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Abstract

Background: Experimental K* depletion reversibly inhibits insulin secretion, while
chronic metabolic acidosis decreases insulin sensitivity. We aimed to investigate the
effects of potassium supplementation and alkali supplementation in non-acidotic,
normokalemic humans with combined glucose intolerance.

Study design and results: In this double-blind, placebo-controlled study in 11 subjects

(7 male, 4 female, ages 47 to 63 y), 90 meqgs of oral KCl| or Kcitrate per day for 2

weeks each increased insulin_production as measured by homeostasis model

assessment Beta [KCI = 86 (ClI 81-91), Kcitrate = 88 (82-94), Placebo = 78 (73-83)

%, p < 0.04), but only Kcitrate attenuated insulin resistance as assessed by HOMA-

IR (insulin resistance, Kcitrate = 2.8 (2.5-3.1), placebo = 3.2 (2.9-3.5), p<0.03) and

only Kcitrate increased gquantitative insulin sensitivity check index (Quicki, Kcitrate =

0.355 (0.305-0.405), placebo = 0.320 (0.265-0.375 p<0.04). These results were
confirmed by independent measurements, i.e. HOMA c-peptide and wholy body
insulin sensitivity index measured during oral glucose tolerance testing. Kcitrate
significantly decreased systolic and diastolic 24 hour ambulatory blood pressures (-
4.0 (-3 to- 5) and -2.7 (-1.9 to -3.5), respectively as compared to placebo, p<0.02).
while KCI was without a significant effect.

Conclusions: K* supplementation in the absence of overt K depletion improves beta-
cell function in subjects with combined glucose intolerance. The insulin-sensitizing

and hypotensive effect, however, depend on citrate as the accompanying anion.



Introduction

In both humans and experimental animals, experimental potassium depletion was
shown to reversibly inhibit insulin secretion, irrespective of the etiology (1-3), while
chronic metabolic acidosis was shown to decrease systemic insulin sensitivity (4, 5).
For both potassium depletion and metabolic acidosis, the mechanisms of these
alterations in glucose or insulin metabolism are poorly characterized. In the case of
acidosis, acidosis-induced hyperglucocorticoidism (6, 7) and acidosis-associated
decreases in cytokines known to enhance insulin sensitivity such as
(undercarboxylated) osteocalcin, adiponectin or leptin (8-11), might play a role. It is
also largely unexplored whether potassium and/or alkali supplementation have any
effect on glucose/insulin metabolism in the absence of overt potassium depletion or
metabolic acidosis.

In non-diabetic, non-acidotic elderly, chronic HCOj3; treatment with complete
neutralization of endogenous H* production failed to alter insulin sensitivity (12).
However, in a nested case control study (n = 1360), the prospective risk for type 2
diabetes (T2DM*) increased inversely with [HCO3]p (13) and serum [K'] and dietary
K" intake inversely correlated with the risk of incident T2DM (with and without
thiazide treatment 14-16). Western diets are characterized by a low potassium
content and high acid load (17) and the incidence of T2DM continues to increase
dramatically in populations ingesting Western diets. Combined glucose intolerance
(CGl, so-called prediabetes ) is a reversible, but high risk state for the development
of overt T2DM (18). In addition, CGI has been identified recently as an independent
risk factor for the development of stroke (19). We, therefore, wished to evaluate the
effect of potassium with and without alkali supplementation on metabolic control in

subjects with CGI.



*abbreviations: Diabetes mellitus type 2 = T2DM, HOMA = homeostasis assessment
model, Quicki = quantitative insulin sensitivity check index, ISI = whole-body insulin
sensitivity index, ClI = confidence interval, CGI = combined glucose intolerance, [...] =

concentration

Methods

To assess the effects of potassium and alkali supplementation on beta-cell function
and insulin sensitivity in CGI (i.e. the combination of impaired fasting glucose and
impaired glucose tolerance), we screened 43 overweight subjects taking no current
medications at enrollment and within the preceding three months and who had a
positive family history for T2DM in first or second degree relatives. Of these 43
subjects, 11 fulfilled the strict criteria of CGl, i.e. fasting plasma [glucose] >5.6 to <7.0
mmol/L AND plasma [glucose] 2 h after 75g of oral glucose > 7.7 to < 11.1 mmol/L
(20). All subjects were ingesting an identical standardized meal the evening prior to
the glucose tolerance test.

The subjects continued their usual life-style and diet behavior during the study. They
were assigned in a double-blinded, randomized cross-over design to KCI (90 meq per
day, 9 tablets, 3 divided doses), trivalent Kcitrate (90 meq per day, 9 tablets, three
divided doses) or placebo (9 tablets, three divided doses) of identical taste and
appearance (purchased from Mission Pharmacal, San Antonio, TX) for 14 days each.
At the end of each period, two consecutive 24 hour urine collections with a fasting
blood draw at the end of the collection periods and 24 hour ambulatory blood
pressure recordings (Spacelabs, Redmond WA) were performed. The results given

are the means of values obtained on these two days. After the second collection



period, an oral glucose tolerance test (see below) was performed at 0800 am in all
three study periods. There was a washout period of at least 14 days between the
three periods.

Data from screening visits (0GTT and blood pressure) were used as baseline data

(see “calculation of beta-cell function and insulin sensitivity” below)

Calculation of beta-cell function and insulin sensitivity

Using morning fasting plasma [glucose] and fasting serum [insulin], homeostasis
model assessment beta (for beta cell function) and insulin resistance (HOMA-beta
and HOMA-IR) as well as HOMA beta-C-peptide were calculated using the HOMA
2.2 calculator (21-23).

Insulin sensitivity was also analysed by use of the quantitative insulin sensitivity
check index (Quicki, 24) and by measuring an index of whole-body insulin sensitivity
(ISI) during the oral glucose tolerance test. ISI was shown to have excellent
correlation with euglycemic insulin clamping (25). Quicki equals 1/[log(lo) + log(Go)],
where lo is the fasting insulin concentration and Go is the fasting glucose
concentration. ISl is calculated as 10 000 / [(fasting glucose x fasting insulin) x (mean
glucose x mean insulin during OGTT)]1/2.

All acid-base, electrolyte and creatinine determinations were performed using the
established routine procedures of the division of laboratory medicine. Renal net acid
excretion (NAE) was calculated in 24 hour urines as the sum of ammonium (NH4")

plus calculated titratable acidity minus HCOj3 excretion values.

Analytical methods



Serum insulin and C-peptide were measured by electrochemiluminescence (ECL)
method on an Elecsys 2010 system (Roche, Switzerland). Plasma leptin
concentrations were determined using a sandwich immunoassay based fluorometric
XMAP technology on Luminex 200 machines (luminex muti-analyte profiling system,
Luminex, Corp., Austin, TX, USA). The immunoassay kit is commercially available
from Millipore Corporation. Serum adiponectin concentrations were determined by
ELISA “EZHADP-61K ( Millipore, USA). The total osteocalcin concentrations were
measured by the enzyme amplified sensitivity immunoassay Kit from DRG
Instruments GmbH. Serum total and undercarboxylated osteocalcin concentrations
were measured by electrochemiluminescence immunoassay (Roche). Urinary
tetrahydrocortisol was measured by HPLC. This metabolite was chosen as it is freely

filtered at the glomerulus and has additional tubular reabsorption/secretion.

Statistical methods

Values given are means + standard deviation. Statistical analysis was made by
ANOVA for repeated measurements using SSPS for Windows NT software, version
20.0 (SSPS Inc., Chicago, IL). Data for which baseline measurements were available
(i.e. HOMA-Beta, HOMA-IR, HOMA Beta-C-peptide, Quicki, ISI and blood pressure)
were tested using analysis of covariance (ANCOVA) with baseline values as
covariates. These data are reported as adjusted means with confidence intervals.
Since there was no significant interaction between baseline data and treatment group
results a p value of <0.05 was considered significant.

Ethical approval

The study protocol was approved by the Ethics committee of both Cantons of Basel

(Switzerland).



Results

11 subjects (7 male, 4 female, ages 47 to 63 y, mean BMI = 30.5 + 2.1 kg/m* mean
HbA1C = 6.2 + 0.2 %) with combined glucose intolerance were enrolled in and
completed the entire study protocol. Tables 1 a-c show the plasma and 24 hour
urinary electrolyte and acid-base composition as well as fractional renal electrolyte
excretion rates at the end of the KCI (90 meq per day), Kcitrate (90 meq per day) and

placebo periods (2 weeks each). NeitheriKisalt"had arsignificant'effection’plasma

[K']. Kcitrate resulted in reversal to negative renal net acid excretion (NAE), while KCI

had no_significant effect on NAE. As described previously, Kcitrate significantly

decreased renal fractional excretion of calcium (7, 20). The remainder of the results
are shown in table 2: Homeostasis model assessment Beta (HOMA-Beta), a
measure of beta-cell function/insulin production significantly increased in response to
both KCI and Kcitrate [Kcitrate = 88 (Cl 82-94), Kchloride = 86 (81-91), placebo = 78
(73-83)%*p < 0.04 or both comparisons,]. However, only Kcitrate improved insulin
sensitivity significantly as estimated by a reduced HOMA-IR (insulin resistance) and
increased quantitative insulin-sensitivity check index (Quicki, Table 2). As HOMA-
Beta, HOMA-IR and Quicki calculations rely on the use of the same parameters, we
wished to test beta-cell function and insulin sensitivity with an additional set of
independent parameters, i.e. HOMA-Beta c-peptide and whole body insulin sensitivity
index as calculated from multiple insulin/glucose values during an oral glucose
tolerance test. As shown in the Table 2, HOMA-Beta c-peptide increased significantly
both in response to KCl as well as Kcitrate confirming the HOMA-Beta insulin results.
Whole body insulin sensitivity index was significantly increased in Kcitrate period as
compared to placebo [Kcitrate =5.5 (5.1-5.9) , placebo =4.6 (4.2-5.0), p<0.0]), but KCI

administration had no significant effect (Table 2).

Potassium
supplementation
increases
pancreatic
insulin output
but only
alkalinization
improves insulin
sensitivity



In these normotensive prediabetics, mean 24 hour systolic and diastolic ambulatory
arterial blood pressures significantly decreased in response to Kcitrate by -4.0 (-3 to-
5) and by -2.7 (-1.9 to -3.5) mmHg , respectively, as compared to placebo. KCI did
not affect blood pressure significantly (Table 2). Keitratelinduced assignificantweight
loss of 1.5 + 0.5 kg ( p= 0.018), while no significant changes in body weights were
observed during KCI and placebo periods.

Neither K salt induced significant changes in circulating serum concentrations of
adiponectin (Kcitrate = 15.1 + 7.1, KC| = 16.0 + 7.4, placebo = 15.5 + 7.5 ng/ml,
respectively) or in carboxylated osteocalcin (Kcitrate = 6.1 + 1.9, KCl = 6.3 + 1.8,

6.6 + 1.9 ng/ml, respectively) and in undercarboxylated osteocalcin

placebo

(Kcitrate = 44 + 16, KCI = 43 + 15, placebo = 41 + 17 %, respectively). Similarly, in
the male subjects, serum leptin levels were 15.0 + 7.9 ng/mL during placebo and not
affected significantly by both Kcitrate and KCI administration (16.1 + 8.1 and 16.7 +
8.4 ng/ml, respectively). In the female subjects leptin levels were also similar during
all periods: 19.4 + 7.1, 20.1 + 8.3, 17.8 + 7.5, for placebo, KCI and Kcitrate periods,
respectively.

Urinary excretion of tetrahydrocortisol (THF) decreased slightly, but significantly from
2 810 + 310 to 2 678 + 290 mcgr/24 h (p = 0.044) during the Kcitrate period

confirming our results in non-diabetic subjects (7), while KCI had no significant effect.

Discussion
The results of this placebo-controlled, randomized cross-over pilot study demonstrate
that even in the absence of overt, pre-existing K* depletion, K* supplementation

improved beta-cell function (measures of insulin secretion) in subjects with CGI

(prediabetes). The insulin-sensitizing and hypotensive effect, however, critically

depended on citrate as the accompanying anion. Whether these effects are




specifically dependent on citrate or by its oxidation to bicarbonate should be tested
by comparing citrate’s effect with those of other equipotent alkali. The insulin-
sensitizing effect of Kcitrate/alkali administration was shown herein to be independent
of the best characterized circulating, insulin sensitivity modulating factors, i.e. total
and undercarboxylated osteocalcin, adiponectin and leptin. All of these cytokines,
with the exception of undercarboxylated osteocalcin, have previously been shown to
be affected by systemic acid loading and all are associated with altered insulin
sensitivity (8-10). In contrast and as previously reported (7), Kcitrate/alkali
administration significantly decreased adrenal glucocorticoid production which may
have contributed to improved insulin sensitivity. Future studies should investigate the
relative importance of the effect of Kcitrate/alkali administration on indirect
mechanisms of insulin sensitivity (glucocorticoid activity, other cytokines) and
possible direct effects on cellular and intracellular insulin signalling pathways.

In contrast to studies in patients with essential hypertension employing office blood
pressure measurements (21), the 24h ambulatory blood pressure lowering effect of
K™ critically depended on citrate as the accompanying anion in these normotensive
subjects with CGlI (prediabetes). The blood-pressure lowering effect of Kictrate/alkali
administration in this patient population needs further clarification. Both metabolic
factors, i.e. improved insulin sensitivity or renal factors (decrease in body weight
during the Kcitrate period) may be important.

We have no clear mechanistic explanation for the unexpected weight change in the

Kcitrate period of minus 1.5 kg as compared to placebo and Kchloride. However,

dietary potassium has been shown to be natriuretic via rapid inhibition (i.e. by
phosphorylation) of the thiazide-sensitive sodium/chloride cotransporter in the distal

convoluted tubule (28). The excess supplementation of chloride in the Kchloride



period may have counteracted this by causing greater volume expansion than
Kcitrate.

The placebo-controlled, randomized crossover design are among the prinicipal
strengths of this study, while the small sample size currently precludes generalization
of these results to all patients with CGI (prediabetes). Also, the relatively high dose of
both KCl and Kcitrate may not be an optimal one..While the hyperinsulinemic
euglycemic clamp technique is still the gold standard, our indices of insulin resistance
have been shown to have good, linear correlation to the clamp (24, 25). In addition,
we used several indices employing different, independent parameters and eliminated
the problem of interindividual variation by our study design (each individual being its
own control).

The present results suggest that K supplementation with and without citrate/alkali
may have a role in T2DM prevention and treatment. It will be important, therefore, to
evaluate the dose-response relation of K and citrate/alkali supplementation and to
investigate in larger populations whether progression of CGI to T2DM can be
retarded or prevented and/or whether control of established T2DM can be improved
by K with citrate/alkali administration. In addition, it will be of interest to evaluate the
effect of long term differences in potassium and alkali intake on the epidemiology of

T2DM (i.e. by analysis of large population cohorts).
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Table 1a: Plasma electrolyte and arterialized blood acid-base parameters in patients with CGI during

placebo, KCI and Kcitrate adiministration

Parameter | [Na], [Klp [CLIp | [PO4lp | ion[Ca]p | [Mg]p | [creatinine]p | Blood | Arterialized | [HCO3-
mmol/l | mmol/l | mmol/l | mmol/l | mmol/l mmol/l | umol/l pH PCO, ]
[(9)] mmHg mmol/l
Placebo 139+ |39+ |105+ | 1.0+ |1,13+ 087+ |69+ 5 7.399 | 403+ 04 | 244+
3 0.2 2 0.1 0.04 0.06 + 0.3
0.005
KCI (90 138 + {39+ |[104+ [09+ |[1.15+ 085+ | 65+7 7.394 | 396+ 05 | 23.7+
mmols/day) | 2 0.3 3 0.1 0.04 0.06 + 0.5
0.007
Kcitrate (90 | 139+ | 3.7+ | 104+ |09+ | 117+ 086+ |64+ 6 7.404 |419+0.7% | 25.0 +
mmols/day) | 3 0.3 3 0.1 0.05 0.08 +0.006 0.4*

*denotes p < 0.05 for the comparison to both placebo and KCI




Table 1b: Mean 24 hour urine electrolyte and net acid excretion during administration of placebo, KCI and Kcitrate (14 days)

Parameter Body Na K Cl PO, lonized Mg creatinine | pH Urinary net acid
weight mmol/24 | mmol/24 | mmol/24 | mmol/24 Ca mmol/24h | mmol/24 (8)) excretion
kgs h h h h mmol/24 h mmol/24 h
h
Placebo 921+63 |181+22 |72 + 14 |178+ 28 | 30.8+ 52+1.1 |3.10+ 13.7 + 5.640 + 53.4 +10.2
3.7 0.37 1.1 0.145
KCI (90 mmols/day) | 92.5+6.7 | 198+ 25 | 123 + 251 + 31.6 + 49 +09 | 285+ 135+1.0 | 5.861 + 48.6 +11.2
17¢ 34 4.1 0.32 0.127
Kcitrate (90 90.6 + 194 + 21 | 126 + 225+ 32 | 325+ 4.4 +0.9* | 3.00 + 145+1.2 | 6.101 + -85 +10.2%
mmols/day) 6.4* 18" 4.4 0.39 0.111*¢
Baseline (screening) | 92. 5+ 6.5

*denotes p< 0.05 and & denotes p <0.005 for the comparisons to placebo and KCI. “ denotes p < 0.01 for the comparison of KCl and of Kcitrate to

placebo




Table 1c: Mean fractional electrolyte excretion rates (FE, %) during placebo, KCl and K citrate
administration in

patients with combined glucose intolerance

Parameter FE Na FE K FE CI FE Ca FE PO4 FE Mg
Placebo 056+0.11 |79+16 0.78+ 0.16 | 1.99+047 |138+4.1 2.49 +0.60
KCI (90 057+0.09 |124“+19 |0.89+ 1.72+ 051 | 13.4+3.8 2.25 +0.51
mmols/day) 0.18*

Kcitrate (90 0.57+0.08 | 13.7* +2.0 | 0.88 + 1.48*+0.32 | 145+4.9 2.28 +0.49
mmols/day) 0.11"

“denotes p < 0.015 for the comparison with placebo- * denotes p < 0.04 for the comparison to placebo




Table 2: Parameters of insulin sensitivity, beta-cell function and 24 h mean systolic and diastolic blood

pressures

Parameter Baseline Placebo Kcitrate Kchloride
HOMA-Beta (%) 77+8.0 78 (73-83) 88 (82-94)* 86 (81-91)*
HOMA-IR 3.3+04 3.2 (2.9-3.5) 2.8 (2.5-3.1)* 3.4(3.1-3.7)
Quantitative Insulin 0.319 + 0.07 0.320 (0.265- 0.345 (0.295- 0.320 (0.245-
sensitivity check 0.375) 0.395)* 0.395)
index (Quicki)

HOMA-Beta C- 114 +12 116 (106-126) 129 (119-139)¢ 133 (122-144)”
peptide (%)

Whole body insulin 4.4+0.3 4.6 (4.2-5.0) 5.5 (5.1-5.9)" 4.2 (3.7-4.7)
sensitivity index

(1Ish

24 hour ambulatory 131 +7 132 (126-139) 128 (122-136)& 135 (127-143)
mean systolic blood

pressure (mm Hg)

24 hour ambulatory 93+5 92 (86-98) 89 (84-94)% 92 (85- 99)

mean diastolic
blood pressure (mm

Hg)

Values are means + SD (baseline values) and) means adjusted for baseline values for placebo,
Kcitrate and Kchloride. Values in brackets are confidence intervals, p values were estimated using
ANCOVA. * equals p< 0.04, “ equals p < 0.03, ® equals p<0.02 and + equals p < 0.01 for the
comparison to placebo.




