1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

Rrens®

G

3}

Author Manuscript

Published in final edited form as:
Expert Rev Endocrinol Metab. 2011 September ; 6(5): 665—-672. doi:10.1586/eem.11.60.

Potassium and risk of Type 2 diabetes

Ranee Chatterjeel'T, Hsin-Chieh Yeh2, David Edelman?, and Frederick Brancati?
1Department of Medicine, Duke University, Durham, NC, USA

2Department of Medicine and Epidemiology, Johns Hopkins University, Baltimore, MD, USA

Abstract

The rising incidence and prevalence of Type 2 diabetes worldwide requires us to try to identify the
determinants of this epidemic and to identify improved measures to prevent and treat this
condition. While obesity is a major risk factor for diabetes, there are other risk factors that could
potentially be corrected more easily. Potassium, both serum levels and to a lesser extent dietary
intake levels, has been associated with incident diabetes. Lower levels of potassium have been
found to be associated with a higher risk of diabetes in some studies. This article will review the
literature available describing these associations and will help to identify where further research is
needed.
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Type 2 diabetes mellitus imposes a growing public health burden worldwide, leading to
complications, disability, mortality and higher healthcare costs [1,2]. While obesity is
probably the most important explanatory factor [3,101] there are other metabolic,
environmental and genetic factors that contribute to the diabetes epidemic [4—6]. Potassium
deficiency is a well-established correlate of disturbances in glucose metabolism. However,
this association has been best studied in uncommon conditions, such as hyperaldosteronism
[7,8], or in the context of medication use, particularly thiazide diuretics [9-11]. Indeed, it is
worth noting that the rise in the incidence of diabetes is concomitant with a rise in the use of
thiazide diuretics [12]. Recent research has led to renewed interest in low potassium as a
possible risk factor for diabetes that is both common and potentially modifiable [13,14].
This article will briefly review the literature regarding potassium and diabetes risk in adults.

Potassium in humans

Potassium is the main intracellular cation in the human body and is required for vital cellular
processes. Serum and dietary potassium are measurements that can affect total body stores
of potassium, which can only be accurately measured using whole body counters with
radioactively labeled potassium. Serum potassium is tightly controlled through homeostatic
mechanisms and is affected by many factors including dietary potassium intake, potassium
excretion (which is primarily in the urine) and by factors that affect potassium excretion and
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partitioning between intracellular and extracellular spaces. The primary determinants of
renal excretion of potassium include sodium delivery to the distal nephron and urine flow,
the renin-angiotensin—aldosterone system, vasopressin levels and acid—base status.
Hormones and chemicals such as insulin, catecholamines and thyroid hormone affect intra-
versus extra-cellular partitioning of potassium, as well as acid—base status [15]. Dietary and
serum potassium are not necessarily correlated given the tight control of serum potassium
levels, and serum potassium does not necessarily reflect total body potassium stores, as
subtle changes, even within the normal laboratory reference range, can occur with
significant total body potassium depletion [16].

Adequate potassium intake, according to the US Panel on Dietary Reference Intake is 4.7 ¢
(120 mmol)/day for adults, based on the assessment of the health benefits of potassium at
this level on blood pressure, bone density and risk of kidney stones [16]. In general, dietary
intake of potassium, at least in the USA and Canada, has been found to be much lower than
this recommended value [16]. Further discussion regarding the different measurement tools
for dietary potassium intake is given later, prior to discussion of the trials related to dietary
potassium intake that use these tools.

Experimentally induced hypokalemia & glucose metabolism

Experimental studies carried out in the 1960s—1980s aimed to determine why certain
medical conditions (e.g., hyperaldosteronism and Bartter's syndrome) and medications (e.qg.,
thiazide diuretics) associated with hypokalemia also seemed to be associated with glucose in
tolerance. These studies determined that experimentally induced hypokalemia led to
impaired glucose tolerance by reducing insulin secretion in response to glucose loads.

In order to test whether potassium was directly related to glucose metabolism,
hyperglycemic clamp studies were performed in healthy volunteers in whom hypokalemia
was induced; in several studies, hypokalemia was induced with thiazide diuretics [17,18]. In
a study performed by Rowe et al., hypokalemia was induced with a low-potassium diet and
subsequent use of sodium polystyrene sulfate [19]. In this study, the volunteers were
determined to have normal glucose tolerance at baseline with a normal oral glucose
tolerance test. Potassium depletion was documented with declines in plasma potassium
levels ranging from 2.4-3.6 mEq/dl, as well as declines in total body potassium
measurements, as measured by a whole body counter. These declines in potassium levels
were associated with declines in insulin release in response to hyperglycemia, which was
experimentally maintained with glucose infusions. This study, consistent with other studies,
found that the potassium depletion was associated with a decrease in pancreatic -cell
sensitivity to hyperglycemia with a reduction in insulin release.

Other studies were performed in which study participants who had hypokalemia induced
through the use of thiazide diuretics and who demonstrated subsequent impaired glucose
tolerance were subsequently given potassium supplements. After potassium supplementation
was given, the defects in insulin release in response to glucose loads were corrected, thus
further implicating the hypokalemia itself as being the causative agent of the glucose
abnormality [17,18].

Antihypertensive drug effects on serum potassium & diabetes risk

Thiazides

Thiazide diuretics are commonly used for hypertension and have a common side effect of
lowering serum potassium. These drugs have also been associated with increased risk of
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new-onset diabetes and, based on the results of several studies, it seems that these two
effects are linked.

The association between thiazide diuretics and abnormalities in glucose metabolism came
under closer scrutiny as recommendations were made for using thiazide diuretics as first-line
agents for the treatment of hypertension [20].

Large-scale epidemiologic studies that studied the association of thiazide use and the
development of diabetes showed conflicting results. A study combining the cohorts of
Nurses' Health Study | and Il and the Health Professionals Follow-up Study did find a
significant increase in risk of diabetes with use of thiazide diuretics with an adjusted relative
risk (RR) of 1.20 (95% ClI: 1.04-1.40) in older women, an RR of 1.51 (95% CI: 1.15-1.98)
in younger women and an RR of 1.31 (96% CI: 1.07-1.60) in men [21]. However, data from
other large cohorts did not find a statistically significant increased risk of incident diabetes
with the use of thiazide diuretics [22-24].

Reviews of data from trials of antihypertensive agents have more consistently found
associations between the use of thiazide diuretics and increased risk of diabetes. A network
meta-analysis by Elliott et al. found that, compared with placebo, initial use of a diuretic
was associated with an increased risk of diabetes, with an odds ratio (OR) of 1.30 (95% CI:
1.07-1.58) (Table 1) [25]. Another quantitative review by Zillich et al. studied the
association of thiazide use and glucose metabolism in 59 hyper tension trials that reported
potassium and glucose measurements among participants placed on thiazides [10]. This
review found a significant inverse association between potassium and glucose levels, with
lower potassium levels corresponding to higher glucose levels. In the subset of studies that
provided thiazide users with potassium supplements, this review found that there were
smaller declines in potassium as well as smaller increases in glucose. A recent analysis of
the Systolic Hypertension in Elderly Program clinical trial by Shafi et al. found that the
change in serum potassium, which occurred after initiation of the thiazide diuretic
chlorthalidone, was the primary mediator of the association between chlorthalidone use and
risk of diabetes in this trial, with each 0.5 mEq decrease in potassium being associated with
a 45% higher adjusted risk of diabetes, primarily occurring within the first year of treatment
[26].

Few trials have directly evaluated the effect of thiazides on glucose metabolism. A short-
term, 12-week trial by Eriksson et al. was performed in 26 nondiabetic, obese, hypertensive
individuals comparing the effects of hydrochlorothiazide with the angiotensin Il receptor
blocker (ARB) candesartan and placebo on insulin resistance and visceral fat [27]. This
crossover trial found that use of hydrochlorothiazide was associated with a reduction in
insulin sensitivity and elevations in glycosylated hemoglobin, as well as increases in liver fat
content. This study allowed for potassium supplementation, as needed, in those taking
thiazides, but contrary to the aformentioned analyses of hypertension trial data, there was no
correlation between potassium levels and the metabolic changes noted among the thiazide
users [27]. In another trial by Bakris et al. of over 200 participants, two different
antihypertensive combination regimens were compared for their effects on glucose
metabolism. One treatment arm was placed on a combination of hydrochlorothiazide and the
ARB losartan, while the other arm was placed on the angiotensin-converting enzyme
inhibitor (ACE-I) trandolapril along with the calcium channel blocker verapamil SR [28].
This study, carried out over a period of 1 year, found that those on hydrochlorothiazide/
losartan had worsening of 2 h oral glucose tolerance tests compared with the baseline
washout period, while those in the other treatment arm did not. There was also a
significantly higher number of participants who developed diabetes by the end of the study
among those on hydrochlorothiazide/losartan compared with trandoloapril/verapamil, with
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rates of 21 versus 7%, respectively [28]. In addition, this study also did not find any
correlation between changes in serum potassium and changes in glycemia. Further targeted
large-scale trials are probably needed to determine if potassium and potassium
supplementation could indeed be a causative factor and corrective factor, respectively, in the
association between diuretic use and altered glucose metabolism.

The use of ACE-I and ARB have long had known benefits on the prevention of diabetes-
induced nephropathy, but they are now also receiving greater attention for their possible role
in the prevention of diabetes [29,30]. One of the many physiologic effects of the inhibitors
of the renin—angiotensin—-aldosterone system is the raising of serum potassium levels [31]. It
is possible that their effects on glucose metabolism could, in part, be mediated through their
effects on potassium.

Most of the evidence linking the use of ACE-I and ARBs with a decreased risk of diabetes
has come from secondary analyses of hypertension trials. Post hoc analyses of data from the
Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT)
trial found that participants taking lisinopril had a reduced incidence of new-onset diabetes
compared with those on chlorthalidone (OR: 0.55 [95%CI: 0.43-0.70]) [32]. Subsequent
secondary or post hoc analyses of hypertension trials showed similar decreases in the risk of
incident diabetes with ACE-1 and ARB [33,34].

While the trial by Bakris et al. discussed previously did try to evaluate the effects of the
ACE-I trandolapril on glycemia and diabetes risk, it was combined with another agent,
verapamil, thus preventing an analysis of the direct effects of ACE inhibition on glycemia
and diabetes risk. However, they did find that this combination did result in a much lower
rate of incident diabetes at 1 year compared with hydrochlorothiazide/losartan [28]. The first
randomized controlled trial designed to evaluate the effect of an ACE-I, ramipril, used alone
on diabetes incidence showed no significant protective effect. The Diabetes Reduction
Assessment with ramipril and rosiglitazone Medication (DREAM) trial enrolled participants
with prediabetes (impaired fasting glucose or impaired glucose tolerance) and without
cardiovascular disease, and found that ramipril did not lower the risk of incident diabetes
over a median of 3 years but did increase the likelihood of regression to normoglycemia, a
secondary outcome (Table 1) [29]. More recently, a similar trial, the Nateglinide And
Valsartan in Impaired Glucose Tolerance Outcomes Research (NAVIGATOR) trial, was
carried out using the ARB valsartan. This study combined the use of valsartan along with
lifestyle modification in participants with known impaired glucose tolerance and known
cardiovascular disease or risk factors for cardiovascular disease. This study did find a
protective effect on diabetes risk among users of valsartan compared with placebo over a
median follow-up period of 5 years (hazard ratio [HR]: 0.86 [95% CI: 0.80-0.92]) (Table 1)
[30].

Recent meta-analyses evaluating the association of the use of ACE-I/ARBs and the risk of
incident diabetes have included data from trials in which diabetes was either a primary or
secondary outcome. These meta-analyses have also found a statistically significantly
reduced risk of diabetes among users of ACE-I/ARBs, with ORs ranging from 0.7 to 0.8
compared with placebo or active controls [33,34].

As mentioned previously, whether or not there is a direct association between these
medications' effects on potassium and glucose has not been systematically evaluated. There
are several potential ways in which ACE-I and ARB could affect glucose metabolism,
including their direct vascular effects on organs that metabolize glucose and their
antioxidant properties, as well as their effect on the production of other hormones —
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including bradykinin, angiotensin 11, aldosterone and nitric oxide, all of which have effects
on insulin function [35,36]. One study by Santoro et al. studied the direct effect of the ACE-
I cilazapril on glucose tolerance, potassium level and insulin effects, utilizing 2 h oral
glucose tolerance tests and euglycemic insulin clamp tests in 20 participants with
hypertension and normal glucose tolerance [37]. This study found that therapy with low-
dose cilazapril over 3 months was associated with a ‘blunted fall in potassium’ in response
to insulin, as well as improved glucose tolerance in response to a glucose challenge. Further
studies are needed to determine if the effects of ACE-I/ARB on potassium are directly
associated with their beneficial effects on diabetes risk.

Serum potassium & diabetes risk independent of antihypertensive drug

effects

Two observational studies have examined the association between serum potassium and risk
of diabetes independent of antihypertensive use. The first study by Chatterjee et al. analyzed
data from the Atherosclerosis Risk in Communities (ARIC) Study, a prospective cohort of
middle-aged adults. This study analyzed data from participants who did not have diabetes at
baseline. In separate multivariable analyses, they either adjusted for use of antihypertensive
agents or excluded participants on antihypertensive agents. In both analyses, investigators
found a statistically significant inverse association between serum potassium and risk of
incident diabetes, with lower potassium levels predicting increased risk. Those participants
with a serum potassium in the lowest quartile (<4.0 mEg/l) had an adjusted HR of incident
diabetes of 1.64 (95% CI: 1.29-2.08) over 9 years of follow-up, independent of traditional
risk factors for diabetes, including the presence of hypertension and use of antihypertensive
agents [13]. In further analyses, they found that this increased risk of diabetes associated
with lower potassium levels, while present in both African—Americans and whites, may be
stronger in African—Americans [38].

The second study by Heianza et al. examined the association between serum potassium,
independent of antihypertensive use, and diabetes risk in a Japanese cohort [14]. This study
included Japanese men who were not on antihypertensive agents and who did not have
diabetes at baseline. They found very similar results to the ARIC study, with those in the
lowest tertile of serum potassium (serum potassium 2.8-3.9 mEqg/l) having an adjusted HR
of incident diabetes of 1.57 (95% ClI: 1.15-2.15) [14]. Similar to the analyses of data from
the Systolic Hypertension in the Elderly Program (SHEP) trial, this study found that for each
0.5 mEq/I decrease in serum potassium, there was a 45% increased risk of diabetes.

Further studies are needed to determine whether this association between low-to-normal
serum potassium and increased diabetes risk is direct and causal or if this association is
mediated by other factors that regulate serum potassium.

Dietary potassium & diabetes risk

The association between dietary potassium intake and glucose metabolism has been studied
in different epidemiologic cohorts using different methods of measurement and with varied
results. Dietary potassium has been measured in different ways. Measurements based on
dietary history are the most commonly used in epidemiologic studies. Food frequency
questionnaires, 24 h dietary recalls and food diaries are examples of a few of them. One
study measured and compared the accuracy of nutrient intake estimations based on these
different tools compared with weighed food records as well as 24 h urine measurements. In
this study, estimations of potassium intake based on food frequency questionnaires were the
most accurate compared with other questionnaires after adjustment for total energy intake
[39]. However, the reliability and validity of the different tools based on dietary history can
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vary by population [40]. 24 h urinary potassium levels have been used as a fairly accurate
measure of dietary potassium intake, with a Pearson correlation coefficient of approximately
0.8 compared with measured nutrient intake, and have also been used in epidemiologic
studies [16,41]. However, these measurements are more costly and time-consuming for
participants [41,42]. These measurements also can vary by population [43]. Most accurate,
but also most costly, are feeding studies that utilize meals specially prepared in metabolic
kitchens with calculated amounts of nutrients in them [16,44].

Some studies have used the aforementioned measurements of potassium intake to evaluate
the association of dietary potassium and diabetes risk. Other studies have evaluated the
associations of fruit and vegetable intake, the primary sources of dietary potassium, on
diabetes risk without separating out the individual effects of the different vitamins, minerals
and electrolytes contained in the fruits and vegetables, on these associations. No feeding
studies that we are aware of have yet been performed to assess the direct association
between dietary potassium and diabetes risk.

Overall potassium intake & diabetes risk

Studies examining the association between dietary potassium intake and diabetes risk vary
in the tools that they use to measure dietary potassium intake. The results of these studies
have been mixed but have had mostly null findings, possibly due to the tools used for
measurement or due to varied effects in different populations. In addition, in the few studies
that have examined the association between dietary potassium intake and diabetes risk,
dietary potassium intake was on average lower than the adequate intake level [13,45]. One
study by Hu et al., which was carried out in a Finnish, primarily white, population,
examined the association between urinary potassium and diabetes risk and found no
significant association, with those in the highest quintile of potassium intake having
measures of urinary potassium excretion of 94 mmol/24 h [45]. A study based on the ARIC
cohort found no significant association between dietary potassium, as measured by a food
frequency questionnaire, and diabetes risk, with average dietary potassium intake levels of
less than 2700 mg/day [13]. A study by Colditz et al. analyzed data from the Nurses' Health
Study, a primarily white female population, and found a significant association between
dietary potassium intake and diabetes risk, adjusting for other traditional risk factors, but this
association was diminished when other dietary measures were included in their models.
Furthermore, the absolute amount of dietary potassium consumed in this cohort was not
described [46]. Further studies using standardized, more reliable and more accurate
measurements of potassium intake are needed to be able to compare results from different
studies and to better assess the association between dietary potassium intake and diabetes
risk. Studies are also needed in which participants have adequate intake of dietary
potassium, in order to evaluate the effect of this level of potassium intake on diabetes
outcomes.

Fruit & vegetable intake & diabetes risk

Several studies have been carried out evaluating the association between the intake of
certain fruits and vegetables on diabetes risk. One epidemiologic study by Liese et al. found
that increased adherence to a Dietary Approaches to Stop Hypertension (DASH) diet, a diet
that is rich in fruits and vegetables and high in potassium, based on a 1-year food frequency
questionnaire, was associated with lowered risk of diabetes in whites but not African—
Americans [47]. Those whites in the highest tertile of adherence to a DASH diet had an
adjusted OR of incident diabetes of 0.31 (95% CI: 0.13-0.75) compared with those in the
lowest tertile. However, a recent trial, carried out over 4 months, found that the DASH diet
alone did not affect insulin sensitivity or glucose measures over the trial period, but that the
DASH diet combined with caloric restriction and exercise did result in improvement in both
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insulin sensitivity and glucose levels [48]. A recent meta-analysis and review by Carter et al.
studied the association between the intake of fruits and vegetables and risk of incident
diabetes in prospective cohort studies. This meta-analysis included six studies and found a
significant association between greater intake (1.35 servings or more per day) of green, leafy
vegetables, which are foods that are potassium rich, and lower risk of diabetes, with an
adjusted HR of 0.86 (95% CI: 0.77-0.97) compared with those with lower intake (0.2
servings or less per day) [49]. However, this study was not able to examine the specific
micronutrients that contributed to this association. This review also concluded that there
were very few studies that adequately evaluated the association between intake of particular
fruits and vegetables and diabetes risk and concluded that further studies are needed to
support specific dietary recommendations for diabetes prevention. Finally, diets that are high
in vegetable content are also likely to have a low glycemic index, which should be taken into
account when assessing their association with diabetes risk. Further trials are needed to
clarify whether or not dietary modifications with foods high in potassium or high in fruits
and vegetables, without changes in weight, can affect diabetes risk in the long term.

Genetic studies of potassium channels & diabetes risk

The potential for potassium to play a role in diabetes risk and as a potential intervention for
prevention or treatment is enhanced by the finding that mutations in genes coding for
potassium channels affecting insulin secretion have been discovered. In particular the
KCNJ11 gene contains code for the potassium channel on pancreatic -cells, which are
involved with insulin secretion. A certain mutation of this gene has been found to lead to
neonatal diabetes, but a less drastic single nucleotide polymorphism has been found to be
associated with Type 2 diabetes, with an OR of approximately 1.14 [6]. Another gene,
KCNQ1, also encodes for a potassium channel involved in insulin secretion. Mutations of
this gene have been associated with increased risk of Type 2 diabetes in primarily Asian
populations [6,50,51]. The influence of serum and/or dietary potassium on the function of
these channels is not clear, but further studies should be undertaken to determine if these
levels influence the function of these channels in their normal state and in their genetically
mutated states.

Expert commentary & five-year view

Most of the literature reviewed here has been secondary analyses of clinical trial data or
observational data that have found associations between drugs that affect potassium levels,
serum potassium, dietary potassium and foods that are high in potassium with diabetes risk.
Table 1 summarizes the associations found between markers of potassium and risk of
incident diabetes as well as the level of evidence supporting these associations. Over 20
years ago, experimental hyperglycemic clamp studies demonstrated that potassium
supplementation did improve insulin sensitivity of participants who had experimentally
induced hypokalemia, but no randomized controlled trial has tested this effect in a larger
population. The studies evaluating the effects of ACE inhibitors and ARBs on diabetes risk
did not isolate the potential effect of changes in potassium levels on these associations.
Furthermore, no clinical trials to our knowledge have evaluated the impact on potassium
supplementation, either dietary or pharmacologic, in any population, on glucose metabolism.

Potassium is a vital electrolyte. Both high and low levels are already associated with various
medical conditions, including hypertension, cardiac arrhythmias, osteoporosis and
nephrolithiasis [16]. It is plausible, given the evidence presented in this article, that
potassium also has a significant role in diabetes mellitus. In observational studies, there are
fairly strong associations between serum potassium and diabetes risk, with lower serum
levels associated with increased risk. In observational studies, there is a suggestion that
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dietary potassium may be associated with diabetes risk. In studies involving both serum and
dietary potassium, there is a suggestion that their effects on diabetes risk could vary based
on race. These racial differences suggest that there could be genetic factors that could affect
the association between lower potassium levels and diabetes risk. This could also mean that
genetic factors may potentially influence the response to interventions designed to raise
potassium levels.

Since most studies examining the association between potassium and diabetes risk have
been observational in nature, experimental studies are needed to help clarify the effect of
both serum and dietary potassium on diabetes risk. Interventions with potassium
supplementation, either dietary or pharmacologic, should be systematically evaluated as
potential novel intervention for the prevention and treatment of diabetes, particularly in
high-risk populations.
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