blood lactate, FFA and C-peptide concentrations were similar at all

timepoints after ingestion of KE regardless of L-alanine supplementation, as in Figure 3.
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FIGURE 3. Blood lactate, free fatty acids (FFA) and C-peptide during acute ketosis
with and without L-alanine. Mean change after baseline was analysed with a one-way
repeated measures ANOVA. Statistical significance after a Bonferroni correction (p=<0.001).

* Indicates change from baseline, not difference between groups.



DISCUSSION
These data suggest that a decrease in L-alanine availability contributes to the hypoglycaemic
effect of acute ketosis. However, it is also clear that the hypoglycaemic effect of acute ketosis

is a result of multiple mechanisms.

Glucose-alanine cycle: pyruvate in disguise

During prolonged fasting, L-alanine blood levels decrease more than those of any other amino
acid, largely because of hepatic uptake of L-alanine to fuel gluconeogenesis. This
phenomenon prompted the discovery of the glucose-alanine cycle, in which pyruvate is
transformed into L-alanine (pyruvate in disguise) via transamination in skeletal muscle. L-
alanine is released to the bloodstream, taken up by the liver, and transformed back into

pyruvate to fuel gluconeogenesis*®. Thus, any reduction in intramuscular pyruvate would result

in lower L-alanine levels in the blood and less gluconeogenesis.

Ketone oxidation decreases intramuscular pyruvate via multiple mechanisms. (i) First, ketone

oxidation reduces glycolysis in skeletal muscle®, therefore, decreasing pyruvate production.
(i) Second, ketone body oxidation increases acetyl CoA levels. Acetyl CoA is an allosteric
activator of pyruvate carboxylase, thus, driving the conversion of pyruvate to oxaloacetate®.

(iii) In addition to decreasing pyruvate for transamination into L-alanine, ketosis also directly

decreases L-alanine production by reducing skeletal muscle protein breakdown®:.

Furthermore, in the liver, L-alanine supports gluconeogenesis. L-alanine allosterically inhibits
the liver isozyme of pyruvate kinase, the enzyme responsible for the last step of glycolysis?.
Thus, L-alanine restriction would favour glycolysis over gluconeogenesis. L-alanine is also a
potent glucagon secretion agonist*?, and glucagon stimulates gluconeogenesis. Again, L-

alanine restriction is predicted to downregulate gluconeogenesis in the liver.



The hypoglycaemic effect of ketone body oxidation is likely pleiotropic.
As observed in this study, the ability of exogenously induced to reduce circulating L-alanine
as fuel for gluconeogenesis cannot account for the entire hypoglycaemic effect of KE

ingestion. Other mechanisms are at play.

Exogenously induced ketosis can stimulate insulin secretion®2*. However, even while we
observed a transient C-peptide spike at 30 minutes after KE ingestion, it should be noted that
this does not necessarily translate into an equal magnitude, one-to-one, spike in systemic
circulating insulin due to insulin liver extraction. What is more, even if we assume this C-
peptide change correlates with an equal magnitude insulin change, the latter would not be

large or long enough to account for the entire hypoglycaemic effect observed.

There is also evidence that a decrease in gluconeogenesis and glucose section into the blood,
rather than an increase in insulin-mediated glucose clearance from the blood, accounts for
most of the hypoglycaemic effect of ketosis®. For example, exogenous ketone infusions in
patients with type 1 diabetes demonstrate that acute ketosis lowers blood glucose!! even in
the absence of insulin. Thus, it is unlikely that the minor insulinogenic effect of exogenous

ketosis accounts for most of the hypoglycaemic effect KE ingestion.

The hypoglycaemic effect of acute ketosis is also not restricted to the fasting state. Inducing
acute ketosis lowers the postprandial glycaemic curve after a dextrose challenge without
inducing significant differences in insulin secretion®. One of the proposed mechanisms is that
BHB-mediated inhibition of lipolysis* depletes the blood supply of fatty acids, driving an
increase in glucose uptake. However, this has not been observed after the ingestion of niacin,
which also blocks lipolysis by acting on the same receptor as BHB and has no effect on

gluconeogenesis?.



As gluconeogenesis contributes to elevations in blood glucose in the post-absorptive state,
BHB-induced attenuation of gluconeogenesis could also explain (at least partially) the

postprandial attenuation of the glycaemic curve that has been previously observed.

It is further worth nothing that glycerol is a gluconeogenic substrate. However, evidence
suggests that, in the fasting humans, L-alanine and lactate, not glycerol, are the major
gluconeogenic substrates, not glycerol?®. Since ketosis also reduces the availability of glycerol
by inhibiting lipolysis, ketosis could be potentially beneficial for individuals in whom
gluconeogenesis is pathologically elevated regardless of which substrate is the most important

contributor to gluconeogenesis. But, again, L-alanine is probably more relevant.

It is unlikely that this is a KE-specific effect. While the hepatic conversion of butanediol derived
from ketone ester into BHB would alter hepatocyte NAD+/NADH balance (therefore altering
endogenous glucose production), studies comparing the ingestion of equimolar quantities of
ketone salts and ketone esters (that lack a butanediol component) demonstrate

hypoglycaemic effects of similar magnitudes®.

Figure 4 summarises some of the mechanisms whereby exogenously induced acute ketosis

could lower blood glucose concentration.



050 e o

Q09 8
B H B Adipose Tissue Pancreas
p o lipolysis (PUMA-G) 4 insulin (beta cells)
? g ;'L, 7/ + glucagon (alpha cells)
A= i‘\st_}\ \
‘(. B J
i ¥ glycerol

“ Inhibitory
> hormonal

i
Skeletal Muscle signaling

Decreased pyruvate Decreased pyruvate

| Pyruvate pyruvate + acetyl-CoA
dehydrogenase |
} pyruvate ~y

-
carboxylase oxaloacetate Citrate Decreased

substrate *Gluconeogenesis

PFK1 (4glycolysis)
)

(

N\

N S \\A\\ Qo .
Decreased A 0000 Liver
protein breakdown ' o
L-Ala

FIGURE 4. Summary of the mechanisms whereby ketosis lowers blood glucose.

In skeletal muscle: SHB increases the concentration of acetyl CoA', which inhibits
pyruvate dehydrogenase and activates pyruvate carboxylase®. As a result, more pyruvate is
transformed into oxaloacetate. Additionally, the rise in acetyl CoA inhibits
phosphofructokinase-1 (PFK1), downregulating glycolysis, and therefore, decreasing
pyruvate production’®. Through these two mechanisms, pyruvate levels are reduced and
there is less pyruvate available for transamination into L-alanine. BHB also decreases
protein breakdown, further reducing L-alanine production**. In adipose tissue: BHB inhibits
lipolysis via de PUMA-G receptor’®, reducing the release of glycerol, a minor gluconeogenic
Substrate. In the pancreas: BHB promotes insulin release by the beta cells***. Furthermore,
there is less L-alanine to stimulate glucagon release by the alpha cells*>. The decrease in
gluconeogenic substrates (L-alanine and glycerol) and inhibitory hormonal signaling
(increase in insulin/glucagon ratio; and L-alanine allosterically inhibits pyruvate kinase*)
cause a decrease in gluconeogenesis by the liver (and also possibly other peripheral
tissues, like the intestines, that can perform gluconeogenesis). The net result of acute ketosis
induced by exogenous BHB is a small increase in peripheral glucose uptake, due to a small

increase in insulin, and a larger decrease in glucose release by gluconeogenic tissues.



Limitations of this study

First, the relative contribution of the different gluconeogenic organs (liver, kidneys, and
intestine) and of the different gluconeogenic substrates (lactate, glycerol, alanine, and
glutamine), varies depending on whether a person is in the fed or fasted state **3'. However,
there is evidence suggesting that, in the context of short-term fasting, alanine is the most

important contributor via liver gluconeogenesis 32-3.

Since all participants in this study were fasted for control purposes, we cannot extrapolate
these insights to other metabolic states where there are different relative contributions from
the kidneys and the intestines. Future studies may choose to investigate the same question

in postprandial participants or using labelled substrates.

Additionally, while unlikely, an unexpected interaction between L-alanine supplementation and
exogenously induced ketosis cannot be entirely ruled out. Thus, a future study should include
an independent L-alanine arm to compare the impact of L-alanine on glycaemia in the absence
of ketosis. Additional informative measurements for future studies we did not include in this

experiment are nitrogen balance and glucagon levels.

Finally, it has been proposed that glycerol is the most relevant gluconeogenic substrate®.
Even if this is true, since acute ketosis also reduces the availability of glycerol, the overall
conclusion of ketosis being potentially therapeutic for individuals in whom gluconeogenesis is

pathologically elevated holds true.



CONCLUSION

These data demonstrate, in healthy humans, that exogenous ketosis results in a reduction in
L-alanine availability to fuel gluconeogenesis and that this contributes to the hypoglycaemic
effects of acute ketosis, even independent of carbohydrate restriction. These data provide
insight into the mechanisms whereby ketosis itself could provide therapeutic benefit in insulin

resistant individuals in whom gluconeogenesis is pathologically elevated.
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Figure 1

Blood L-alanine, L-glutamine and glucose concentration changes after inducing acute ketosis with and
without L-alanine supplementation. Data are presented as the mean + SD (n = 10 participants,
measurements by triplicate).
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L-alanine supplementation attenuated the hypoglycaemic effect of ketosis. Data are presented as mean
AUC (n = 10 participants, measurements by triplicate). Y axis = percent change from baseline of blood
glucose concentration. X axis = Time (minutes) after drinking 25 of BHB ketone monoester. Mean change
after baseline at every timepoint was analysed with a one-way repeated measures ANOVA and found to
be statistically significant after a Bonferroni correction for multiple comparisons (p < 0.006) as indicated

by*.



1.2
1
=
Eos
7]
=)
Jy08
£
=04
o
0.2
~#--KE —a—HKE+L-Ala
0
o 19 300 4% 60 T§ g0 1200
Time (min)
1.2
1
=
E 0.8
-]
% 06
ki |
0.4
0.2
~g=-KE —a—KE+L-Ala
0
LI 15" 30" 45" 60" 5 90" 120°
Time {min)
1.2
1 L
;E"n.u
&
=
206
2
e
& 04
0.2
=@g=-KE —a—KE+L-Ala
0
o 15 a0 45 &0' 75 a 120
Time (min)
Figure 3

Blood lactate, free fatty acids (FFA) and C-peptide during acute ketosis with and without L-alanine. Mean
change after baseline was analysed with a one-way repeated measures ANOVA. Statistical significance
after a Bonferroni correction (p=<0.001). * Indicates change from baseline, not difference between
groups.
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Figure 4

Summary of the mechanisms whereby ketosis lowers blood glucose. In skeletal muscle: BHB increases
the concentration of acetyl CoA19, which inhibits pyruvate dehydrogenase and activates pyruvate
carboxylase20. As a result, more pyruvate is transformed into oxaloacetate. Additionally, the rise in acetyl
CoA inhibits phosphofructokinase-1 (PFK1), downregulating glycolysis, and therefore, decreasing
pyruvate production28. Through these two mechanisms, pyruvate levels are reduced and there is less
pyruvate available for transamination into L-alanine. BHB also decreases protein breakdown, further
reducing L-alanine production14. In adipose tissue: BHB inhibits lipolysis via de PUMA-G receptor26,
reducing the release of glycerol, a minor gluconeogenic substrate. In the pancreas: HB promotes insulin
release by the beta cells24,29. Furthermore, there is less L-alanine to stimulate glucagon release by the
alpha cells22. The decrease in gluconeogenic substrates (L-alanine and glycerol) and inhibitory hormonal
signaling (increase in insulin/glucagon ratio; and L-alanine allosterically inhibits pyruvate kinase21)
cause a decrease in gluconeogenesis by the liver (and also possibly other peripheral tissues, like the
intestines, that can perform gluconeogenesis). The net result of acute ketosis induced by exogenous BHB



is a small increase in peripheral glucose uptake, due to a small increase in insulin, and a larger decrease
in glucose release by gluconeogenic tissues.
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