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A B S T R A C T

Background: Vitamin B12 involves several physiological functions, and malabsorption is reported with medication use.
Objectives: Studies have reported an inverse association between the use of metformin or acid-lowering agents (ALAs), such as proton
pump inhibitors, histamine 2 receptor antagonists, and blood vitamin B12 concentration, because of malabsorption. The concomitant use of
these medications is underreported. We sought to examine these associations in a cohort of Boston-area Puerto Rican adults.
Methods: This analysis was conducted within the Boston Puerto Rican Health Study (BPRHS), an ongoing longitudinal cohort that enrolled
1499 Puerto Rican adults aged 45–75 y at baseline. Our study comprised 1428, 1155, and 782 participants at baseline, wave2 (2.2 y from
baseline), and wave3 (6.2 y from baseline), respectively. Covariate-adjusted linear and logistic regression was used to examine the asso-
ciation between baseline medication use and vitamin B12 concentration or deficiency (vitamin B12 <148 pmol/L or methylmalonic acid
>271 nmol/L), and long-term medication use (continuous use for ~6.2 y) and wave3 vitamin B12 concentration and deficiency. Sensitivity
analyses were done to examine these associations in vitamin B12 supplement users.
Results: At baseline, we observed an association between metformin use (β ¼ –0.069; P ¼ 0.03) and concomitant ALA and metformin use (β
¼ –0.112; P ¼ 0.02) and vitamin B12 concentration, but not a deficiency. We did not observe associations between ALA, proton pump
inhibitors, or histamine 2 receptor antagonists, individually, with vitamin B12 concentration or deficiency.
Conclusions: These results suggest an inverse relationship between metformin, concomitant ALA, metformin use, and serum vitamin B12
concentration.

Keywords: vitamin B12, acid-lowering agents (ALA), proton pump inhibitors (PPI), histamine 2 receptor antagonists (H2RA), metformin
Introduction

Vitamin B12 (cobalamin) is an essential micronutrient avail-
able through animal-derived dietary sources and vitamin B12-
fortified foods and supplements [1,2]. The recommended di-
etary allowance for vitamin B12 intake for adults is 2.4 μg/d [1,
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3]. Vitamin B12 is an important cofactor for enzymes involved in
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FIGURE 1. Participant flow chart.
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B12-supplementation, gastrointestinal (GI) disorders, infections,
gut-microbiome changes, GI surgery, medication use, pernicious
anemia, autoimmune atrophic gastritis, and destruction of
gastric cells and subsequent lack of intrinsic factor (IF) [1,3,5].
The use of medications, such as proton pump inhibitors (PPI),
histamine 2 receptor antagonists (H2RA), and metformin, espe-
cially long-term use, has been associated with low vitamin B12
concentration and deficiency in several studies [2,3,6–8]. How-
ever, only a few studies have examined the impact of poly-
pharmacy with long-term use of these medications, particularly
among populations at risk of vitamin B12 deficiency, including
Latinos.

PPIs and H2RAs are FDA-approved acid-lowering agents
(ALAs) used to treat acid-related GI disorders. However, there is
an increasing off-label utilization, with evidence suggesting
25–70% use without appropriate indication [9]. Long-term ALA
use may lead to vitamin B12 malabsorption because of decreased
gastric acid secretion in the stomach [10] because vitamin B12
must be released from dietary protein by gastric enzymes that
require HCl, followed by complexing with IF and internalization
in ileal cells by receptor-mediated endocytosis [1,2]. Metformin,
an FDA-approved drug, is widely used to treat type 2 diabetes
(T2D), insulin resistance, and polycystic ovary syndrome [9,11]
but has been implicated in vitamin B12 malabsorption and
deficiency [9,11–22]. Reported mechanisms include parietal cell
dysfunction, decreased IF release, antagonism of vitamin B12-IF
endocytic receptors on ileal cells, changes in gut motility, and
bile acid secretion leading to small intestinal bacterial over-
growth, which preferentially bind vitamin B12-IF complex,
leading to decreased vitamin B12 availability [11]. This is re-
ported to result in metformin-induced cobalamin deficiency,
causing a mixed phenotype of T2D and metformin-induced
cobalamin deficiency-related neuropathy among T2D patients
[11]. A recent review notes insufficient guidelines for vitamin
B12 screening among medication users and suggests that more
data is needed on factors contributing to deficiency among
metformin users [11].

Further, a 40% prevalence of gastroesophageal reflux disease
is estimated among those with T2D [17]. This could potentially
lead to the concomitant use of acid-lowering medications and
metformin [17]. Although no adverse interaction between these
drugs is reported [23], there could be underlying comorbidities
and increased malabsorption because of the additive effects [2,
17,24], and this may increase risk of vitamin B12 deficiency
because of gastric acid and ileal cell receptor dysfunction [2,24].
Only a few studies have reported on concomitant medication use
and vitamin B12 deficiency [12,25,26], and among these, the
analytical methods have differed widely, leading to divergent
findings. For example, among a cohort of Asian participants
(mean age 71 y), Ting et al. [12] showed an association between
metformin use and vitamin B12 deficiency but no additional risk
of deficiency with concomitant PPI or H2RA use. Chappell et al.
[25] examined PPI and metformin dual therapy (participant
mean age 53 y) and, in univariate analyses, observed no mean
differences in vitamin B12 concentration compared with without
concomitant PPI and metformin use. In contrast, Long et al. [26]
reported an elevated incidence of vitamin B12 deficiency
(defined as vitamin B12 concentration <300 pg/mL) among
concomitant medication users, compared to either medication
alone among participants of mean age 65 y.
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The Massachusetts Hispanic Elders Study reported low
vitamin B12 intake and status among Hispanic adults of Carib-
bean origin �60 y of age [27]. Latinos, and especially Puerto
Ricans, have unique dietary patterns [28] as well high burden of
medication use and polypharmacy [29]. Given the high preva-
lence of diabetes among the Hispanic population [30], the
increasing use of acid-lowering medications in a cohort of
Boston-area Puerto Ricans [29], and the lack of studies exam-
ining these associations in the minority population such as Lat-
inos/Hispanics [25], we sought to examine the associations
between use of these medications and vitamin B12 (cobalamin)
deficiency in a high-risk Latino population, with a particular
focus on concomitant and long-term use.

Methods

The Boston Puerto Rican Health Study (BPRHS) is an ongoing
longitudinal cohort that enrolled 1499 self-identified Puerto
Rican adults aged 45–75 y at baseline [31]. In the BPHRS, 1428,
1155, and 782 participants had complete data on serum vitamin
B12 concentration and medication use (PPI, H2RA, and metfor-
min use) at baseline, wave2 (mean 2.2 � 0.61 y from baseline)
and wave3 (mean 6.2 � 0.98 y from baseline), respectively
(Figure 1). Study protocols were approved by the institutional
review boards at Tufts Medical Center and the University of
Massachusetts Lowell.

Assessment of outcomes: Serum vitamin B12
concentration and vitamin B12 deficiency

Blood vitamin B12 concentration was determined by radio-
assay using Immunoassay kits from Siemens Medical Solutions
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Diagnostics for use on the IMMULITE 1000 [31]. MMA was
extracted from serumandderivatized to forma volatile compound,
as described by Rasmussen [32]. This derivative was analyzed by
GC-MS and quantified based on the amount of a deuterated formof
MMA (D3) added to the samples prior to extraction. Analysis was
done on aHewlett-Packard 5791A (Hewlett-Packard) and dried on
a Techne’s Dri-block (Bibby Scientific) [31]. Continuous serum
vitamin B12 concentration was the primary outcome. The sup-
porting outcome of vitamin B12 deficiency was defined as serum
vitaminB12<148pmol/L or serumMMA>271 nmol/L, and these
cut-offs were based on previous reports [3,31,33]. MMA was
measured only among 394 participants with plasma vitamin B12
concentration <350 pg/mL.

Assessment of exposure: Medication use
Medication data from the BPHRS baseline, wave2, and wave3

were used for analyses. Prescription and over-the-counter
medication use was ascertained by careful examination of med-
icine containers, and use was classified dichotomously (use/no
use). Having reported medication use at baseline, participants
were asked to self-report on medication use during subsequent
waves, and the same methods of assessments were used in waves
2 and 3 [31]. PPIs reported in the BPRHS include omeprazole,
esomeprazole, lansoprazole, pantoprazole and rabeprazole.
H2RAs reported include Cimetidine, Famotidine, Nizatidine, and
Ranitidine. The exposure measure of ALA was defined as using
either a PPI or H2RA. Metformin (Glucophage) use was
self-reported as use compared with no use.

Concomitant medication use was defined as the use of ALA
(i.e., PPI or H2RA) and metformin. Long-term medication use
was defined as a response of “yes” to the use of that at baseline,
wave2, and wave3, i.e., ~6.2 y of continuous use. In our ana-
lyses, we considered individual and concomitant medication use
both at baseline and long-term use (~6.2 y of continuous use).

Assessment of covariates
All analyses were adjusted for covariates known or hypothe-

sized to be associated with vitamin B12 concentration or defi-
ciency from our previous analyses or reported in the literature.
Multivariable models were adjusted for age, sex, alcohol fre-
quency, smoking, BMI (in kg/m2), serum creatinine, multivi-
tamin, and ACE inhibitor. Additionally, individual ALA, PPI,
H2RA, and metformin exposures were adjusted for metformin or
H2RA and metformin or PPI and metformin or PPI and H2RA,
respectively. Baseline cross-sectional analyses were adjusted for
covariates from baseline, and wave3 cross-sectional analyses
were adjusted for corresponding covariates measured at wave3.

Medications, including ACE inhibitor and multivitamin sup-
plement use, were assessed via examination of containers [31].
At each time point, participants self-reported health conditions,
information on health insurance, and self-rated health status
[31]. Smoking and alcohol use frequency, history, and type were
assessed. Alcohol use was categorized as nondrinker (none
within the past year), moderate, or heavy drinker. Smoking
status was categorized as nonsmoker (lifetime use of <100 cig-
arettes), past or current smoker. Physical activity score was
based on a modified questionnaire, as described previously [31],
and computed as the sum of hours spent on activities over 24-h
and multiplied by weights for the rate of oxygen consumption
associated with each activity. BMI was computed as weight (kg)
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divided by height (m) squared. BMI of 25–29.9 was classified as
overweight, 30–39.9 as obese class I and II, and �40 as
extremely obese. Cholesterol was analyzed from EDTA plasma
with an enzymatic endpoint reaction [31]. CRP was measured in
serum using the IMMULITE 1000 High Sensitive CRP kit (Sei-
mens Medical Solutions Diagnostics) [31]. Kidney dysfunction
(serum creatinine concentration) is reported to be associated
with the concentration of vitamin B12 biomarkers, such as MMA
[17]. Serum creatinine was measured with a colorimetric, kinetic
reaction on the Olympus AU400e with Olympus Creatinine Re-
agents (OSR6178) (Olympus America Inc.) [31]. Medications,
including ACE inhibitor and multivitamin supplement use, were
ascertained by careful assessment via examination of containers
[31]. Diabetes was defined as fasting plasma glucose �126
mg/dL or the use of diabetes medication [31].
Statistical analyses
Analyses were performed using R version 4.1.0 (R Foundation

for Statistical Computing). We report on prevalence estimates at
baseline, wave2, and wave3. Descriptive statistics for medication
users compared with nonusers were evaluated using the Wilcox
test for univariate median differences for continuous variables
and Fisher’s exact test or t-tests for univariate differences for
categorical variables.

For cross-sectional analyses at baseline, linear regression
models, adjusted for baseline covariates, were used to examine
the association between medication use and log-transformed
serum vitamin B12 concentration. To examine the association
between medication use and dichotomously defined vitamin B12
deficiency (vitamin B12 <148 pmol/L or MMA >271 nmol/L),
we used logistic regression, adjusted for the same covariates as
above. Analogously, for the cross-sectional analyses at wave3,
linear regression models were adjusted for wave3 covariates to
examine the association between long-term medication use
(continuous use for ~6.2 y) and log-transformed wave3 serum
vitamin B12 concentration. Covariate-adjusted multivariable
logistic regression models were used to examine associations
between long-term use and wave3 vitamin B12 deficiency.

We performed sensitivity analyses to examine if the associa-
tions at baseline were consistent when restricted to participants
with lowserumvitaminB12 (vitaminB12<148pmol/L) basedon
cut-offs reported previously [3,31,33]. We did not perform these
analyses for long-termmedication use because of the low number
of participants in the subgroups. A second set of sensitivity ana-
lyseswere done to examine these associations among participants
taking vitamin B12 supplements (yes/no) both at baseline and
wave3. The use of vitamin B12 supplements was assessed using a
semi-quantitative FFQ that asked about 1) vitamin B12 supple-
mentation and 2) the use of B-complex vitamins [28]. Participants
who replied “yes” to either were labeled users, and those who
replied “no” to both were labeled as nonusers.
Results

Prevalence estimates
Baseline

Among a total of 1499 BPRHS baseline participants, 1428,
1155, and 782 had complete outcomes (serum vitamin B12
concentration) and exposure data (PPI, H2RA, and metformin
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use) at baseline, wave2 (mean 2.2 y from baseline) and wave3
(mean 6.2 y from baseline), respectively (Figure 1). Among these
1428 baseline participants, there were 361 (25.3%) and 112
(7.8%) self-reported PPI and H2RA use, respectively (Supple-
mentary Figure 1). There were 18 (1.3%) concomitant users of
PPI and H2RA. 308 (21.6%) participants self-reported metformin
users (Supplementary Figure 1). There were 120 (8.4%)
concomitant users of ALA and metformin at baseline.

Among the 1428 baseline participants, 128 (9.0%) were
vitamin B12 deficient, 41 (2.9%) had vitamin B12 <148 pmol,
and the mean baseline serum vitamin B12 concentration was 401
pmol/L (�208 pmol/L). Four hundred forty-nine (31.4%) used a
supplement containing vitamin B12 (446 vitamin B12 supple-
ments and 3 vitamin B complex supplement users).

Wave2 (~2.2 y after baseline)
Thousand hundred fifty-five participants had complete

exposure and outcome data at wave2 (Figure 1). Among them,
347 (30%), 97 (8.4%), and 300 (25.9%) were PPI, H2RA, and
metformin users, respectively (Supplementary Figure 1). Be-
tween baseline and wave2, 248 (21.5%) participants used ALA
(211 PPI and 45 H2RA), with 17 (1.5%) concomitant users of PPI
and H2RA, of whom 4 utilized these medications continuously
and concomitantly for 2 y. There were 212 (18.4%) metformin
TABLE 1
Baseline demographics based on proton pump inhibitors use in the Boston

Medication n (%) ALA (PPI or H2RA) use

PPI user 361 (25.3) H2A us

Age (y), median (min, max) 59 (45, 75) 57 (45,
Male n (%) 83 (22.9) 22 (19.
Premenopausal with estrogen use n (%) 48 (13.3) 14 (12.
Postmenopausal without estrogen use n (%) 230 (63.7) 76 (67.
Education <8th grade n (%) 191 (52.9) 65 (58.
Education �8th grade n (%) 169 (46.8) 47 (41.
Never smoker n (%) 163 (45.2) 47 (42.
Past and current smoke n (%) 197 (54.6) 65 (58.
Alcohol intake never n (%) 235 (65.1) 67 (59.
Alcohol intake moderate n (%) 104 (28.8) 34 (30.
Alcohol intake heavy n (%) 18 (5.0) 9 (8.0)
Physical activity median (min, max) 29.2 (24.3, 53.1) 29.7 (2
BMI <25 n (%) 40 (11.1) 13 (11.
BMI �25 and <30 n (%) 92 (25.5) 30 (26.
BMI �30 n (%) 229 (63.4) 69 (61.
Hypertension n (%) 268 (74.2) 88 (78.
Stroke n (%) 24 (6.65) 4 (3.57
Diabetes n (%) 154 (42.7) 51 (45.
Gastrointestinal disorders n (%) 228 (63.3) 61 (54.
Creatinine (mg/dL) median (min, max) 0.8 (0.4, 4.7) 0.8 (0.5
CRP (mg/L) median (min, max) 4.1 (0.1, 56.6) 3.9 (0,
Cholesterol (mg/dL) median (min, max) 184 (89, 375) 175 (94
Glucose (mg/dL) median (min, max) 104 (64, 476) 107.5 (
Metformin n (%) 96 (26.6) 30 (26.
Multivitamin n (%) 128 (35.5) 34 (30.
ACE inhibitor n (%) 27 (7.48%) 5 (4.46
Plasma folate (ng/mL) 40.3 (9.8, 155) 41.3 (7
Plasma homocysteine (μmol/L) 8.1 (3.5, 69.4) 8.4 (4.1

ALA, acid-lowering agent; H2RA, histamine 2 receptor antagonists; min, m
1 ALA user compared with never user.
2 Wilcox test.
3 Fisher's exact test.
4 χ2 test.
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users with continuous use from baseline to wave2 and 60 (5.2%)
concomitant and continuous users of ALA and metformin from
baseline to wave2. Among 1155 wave2 participants, 97 (8.4%)
were vitamin B12 deficient.

Wave3 (~6.2 y after baseline)
Seven hundred eighty-two participants had complete expo-

sure and outcome data at wave3 (Figure 1). Among these, 288
(36.8%), 53 (6.8%), and 245 (31.3%) were PPI, H2RA, and
metformin users, respectively (Supplementary Figure 1). Hun-
dred twenty-four (15.8%) participants reported ALA use
continuously from baseline through wave3 (112 PPI and 12
H2RA). There were no long-term concomitant users of PPI and
H2RA. There were 118 (15.1%) long-term metformin users and
23 (2.9%) concomitant and long-term ALA and metformin users.
Among 782 wave3 participants, 67 (8.6%) were vitamin B12
deficient. Four hundred twenty-one (53.8%) utilized a supple-
ment containing vitamin B12.

We observed increasing utilization of PPI from baseline
(25.3% users) to the wave3 (36.8% users), with a similar upward
trend for metformin users from baseline (21.6%) to the wave3
(31.3%) (Supplementary Figure 1). We did not observe a similar
trend with concomitant use of ALA and metformin (8.4% at
baseline to 2.9% at wave3).
Puerto Rican Health Study

No ALA 973 (68.1) P value1

er 112 (7.84) ALA user 455 (31.9)

72) 58 (45, 75) 55 (45, 75) <0.012

6) 100 (21.9) 321 (32.9) <0.013

5) 58 (12.7) 134 (13.8)
9) 297 (65.3) 518 (53.2)
0) 245 (53.8) 420 (43.2) <0.013

9) 209 (45.9) 551 (56.6)
0) 203 (44.7) 440 (45.3) 0.863

0) 251 (55.3) 531 (54.7)
8) 289 (63.5) 494 (50.1) <0.013

4) 134 (29.5) 383 (39.4)
26 (5.7) 89 (9.2)

5.4, 44.1) 29.4 (24.3, 53.1) 30.8 (24.8, 62.6) <0.012

6) 48 (10.5) 149 (15.3) <0.013

8) 116 (25.5) 309 (31.8)
6) 291 (63.9) 515 (52.9)
6) 343 (75.4) 618 (63.5) <0.014

) 27 (5.93) 27 (2.77) <0.014

5) 194 (42.6) 365 (37.5) 0.074

5) 278 (61.1) 175 (18.0) <0.014

, 3.3) 0.8 (0.4, 4.7) 0.8 (0.4, 7.9) 0.472

69.8) 4.1 (0, 69.8) 3.4 (0, 127) 0.012

, 320) 182 (89, 375) 182 (87, 355) 0.352

64, 255) 105 (64, 476) 102 (47, 587) 0.332

8) 120 (26.4) 188 (19.3) 0.0034

36) 157 (34.5) 266 (27.3) 0.0514

%) 31 (6.81%) 45 (4.62%) 0.114

.3, 131) 40.3 (7.3, 155) 38.8 (5.9, 199) 0.082

, 55) 8.1 (3.5, 69.4) 8.1 (3.9, 56) 0.992

ax, minimum, maximum; PPI, proton pump inhibitor.



TABLE 2
Baseline demographics based on metformin use in the Boston Puerto Rican Health Study

n (%) Metformin user 308 (21.6) No metformin 1120 (78.4) P value1

Age (y), median (min, max) 59 (45, 75) 56 (45, 75) <0.012

Male n (%) 84 (27.3) 337 (30.1) <0.013

Premenopausal with estrogen use n (%) 26 (8.44) 166 (14.8)
Postmenopausal without estrogen use n (%) 198 (64.3) 617 (55.1)
Education <8th grade n (%) 165 (53.6) 500 (44.8) <0.013

Education �8th grade n (%) 143 (46.4) 617 (55.2)
Never smoker n (%) 140 (45.5) 503 (45.0) 0.893

Past and current smoke n (%) 168 (54.6) 614 (54.9)
Alcohol intake never n (%) 183 (60.4) 600 (53.9) <0.013

Alcohol intake moderate n (%) 108 (35.6) 409 (36.8)
Alcohol intake heavy n (%) 12 (3.96) 103 (9.3)
Physical activity median (min, max) 29.9 (25.2, 54.2) 30.5 (24.3, 62.6) <0.012

BMI <25 n (%) 28 (9.1) 169 (15.1) <0.013

BMI �25 and <30 n (%) 72 (23.4) 353 (31.5)
BMI �30 n (%) 208 (67.5) 598 (53.4)
Hypertension n (%) 266 (86.6) 695 (62.6) <0.014

Stroke n (%) 13 (4.25) 41 (3.66) 0.764

Diabetes n (%) 308 (100) 251 (22.4) <0.014

Gastrointestinal disorders n (%) 103 (33.7) 350 (31.3) 0.484

Creatinine (mg/dL) median (min, max) 0.8 (0.4, 2.0) 0.8 (0.4, 7.9) 0.092

CRP median (mg/L) (min, max) 3.8 (0,127) 3.5 (0, 67.8) 0.292

Cholesterol (mg/dL) median (min, max) 165 (89, 355) 187 (87, 375) <0.012

Glucose (mg/dL) median (min, max) 136.5 (47, 587) 99 (51, 519) <0.012

Proton pump inhibitor n (%) 96 (31.2) 265 (23.7) <0.014

Histamine 2 receptor antagonist n (%) 30 (9.74) 82 (7.32) 0.194

Multivitamin n (%) 64 (20.8) 215 (19.2) 0.574

ACE inhibitor 5 n (%) 36 (11.7) 40 (3.57) <0.014

Plasma folate (ng/mL) 41.3 (14.1, 109) 38.5 (5.9, 199) <0.012

Plasma homocysteine (μmol/L) 8.2 (3.5, 27.8) 8.1 (3.9, 69.4) 0.592

min, max, minimum, maximum.
1 Metformin user compared with never user.
2 Wilcox test.
3 Fisher's exact test.
4 χ2 test.
5 Angiotensin-converting enzyme (ACE)
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Baseline demographics
At baseline, ALA users had higher median age (median 58 y

compared with 55 y; P < 0.01), were more likely to be post-
menopausal females without estrogen use (65.3% comparedwith
53.2%; P < 0.01), to have low education (53.8% compared with
43.2%; P< 0.01), low physical activity (P< 0.01), overweight or
obeseBMI (P<0.01), highutilizationofmetformin (P<0.01) and
multivitamin (P ¼ 0.05) and high inflammation, as assessed by
CRP concentration (P¼ 0.01), compared to non-ALA users, and a
trend toward T2D (P ¼ 0.07) (Table 1). Metformin users had
higher median age (median 59 y compared with 56 y; P < 0.01),
were more likely to be postmenopausal females without estrogen
use (64.3% compared with 55.1%; P < 0.01), to have low edu-
cation (53.6% compared with 44.8%; P < 0.01), low physical
activity (P< 0.01), overweight or obese BMI (P< 0.01), and high
PPI (P¼0.01) andACE inhibitor use (P< 0.01), compared to non-
metformin users (Table 2). As expected, metformin users had
higher blood glucose concentrations compared to nonusers (P <

0.01) and with 100% prevalence of T2D (Table 2).
Although there were no significant differences in median

homocysteine or folate concentrations among ALA users
compared with nonusers (Table 1), we observed higher folate
concentrations among metformin users compared with nonusers
(P < 0.01) (Table 2).
2384
Cross-sectional associations between baseline
medication use and baseline vitamin B12
concentration and deficiency

In analyses adjusted for baseline covariates, as described
above, we did not observe associations between ALA, PPI, or
H2RA use and log serum vitamin B12 (all P � 0.24) (Figure 2A)
or vitamin B12 deficiency (all P � 0.51) (Figure 2B). We
observed an inverse association between metformin use and log
serum vitamin B12 concentration (β ¼ –0.069; P ¼ 0.03)
(Figure 2A) but not vitamin B12 deficiency (OR ¼ 1.069; P ¼
0.77) (Figure 2B), and an inverse association between concom-
itant ALA and metformin use and log serum vitamin B12 con-
centration (β ¼ –0.112; P ¼ 0.02) (Figure 2A) but not vitamin
B12 deficiency (OR ¼ 1.24; P ¼ 0.51) (Figure 2B).
Cross-sectional associations between long-term
medication use (continuous use ~6.2 y) and wave3
vitamin B12 concentration and deficiency

In analyses adjusted for relevant wave3 covariates, we did not
observe an association between long-term ALA, PPI, H2RA, or
concomitant use (all P� 0.37), but we observed a trend toward a
negative association between long-term metformin use and
wave3 log serum vitamin B12 concentration (β ¼ –0.101; P ¼



FIGURE 2. (A) Association between medication use and serum vitamin B12 concentration among baseline BPHRS participants. (B) Association
between medication use and vitamin B12 deficiency among baseline BPHRS participants. Thousand four hundred thirteen participants with the
complete outcome and exposure data after adjusting for relevant covariates. Exposure ALA adjusted for age, sex, alcohol frequency, smoking, BMI
level, multivitamin, ACE inhibitor, metformin use, and serum creatinine. Exposure PPI adjusted for age, sex, alcohol frequency, smoking, BMI
level, multivitamin, ACE inhibitor, H2RA and metformin use, and serum creatinine. Exposure H2RA adjusted for age, sex, alcohol frequency,
smoking, BMI level, multivitamin, ACE inhibitor, PPIs and metformin use, and serum creatinine. Exposure ALA and metformin adjusted for age,
sex, alcohol frequency, smoking, BMI level, multivitamin, ACE inhibitor use, PPI use, H2RA use, and serum creatinine. *P � 0.05. ALA, acid-
lowering agent; BPHRS, Boston Puerto Rican Health H2RA, histamine 2 receptor antagonists; PPI, proton pump inhibitor.

FIGURE 3. (A) Association between long-term medication use (continuous use for ~6.2 y) and wave3 vitamin B12 concentration among wave3
BPHRS participants. (B) Association between long-term medication use and wave3 vitamin B12 deficiency among wave3 BPHRS participants.
Seven hundred eighteen participants with complete wave3 outcome and wave3 exposure data after adjusting for wave3 covariates. Exposure long-
term ALA (~6.2 y continuous use) adjusted for wave3 covariates: age, sex, alcohol frequency, smoking, BMI level, multivitamin, ACE inhibitor,
metformin use, and serum creatinine. Exposure long-term PPI (~6.2 y continuous use) adjusted for wave3 covariates: age, sex, alcohol frequency,
smoking, BMI level, multivitamin, ACE inhibitor, H2RA and metformin use, and serum creatinine. Exposure long-term H2RA (~6.2 y continuous
use) adjusted for wave3 covariates: age, sex, alcohol frequency, smoking, BMI level, multivitamin, ACE inhibitor, PPI and metformin use, and
serum creatinine. Exposure metformin (~6.2 y continuous use) adjusted for wave3 covariates: age, sex, alcohol frequency, smoking, BMI level,
multivitamin, ACE inhibitor use, PPI use, H2RA use, and serum creatinine. ALA, acid-lowering agent; BPHRS, Boston Puerto Rican Health Study;
H2RA, histamine 2 receptor antagonists; PPI, proton pump inhibitor.
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0.07) (Figure 3A). We did not observe an association between
long-term ALA, PPI, H2RA, metformin, or concomitant use and
wave3 vitamin B12 deficiency (all P � 0.15) (Figure 3B).

Sensitivity analyses
Among baseline participants with low serum vitamin B12

concentration (<148 pmol/L; not accounting for serum MMA),
after adjusting for relevant covariates, we did not observe asso-
ciations between ALA, metformin, or concomitant use and
vitamin B12 concentration (all P � 0.3). However, our power
may have been limited because of the small numbers: 41 baseline
participants had vitamin B12 concentration <148 pmol/L,
among these, 12 used metformin, 13 used ALA (9 PPI and 4
H2RA users), and 7 were concomitant users.

In sensitivity analyses among vitamin B12 supplement users
at baseline, after adjusting for relevant covariates, we did not
observe cross-sectional associations between ALA, PPI, and
H2RA and log serum vitamin B12 concentration or deficiency
(all P� 0.39). Results were similar for long-termmedication use,
with no associations between long-term ALA, PPI, H2RA, or
concomitant use (all P � 0.37) and vitamin B12 outcomes.
However, in cross-sectional analyses among vitamin B12 sup-
plement users, we continued to observe an inverse association
between metformin (β¼ –0.125; P¼ 0.03) and concomitant ALA
and metformin use (β ¼ –0.1802; P ¼ 0.03) and log serum
vitamin B12 concentration, although this did not extend to
deficiency (P ¼ 0.57) (Supplementary Table 1). Sensitivity ana-
lyses focused on long-termmedication use among users of wave3
vitamin B12 supplements did not observe an association between
long-term ALA, H2RA, metformin, and concomitant use and
wave3 log serum vitamin B12 concentration or deficiency (all P
� 0.15) (Supplementary Table 1).

Discussion

Although there is evidence suggesting an association between
ALA (PPI or H2RA) and metformin use and vitamin B12 status [2,
3,6,9], only a few studies have examined concomitant use, with
divergent results [12,25,26]. Concomitant use of these medica-
tions is hypothesized to increase the severity of vitamin B12
deficiency because of the additive effects [2,24]. In a cohort of
Boston-area Puerto Rican adults �45 y of age, we examined the
association between individual and concomitant use of PPI,
H2RA, and metformin and vitamin B12 status. In fully adjusted
models, we observed an inverse association between metformin
use and the use of concomitant PPI or H2RA and metformin and
serum vitamin B12 concentration. Our results are supported by a
study that also reported an association between concomitant use
of these medications and low vitamin B12 status [26]. Further,
these associations persisted in concomitantmedication users with
vitamin B12 supplementation in baseline cross-sectional analysis.
The additive effects of these medications by a combination of
mechanisms may influence the absorption of vitamin B12 in the
gastric and iliac regions [6,24]. Underlying comorbidities asso-
ciated with polypharmacy may also explain these associations.
The clinical implication of vitamin B12 status is relevant to those
with T2D and comorbid gastroesophageal reflux disease[11].

In previous studies, long-termmedication use was significantly
associated with vitamin B12 status compared to shorter duration
of use [34,35]. Therefore, we examined associations between
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long-term medication use (~6.2 y of continuous use) and vitamin
B12 status. However, we did not observe an association between
long-term PPI or H2RA use and serum vitamin B12 concentration
or deficiency. Our results agreewith Elzen et al. [36], who also did
not observe an association between serum vitamin B12 and PPI
use (>3 y use) among community-dwelling participants,
compared to controls (partners of study participants to account for
the influence of dietary habits). Another case-controlled retro-
spective observational study reported no association between PPI
use, PPI dose or duration of use, and serum vitamin B12 among
participants�65 y of age [37]. Further, H2RAmonotherapy is not
widely reported in the literature, likely because of use as needed
[6], and we see decreasing use of H2RA from baseline to wave3 in
our cohort. Therefore, we do not report on the associations for
long-term H2RA use because of the low number of participants in
this group. Overall, there were fewer participants at wave3
compared to baseline, and our results indicate that more partici-
pants are needed to observe these associations.

Our results on metformin agree with a previous study [20]
that reported an association between metformin use and blood
vitamin B12 concentration but not vitamin B12 deficiency (that
included MMA measures). It is possible that, although metfor-
min use may reduce the concentration of circulating serum
vitamin B12, suggesting marginal deficiency, this does not
extend to clinical deficiency in most individuals. Blood vitamin
B12 concentration does not reflect total body stores because of
the efficient utilization of vitamin B12 by enterohepatic recy-
cling [3,38], which may prevent the manifestation of clinical
deficiency for several years. At baseline, the inverse association
between metformin use and serum vitamin B12 concentration
persisted despite vitamin B12 supplementation, likely because
vitamin B12 supplement use does not influence mechanisms
associated with metformin and vitamin B12 absorption, such as
ileal cell receptor-mediated dysfunction. In our study, although
long-term metformin use showed a trend toward association
with wave3 serum vitamin B12 concentration, this did not
reach significance. There were fewer participants at wave3 than
baseline, and a larger sample size may be needed for a better
estimate.

In this study, we observed a detrimental impact of metformin
on vitamin B12. Vitamin B12 has been protectively associated
with brain health, including in our cohort[39]. There is a robust
association between T2D and risk of Alzheimer’s disease (AD)
and, on the one hand, metformin improves insulin resistance and
glycemic which is protective against AD and neuropathy [22,
40], and metformin may also reduce dementia risk by sup-
pressing AD-related genes [41]. On the contrary, worse cognitive
decline among T2D patients using metformin than those not
using metformin is reported [42]. It is hypothesized that the
effect of metformin on cognitive performance may be mediated
by alterations in vitamin B12 concentration[42].
Metformin-associated vitamin B12 deficiency may also be asso-
ciated with neuropathy [22]. This paradoxical role of metformin
is further highlighted in other neurodegenerative disorders, such
as Parkinson’s disease. Metformin, as a disease-modifying ther-
apy for Parkinson’s disease, was recently suggested because of its
role in enhancing autophagic and mitochondrial functions and
decreasing reactive oxygen species and protein aggregation [43].
However, this study also mentioned risk for vitamin B12 defi-
ciency with long-term metformin use [43].
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There is a high degree of heterogeneity in prior work on PPI,
H2RA, and metformin [38], which may be attributed to differ-
ences in study design, variation in population characteristics, age
of study participants, dose and duration of medication use, defi-
nitions and cut-off values for vitamin B12 deficiency [3], or
covariates adjusted in analyses. For example, although Valuck
et al. [44]and Cotter et al. [37] examine these associations in a
university-based geriatric setting and use the outcome of serum
vitamin B12 concentration <130 pg/mL and <150 pmol/L, Lam
et al. [35] utilized data from Kaiser Permanente Northern Cali-
fornia integrated healthcare system and reported vitamin B12
deficiencybasedon the ICD-9 codes, respectively. In this study,we
add to these data by examining the concomitant use of medica-
tions in a minority population with a high risk of vitamin B12
deficiency, utilizing a rigorous, MMA-supplemented definition of
vitamin B12 deficiency. Further, vitamin B12 status may be
influenced by vitamin B12 supplements, and, to our knowledge,
only a few prior studies have included this important modifying
factor [45]. Therefore, in sensitivity analyses, we examined these
associations among vitamin B12 supplement users. In addition,
alcohol use is a risk factor for vitaminB12depletion [35], andonly
a few prior studies have adjusted for alcohol intake [45]. Among
studies that have adjusted for alcohol intake, Porter et al. [45]
reported a significant association between PPI use and vitamin
B12 status; they also observed a significantly high intake of
alcohol among PPI users compared to nonusers in their cohort. In
our cohort, PPI users had significantly low alcohol intake
compared to nonusers, which may partly explain the lack of as-
sociation. However, although metformin users also had low
alcohol intake compared to non-metformin users, there was a
significant association between metformin use and vitamin B12
concentration at baseline. These differencesmaybe because of the
differentialmechanismsof thesedrugs onvitaminB12absorption.

Strengths of our study include rich exposure, outcome, and
covariate data frombaseline throughwave3 (~6.2 y of follow-up)
in the BPHRS, which allowed us to examine the association be-
tween long-term medication use and vitamin B12 status. The
comprehensive set ofmeasurements at allwaves of data collection
allowed us to adjust for relevant variables reported to influence
vitamin B12 status. Information on vitamin B12 supplementation
in the BPRHS allowed us to examine these associations among
users of vitamin B12 supplements. A key strength of our study is
the assessment of vitamin B12 outcomes utilizing both circulating
and functional vitamin B12 biomarkers for serum concentration
and deficiency [2,3,33]. Limitations of our study include
self-reported comorbidities, medication, and supplement use. We
also did not have information on pernicious anemia, GI surgery,
and other risk factors that would increase risk of vitamin B12
deficiency. We did not have information on the dose of the drug;
therefore, dose-response characteristics could not be evaluated.
Wealso didnot have a prebaselineduration ofmedicationuse. It is
reported that CYP2C19 catalyzes the metabolism of PPI, and
polymorphism of this enzyme is associated with vitamin B12
deficiency [17], and we did not have information on this. Finally,
all metformin users in our cohort had T2D; we could not distin-
guish between the contribution of metformin compared with T2D
to the participant’s vitamin B12 status.

In conclusion, we observe an association between metformin
use and vitamin B12 concentration, which persists despite vitamin
2387
B12 supplementation. Mainland Puerto Ricans are a growing sub-
set of the population in the United States, with reported low
vitamin B12 status, with >8% showing deficiency [27,39]. Our
results suggest that further research is needed to understand the
mechanisms involved in medication use and vitamin B12 defi-
ciency, especially in the context of polypharmacy.
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