
Resistance to insulin is central to the
pathogenesis of type 2 diabetes melli-
tus.1 Several mechanisms may lead to

insulin resistance and thereby contribute to the
development of type 2 diabetes mellitus, includ-
ing altered fatty acid metabolism, mitochondrial
dysfunction and systemic inflammation.2 Meta-
bolic acidosis may also contribute to insulin
resistance. Human studies using the euglycemic
and hyperglycemic clamp techniques have
shown that mild metabolic acidosis induced by
the administration of ammonium chloride
results in reduced tissue insulin sensitivity.3 Sub-
sequent studies in rat models have suggested
that metabolic acidosis decreases the binding of
insulin to its receptors.4,5 Finally, metabolic aci-
dosis may also increase cortisol production,6

which in turn is implicated in the development
of insulin resistance.7

Recent epidemiologic studies have shown an
association between clinical markers of meta-
bolic acidosis and greater insulin resistance or
prevalence of type 2 diabetes mellitus. In the
National Health and Nutrition Examination Sur-

vey, both lower serum bicarbonate and higher
anion gap (even within ranges considered nor-
mal) were associated with increased insulin
resistance among adults without diabetes.8 In
addition, higher levels of serum lactate, a small
component of the anion gap, were associated
with higher odds of prevalent type 2 diabetes
mellitus in the Atherosclerosis Risk in Commu-
nities study9 and with higher odds of incident
type 2 diabetes mellitus in a retrospective cohort
study of the risk factors for diabetes in Swedish
men.10 Other biomarkers associated with meta-
bolic acidosis, including higher levels of serum
ketones,11 lower urinary citrate excretion12 and
low urine pH,13 have been associated in cross-
sectional studies with either insulin resistance or
the prevalence of type 2 diabetes mellitus. How-
ever, it is unclear whether these associations are
a cause or consequence. We sought to address
this question by prospectively examining the
association between plasma bicarbonate and sub-
sequent development of type 2 diabetes mellitus
in a nested case–control study within the Nurses’
Health Study.
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Background: Several biomarkers of metabolic
acidosis, including lower plasma bicarbonate
and higher anion gap, have been associated
with greater insulin resistance in cross-sectional
studies. We sought to examine whether lower
plasma bicarbonate is associated with the
development of type 2 diabetes mellitus in a
prospective study.

Methods: We conducted a prospective, nested
case–control study within the Nurses’ Health
Study. Plasma bicarbonate was measured in
630 women who did not have type 2 diabetes
mellitus at the time of blood draw in 1989–
1990 but developed type 2 diabetes mellitus
during 10 years of follow-up. Controls were
matched according to age, ethnic background,
fasting status and date of blood draw. We
used logistic regression to calculate odds ratios
(ORs) for diabetes by category of baseline
plasma bicarbonate.

Results: After adjustment for matching factors,
body mass index, plasma creatinine level and
history of hypertension, women with plasma
bicarbonate above the median level had lower
odds of diabetes (OR 0.76, 95% confidence
interval [CI] 0.60–0.96) compared with women
below the median level. Those in the second
(OR 0.92, 95% CI 0.67–1.25), third (OR 0.70,
95% CI 0.51–0.97) and fourth (OR 0.75, 95% CI
0.54–1.05) quartiles of plasma bicarbonate had
lower odds of diabetes compared with those in
the lowest quartile (p for trend = 0.04). Further
adjustment for C-reactive protein did not alter
these findings.

Interpretation: Higher plasma bicarbonate levels
were associated with lower odds of incident
type 2 diabetes mellitus among women in the
Nurses’ Health Study. Further studies are needed
to confirm this finding in different populations
and to elucidate the mechanism for this relation.
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Methods

Study population
The Nurses’ Health Study in the United States
began in 1976, enrolling 121 700 female registered
nurses aged 30–55 years who returned an initial
questionnaire that provided detailed health-related
information. Participants were followed by use of
biennial mailed questionnaires. The follow-up for
the cohort exceeds 90% of eligible person-time.

During 1989–1990, a total of 32 826 women
who were free of diagnosed diabetes, coronary
heart disease, stroke or cancer provided blood
samples. From this group, we identified 691
women in whom type 2 diabetes mellitus was
diagnosed between 1990 and 2000 (cases). Con-
trols were matched 1:1 to cases by age, ethnic
background, date of blood draw and fasting sta-
tus at blood draw. An additional control was
matched based on these characteristics as well as
body mass index (BMI) to each of the most
obese women (cases in the top 10% of the BMI
distribution in the Nurses’ Health Study) to
improve statistical control for obesity; this
yielded 2 controls for each of the most obese
cases. Thus, we began our study with 691 cases
and 799 controls. After excluding women whose
samples were unable to be assayed (26 cases and
35 controls), those with processing delays (34
cases and 33 controls), one control missing data
for plasma bicarbonate and one case with an out-
lier value, we analyzed data for 630 cases and
730 controls.

This study was approved by the institutional
review board of Partners HealthCare System,
Boston, MA.

Ascertainment of diabetes
Cases of type 2 diabetes mellitus were identified
by self-report on the biennial questionnaire and
confirmed by the use of a supplementary ques-
tionnaire that queried symptoms, diagnostic lab-
oratory test results and diabetes treatment.14 The
diagnosis ascertained from the supplementary
questionnaire was validated in a subset of indi-
viduals in this cohort using medical record
review, with agreement exceeding 98%.14 For the
present study, diabetes must have been diag-
nosed at least 1 year after the date of blood col-
lection to be classified as incident.

Assessment of covariates
Exposures, including body weight, physical
activity, smoking status, menopausal status, use
of postmenopausal hormones, and newly diag-
nosed medical conditions, were updated every
2 years by questionnaire. Physical activity
reported on questionnaires was converted into

metabolic equivalents (METs) using an estab-
lished coding system.15 Diet and alcohol con-
sumption were assessed in 1980, 1984, 1986 and
1990 by use of semiquantitative questionnaires
about food frequency. Diet exposures and physi-
cal activity were calculated as updated cumula-
tive average levels as of the baseline (1990)
questionnaire. We also summarized intake of
cereal fibre and trans fats, glycemic load and the
ratio of polyunsaturated to saturated fats (with
each component categorized in quintiles and
scored 1–5, where 5 was assigned to the healthi-
est intake) in a diabetes diet score (ranging from
4–20), with a high diet score associated with a
reduced risk of type 2 diabetes mellitus in the
Nurses’ Health Study.16 The reproducibility and
validity of the food-frequency questionnaires
have been described.17,18 Reported weights have
been shown to correlate with measured weights
(r = 0.97).19 The assessment of physical activity
has also been validated.20

Laboratory procedures
In 1989–1990, women who agreed to provide a
blood sample were sent a phlebotomy kit. The
samples, kept cool by use of frozen water bot-
tles, were returned by overnight mail. On
arrival, the samples were processed and frozen
in liquid nitrogen (–130°C) until analysis; 97%
arrived within 26 hours of phlebotomy. All
assays were performed on aliquots from these
stored samples.

Plasma bicarbonate was measured using an
enzymatic technique on a Hitachi 917 analyzer
using reagents and calibrators from Roche Diag-
nostics. Study samples were analyzed in ran-
domly ordered case–control pairs or triplets (for
those with an additional control matched on
BMI) to reduce systematic bias and inter-assay
variation. The intra-assay coefficient of variation
was 4.5%. However, our previous pilot studies of
plasma bicarbonate suggested greater variability
with longer processing times (within-person cor-
relation was 0.72 for samples processed at 0 h
compared with at 24 h; 0.15 for samples
processed at 0 h compared with at 48 h). There-
fore, we excluded participants with processing
times greater than 24 hours (34 cases and 33 con-
trols). Creatinine was measured using a modified
Jaffe method and glomerular filtration rate was
estimated by use of the CKD-EPI (Chronic Kid-
ney Disease Epidemiology Collaboration) equa-
tion.21 C-reactive protein levels were measured via
a high-sensitivity latex-enhanced immunoneph-
elometric assay (Dade Behring). Insulin levels
were measured by use of a double antibody sys-
tem with less than 0.2% cross-reactivity between
insulin and its precursors (Linco Research).
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Hemoglobin A1c was measured by immunoassay
(Roche Diagnostics). The coefficients of variation
were < 6.5% for creatinine, < 4.5% for C-reactive
protein, < 12% for insulin and < 3.0% for hemo-
globin A1c.

Statistical analysis
In our nested case–control study, the controls rep-
resent the distribution of characteristics in the
source population. Therefore, we divided the dis-
tribution of plasma bicarbonate at the median and
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Table 1: Baseline characteristics of the study population by case status 

Characteristic 

Median (IQR)* 

p value† 
Cases  

n = 630 
Controls  
n = 730 

Age at blood draw, yr, mean ± SD 56.1 ± 6.5 56.1 ± 6.6 matching 

White, % 98 98 matching 

Body mass index, kg/m2   29.9 (26.3–33.7) 25.6 (22.9–30.9) < 0.01 

Smoking status, %   0.2 

 Never smoked 46 48  

 Past smoker 42 42  

 Current smoker 12 10  

Activity, METs/wk‡ 8.6 (3.8–18.7) 12.2 (5.2–23.0) < 0.01 

Alcohol intake, g/d   1.0 (0–3.7) 2.5 (0.4–8.0) < 0.01 

Animal protein intake, g/d   57.8 (50.9–64.8) 56.4 (49.2–63.1) < 0.01 

Potassium intake, mg/d   2863 (2577–3171) 2868 (2570–3205) 0.6 

Total calcium intake, mg/d   859 (676–1062) 865 (685–1109) 0.3 

Magnesium intake, mg/d 286 (252–322) 290 (257–332) 0.08 

Cereal fibre intake, g/d   3.6 (2.8–4.6) 3.7 (2.9–4.8) 0.04 

Trans fat intake, g/d   3.2 (2.8–3.8) 3.2 (2.7–3.8) 0.2 

Glycemic index   52.7 (50.8–54.5) 52.2 (50.3–54.3) 0.02 

Diabetes diet score§ 11.0 (9.0–14.0) 12.0 (10.0–14.0) 0.01 

COPD, % 14 12 0.2 

Hypertension, % 52 31 < 0.01 

Hypercholesterolemia, % 49 39 < 0.01 

Thiazide use, % 24 16 <0.01 

Family history of diabetes, % 48 23 < 0.01 

Use of postmenopausal 
hormones, % 

  0.09 

 Premenopausal 21 23  

 Past use 12 11  

 Current use 30 35  

 Never used 37 31  

Fasting at blood draw, % 67 65 matching 

Creatinine, mg/dL   0.67 (0.60–0.76) 0.69 (0.62–0.77) < 0.01 

Estimated GFR, mL/min/1.73m2   97.4 (88.3–104.6) 96.4 (86.2–102.6) 0.02 

C-reactive protein, mg/dL   0.37 (0.20–0.62) 0.15 (0.07–0.34) < 0.01 

Hemoglobin A1C, %
   6.1 (5.8–6.5) 5.6 (5.4–5.8) < 0.01 

Insulin, µU/mL 11.3 (7.1–16.9) 9.0 (5.0–12.7) < 0.01 

Plasma bicarbonate, mmol/L   22.0 (20.2–23.7) 22.4 (20.5–23.9) 0.02 

Note: COPD = chronic obstructive pulmonary disease, GFR = glomerular filtration rate, IQR = interquartile range,  
METs = metabolic equivalents, SD = standard deviation. 
*Unless otherwise stated. 
†p values are from the Student t test for characteristics reported as means, Wilcoxon rank sum test for those reported as 
medians, and χ2 test for those reported as percentages. 
‡Physical activity reported on questionnaires was converted into METs using an established coding system.15 
§Diabetes scores ranged from 4 to 20, with higher scores associated with a reduced risk of type 2 diabetes mellitus.



into quartiles according to the distribution in the
control group. Further, to gain insight into factors
associated with plasma bicarbonate that could
potentially confound its association with diabetes,
we examined baseline characteristics of controls
by quartile of plasma bicarbonate. We compared
baseline participant characteristics using t tests,
analysis of variance, Wilcoxon rank-sum tests,
Kruskal–Wallis tests or χ2 tests. Application of
our exclusion criteria led to 11 unmatched cases
and 33 unmatched controls. To maximize the size
of our study population, we used unconditional
logistic regression to estimate the odds ratios
(ORs) and 95% confidence intervals (CIs) for the
levels of plasma bicarbonate and the development
of type 2 diabetes mellitus. We adjusted all models
for matching factors, and we used a priori knowl-
edge to include BMI, plasma creatinine and history
of hypertension as obligatory covariates in our
model. We considered potential confounders, both
those possibly associated with our exposure of
interest and those associated with type 2 diabetes
mellitus. These included a history of hypercholes-
terolemia or chronic obstructive pulmonary disease,
thiazide use, family history of diabetes, smoking,
alcohol intake, physical activity, menopausal status,
postmenopausal hormone use, diabetes diet score,
and the intake of animal protein, potassium, cal-
cium and magnesium. We constructed a parsimo-
nious model that included only the covariates deter-
mined to be confounders, which we defined as
those that changed the point estimate by more than
10%. Finally, we added C-reactive protein to the
final model to assess whether this marker of inflam-
mation attenuated the relation between plasma
bicarbonate and diabetes.

Results

At baseline, women in whom type 2 diabetes
mellitus later developed had a higher BMI and a
greater prevalence of hypertension, hypercholes-
terolemia and family history of diabetes than
those without diabetes (Table 1). Further, they
were less physically active, had lower alcohol
consumption, lower intake of cereal fibre, greater
intake of trans fats and had a higher glycemic
index. The mean plasma bicarbonate level was
significantly lower among those in whom dia-
betes subsequently developed (p = 0.02). Among
those with available levels, the baseline levels of
C-reactive protein (619 cases and 471 controls),
fasting insulin (393 cases and 354 controls) and
hemoglobin A1c (341 cases and 416 controls)
were all higher among those with subsequently
diagnosed diabetes.

Baseline characteristics of controls, by quar-
tile of plasma bicarbonate, are shown in Table 2.

Those in the highest quartile tended to be older,
have a lower BMI, higher levels of physical
activity, a greater prevalence of hypertension and
thiazide use, and slightly higher intakes of potas-
sium and calcium.

Each unit increase in plasma bicarbonate was
associated with a 4% decrease in the odds of dia-
betes after adjustment for matching factors (OR
0.96, 95% CI 0.92–1.00; p = 0.03) and after fur-
ther adjustment for BMI, plasma creatinine and
history of hypertension (OR 0.96, 95% CI 0.92–
1.00; p = 0.05).

Women with plasma bicarbonate above the
median level among controls in our cohort (22.4
mmol/L) had lower odds of incident diabetes
(OR 0.77, 95% CI 0.62–0.96; p = 0.02) com-
pared with those below the median after adjust-
ment for matching factors. The ORs were essen-
tially unchanged after further adjustment for
BMI, plasma creatinine and history of hyperten-
sion (OR 0.76, 95% CI 0.60–0.96; p = 0.02). We
further divided plasma bicarbonate into quartiles.
Higher plasma bicarbonate was associated with
lower odds of incident diabetes across the quar-
tiles in both the crude (p for linear trend = 0.03)
and adjusted models (p for linear trend = 0.04)
(Table 3). Additional adjustment for history of
hypercholesterolemia, history of chronic
obstructive pulmonary disease, thiazide use,
smoking, physical activity, family history of dia-
betes, menopausal status, use of postmenopausal
hormones, alcohol intake and diabetes diet score
did not appreciably alter the estimates for the
median or quartile analyses, nor did adjustment
for intake of animal protein, potassium, calcium
and magnesium. Conditional logistic regression
in the subgroup with matched cases and controls
yielded similar results.

Given the association of obesity with type 2
diabetes mellitus, we considered BMI in 3 ways
(continuously, continuously with both a linear
and squared term, and in categories [< 25.0,
25.0–29.9, ≥ 30.0]) in 3 different models to
ensure adequate control for confounding by BMI.
The point estimates did not change regardless of
the method of controlling for BMI. Finally, to
minimize confounding by obesity, we added
waist circumference to linear BMI in a secondary
analysis, and we observed similar results.

Because incipient type 2 diabetes mellitus
can precede overt diagnosis by several years, we
performed an additional analysis excluding
women (n = 181 cases) who received a diagnosis
of diabetes in the first 4 years of follow-up, and
we observed similar results. 

Recent practice guidelines have been revised to
include hemoglobin A1c greater than 6.5% as a
diagnostic criterion for diabetes.22 In our study, 98
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cases and 6 matched controls had hemoglobin A1c

levels greater than 6.5% at the baseline blood draw.
We performed an additional analysis excluding
these individuals, and we observed similar results.

Systemic inflammation, marked by elevated
C-reactive protein, is associated with both low
serum bicarbonate23 and the development of
type 2 diabetes mellitus,24 and it may underlie
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Table 2: Baseline characteristics of controls by quartile of plasma bicarbonate 

 Quartile of plasma bicarbonate; median (IQR)*†  

Characteristic 

Quartile 1      
(< 20.6 mmol/L) 

n = 189 

Quartile 2      
(20.6–22.3 mmol/L) 

n = 176 

Quartile 3      
(22.4–23.9 mmol/L) 

n = 183 

Quartile 4      
(> 23.9 mmol/L) 

n = 182 p value‡ 

Age at blood draw, yr, mean 
± SD   

54.0 ± 5.0 55.8 ± 5.1 56.4 ± 5.1 56.6 ± 4.9 < 0.01 

White, % 99 97 99 99 0.9 

Body mass index, kg/m2   26.6 (22.7–30.9) 25.6 (22.5–31.9) 25.8 (23.5–30.7) 24.9 (22.9–29.3) 0.2 

Smoking status, %     0.01 

 Never smoked 48 49 45 56  

 Past smoker 33 42 48 34  

 Current smoker 19 9 7 10  

Activity, METs/wk§ 11.4 (4.6–23.3) 11.8 (5.9–21.4) 10.9 (4.2–22.0) 15.0 (6.3–26.3) 0.04 

Alcohol intake, g/d   2.2 (0.5–7.8) 2.8 (0.5–7.6) 1.7 (0.2–7.5) 3.2 (0.4–9.4) 0.3 

Animal protein intake, g/d   56.5 (49.0–62.2) 55.6 (49.5–62.8) 55.8 (48.4–63.4) 57.7 (49.6–64.1) 0.7 

Potassium intake, mg/d 2857 (2519–3187)  2842 (2549–3164) 2866 (2584–3250) 2907 (2610–3222) 0.6 

Total calcium intake, mg/d   856 (679–1098) 843 (679–1080) 877 (638–1136) 890 (745–1121) 0.3 

Magnesium intake, mg/d 287 (257–320) 290 (257–333)  288 (256–334) 295 (258–329) 0.9 

Cereal fibre intake, g/d   3.7 (2.9–5.0) 3.9 (2.9–4.7) 3.8 (2.9–4.8) 3.5 (2.9–4.8) 0.9 

Trans fat intake, g/d   3.3 (2.8–3.8) 3.2 (2.7–3.8) 3.2 (2.7–3.9) 3.3 (2.7–3.8) 0.8 

Glycemic index   52.3 (50.4–54.7) 52.2 (50.4–54.2) 52.3 (50.2–54.5) 51.9 (49.9–53.8) 0.4 

Diabetes diet score¶ 12.0 (10.0–14.0) 12.0 (10.0–14.0) 12.0 (10.0–14.0) 12.0 (10.0–14.0)  0.9 

COPD, % 14 15 11 8 0.2 

Hypertension, % 22 28 34 36 0.04 

Hypercholesterolemia, % 39 35 42 34 0.4 

Thiazide use, % 6 18 18 25 < 0.01 

Family history of diabetes, % 24 27 28 23 0.2 

Use of postmenopausal 
hormones, % 

    < 0.01 

 Premenopausal 33 25 19 13  

 Past use 9 11 10 15  

 Current use 35 38 36 38  

 Never used 24 25 35 34  

Creatinine, mg/dL   0.64 (0.58–0.72) 0.69 (0.62–0.76) 0.71 (0.64–0.81) 0.72 (0.64–0.81) < 0.01 

Estimated GFR, mL/min/1.73m2   101.6 (93.8–106.7) 95.6 (87.9–101.8) 94.6 (83.1–101.1) 92.5 (81.8–99.1) < 0.01 

C-reactive protein, mg/dL   0.14 (0.06–0.36) 0.15 (0.06–0.35) 0.17 (0.07–0.32) 0.15 (0.09–0.32) 0.8 

Hemoglobin A1C, %
   5.5 (5.4–5.8) 5.6 (5.4–5.7) 5.6 (5.5–5.8) 5.6 (5.5–5.8) 0.2 

Insulin, µU/mL   8.1 (4.9–12.0) 8.6 (4.4–12.8) 9.7 (6.5–12.8) 9.3 (5.0–13.2) 0.5 

Plasma bicarbonate, mmol/L   19.5 (18.3–19.9) 21.4 (20.9–21.7) 23.1 (22.7–23.6) 25.3 (24.4–26.4) < 0.01 

Note: COPD = chronic obstructive pulmonary disease, GFR = glomerular filtration rate, IQR = interquartile range, METs = metabolic equivalents, SD = standard 
deviation. 
*Unless otherwise stated. 
†Percentages have been adjusted for age. 
‡p values are from analysis of variance for characteristics reported as means, Kruskal–Wallis test for those reported as medians, and χ2 test for those reported as 
percentages. 
§Physical activity reported on questionnaires was converted into METs using an established coding system.15

¶Diabetes scores ranged from 4 to 20, with higher scores associated with a reduced risk of type 2 diabetes mellitus. 



the association between low plasma bicarbonate
and the risk of diabetes. We explored this in the
subset of women (618 cases and 471 controls;
one case was missing BMI data) who had mea-
surement of C-reactive protein. We used models
further adjusted for C-reactive protein. The ORs
for diabetes by quartile of plasma bicarbonate
were not materially different when we included
C-reactive protein in the model.

Interpretation

Among adult women, a higher level of plasma
bicarbonate was associated with lower odds of
type 2 diabetes mellitus after controlling for
potential confounders, including dietary, lifestyle
and medical factors. The quartile analysis sug-
gests a possible threshold effect, with the third
and fourth quartiles having similar lower odds of
diabetes, which was consistent with the findings
of our median analysis.

Although we did not address mechanism in
our study, the association between lower plasma
bicarbonate and development of diabetes may be
explained by metabolic acidosis promoting
insulin resistance, and this association may be
independent of systemic inflammation, given the
similar results observed even after we adjusted
for C-reactive protein. Furthermore, because the
predominant determinants of net acid intake are
acid precursors found in animal protein and base
precursors found in potassium-rich fruits and
vegetables,25 the finding that adjustment for intake
of animal protein and potassium did not attenuate
the association in our study suggests the explana-
tion may be independent of dietary acid load.

Whether alkali supplementation reduces the
risk of diabetes is not clear. Bicarbonate supple-
mentation has been shown to increase insulin

sensitivity among patients with kidney disease.26

Further, Maurer and colleagues6 showed that
alkali supplementation decreased both serum cor-
tisol levels and urinary cortisol excretion in a
controlled metabolic study involving 9 people
over 7 days. However, in a secondary analysis of
a trial assessing bone outcomes in 153 people
without diabetes aged 50 years and older who
were administered alkali supplementation over 3
months, those who received bicarbonate supple-
mentation did not have any change in fasting glu-
cose, serum insulin level or insulin resistance as
measured by the homeostasis model assessment
for insulin resistance (HOMA-IR), nor was there
any change in serum cortisol levels.27 These con-
flicting data necessitate further exploration of the
effect of alkali supplementation on insulin resis-
tance, cortisol excretion and the risk of diabetes
over the long-term.

Limitations
Our study has several limitations. First, the range
of mean plasma bicarbonate among our partici-
pants was lower than that commonly encoun-
tered clinically, which likely reflects systematic
measurement error related to storage or other
laboratory techniques. Because the samples were
handled identically and the vials of case–control
pairs and triplets were contiguous, we expect
that such error would apply equally to both cases
and controls. Therefore, although the exact val-
ues of plasma bicarbonate may not lend them-
selves to direct clinical interpretation and appli-
cation, the observed trends remain valid. 

Second, we did not have data on arterial or
venous pH or renal net acid excretion for the par-
ticipants in our study, which limits our ability to
precisely characterize their acid–base status. 

Third, because type 2 diabetes mellitus may
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Table 3: Odds ratios of type 2 diabetes mellitus during the 10-year follow-up period, by baseline level 
of plasma bicarbonate 

Group or 
model 

Quartile (plasma bicarbonate level, mmol/L); OR (95% CI)* 

p for linear 
trend 

Quartile 1 
(< 20.6) 

Quartile 2 
(20.6–22.3) 

Quartile 3 
(22.4–23.9) 

Quartile 4 
(> 23.9) 

Cases, no. 188 165 139 138  

Controls, no. 189 176 183 182  

Model      

    1† Referent 0.93 (0.69–1.25) 0.75 (0.55–1.01) 0.74 (0.55–1.01) 0.03 

    2‡ Referent 0.92 (0.67–1.25) 0.70 (0.51–0.97) 0.75 (0.54–1.05) 0.04 

Note: CI = confidence interval, OR = odds ratio. 
*Unless otherwise stated. 
†Adjusted for matching factors: age at blood draw (continuous), ethnic background (white v. non-white) and fasting status at 
blood draw (binary). n = 630 cases and 730 controls.  
‡Adjusted for matching factors, body mass index (continuous), history of hypertension (binary) and plasma creatinine 
(< 0.6 mg/dL, 0.6–0.8 mg/dL, > 0.8 mg/dL). n = 629 cases and 729 controls. One case and one control in this model were missing 
data for body mass index. 



follow an indolent course before diagnosis, sub-
clinical disease may be present before formal
diagnosis. However, the ORs did not change
markedly after we excluded people who received
a diagnosis of diabetes in the first four years of
follow-up or people with hemoglobin A1c greater
than 6.5% at baseline. 

Fourth, we had only one measurement of
plasma bicarbonate, so we cannot draw conclu-
sions as to how changes in bicarbonate over time
affect the risk of diabetes. However, previous stud-
ies have reported a within-person coefficient of
variation of 4.2% for repeated bicarbonate mea-
surements,28 suggesting that within-person varia-
tion in plasma bicarbonate levels over time is low. 

Fifth, although we included extensive data on
potential confounders, confounding by other
unmeasured or unknown factors may still exist. 

Finally, our results may not be generalizable
to men or to racial or ethnic minority groups.

Conclusion
Our study showed an association between higher
plasma bicarbonate levels and reduced risk of
incident type 2 diabetes mellitus among women
in the Nurses’ Health Study. Further research is
required to confirm this finding in other popula-
tions, to elucidate the mechanism by which this
occurs, and to explore increased dietary or sup-
plemental alkali intake as a novel strategy for
prevention of type 2 diabetes mellitus.
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